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Structural Studies of Electroactive Transition M etal

Oxide Films

by 

Nicola Rita St. Jude Farley 

Abstract

T his thesis is concerned w ith m easuring the  short-range s tru c tu ra l 

changes th a t are induced when electrochrom ic transition  m etal oxide films 

are electrochem ically oxidised and reduced. Three system s are studied: 

electrochem ically-deposited nickel hydroxide, sol-gel-derived niobium  oxide 

and oxide films anodically-grown on tungsten . S truc tu ra l changes are m ea

sured using extended X-ray absorption fine s tructu re  (EX A FS), a technique 

th a t  is sensitive to  atom ic s tructu re up to  abou t 5 A, providing in tera tom ic  

distances, and the  num ber and identity  of neighbouring atom s. S tan d ard  

and quick transm ission, energy dispersive, fluorescence and reflection m odes 

are utilised. A dditionally, the crystal im pedance technique is used to  s tudy  

rheological changes during  the sol-gel conversion of niobium  oxide, and  the  

X-ray reflectivity of th e  tungsten  oxide films is m easured a t several stages of 

growth.

For the  nickel hydroxide system, a d istorted  first N i-0  shell is observed 

in the  anodically charged electrode, which reverts to  a regular octahed ra l 

form as charge density  decreases. An antagonistic m ovem ent is observed 

in the first Ni-Ni shell. For the niobium  oxide system , th e  s truc tu res  of 

bo th  uncharged and cathodically  charged electrodes are determ ined. T he 

initially  d isto rted  first N b -0  shell of the  uncharged Nb205 film is replaced 

by a  regular octahedral N b -0  shell when charged. Again, a reversed effect is 

displayed by the first Nb-Nb shell. Also, the rheological developm ent tak ing  

place during the sol-gel transform ation  is characterised. For the  tungsten  

oxide films, a separation  of W -0  and W -W  shells in itia lly  occurs during  

form ation, reaching a  m axim um  of 1.3 A, then dim inishes w ith  a fu rth er 

increase of electrode charge density. Shell separation coincides w ith  cation  

insertion during the  form ation of H W 0 3; the subsequent shell convergence 

results from cation expulsion when W O3 is being formed.
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Chapter 1

Introduction

The reversible colouration of electrochromic transition  m etal oxide films is in

duced by the application of an anodic or cathodic voltage. This phenom enon 

is im p o rtan t to  the  development of optoelectronic devices. To understand  

th is effect, it is necessary to  investigate the structu ra l responses of these ox

ides to  the applied electrode charge. EXAFS is an ideal tool for the s tudy  of 

these system s as it is able to provide both  structu ra l and electronic inform a

tion in situ, on a tim escale th a t is relevant to optoelectronic technology.

This thesis is s truc tu red  as follows. The theoretical grounding for the 

techniques used is established in chapter 1. The experim ental procedures 

associated w ith the  m ost commonly used techniques are described in th e  sec

ond chapter. In chapters 3, 4 and 5, the experim ental results are presented 

for electrochem ically-deposited nickel hydroxide, sol-gel-derived niobium  ox

ide and oxide films anodically-grown on tungsten, respectively. T he results 

are discussed in dep th  and conclusions are drawn a t the end of each chapter.
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1.1 X-ray Absorption Spectroscopy

Many struc tu ra l X-ray techniques based on the scattering  of rad ia tio n  [1, 

2, 3], particu larly  X-ray diffraction [2, 3, 4] and the stand ing  wave m ethod  

[1, 2, 3, 5, 6] dem and th a t samples exhibit a high degree of s tru c tu ra l order. 

This condition makes them  unsuitable for studying the s truc tu res of disor

dered or am orphous m aterials such as electrochemically deposited  films. In 

contrast, X-ray absorption spectroscopy (XAS) requires m easuring tin 1 ab 

sorption coefficient of an element within an elem ental or m olecular sam ple in 

the crystalline, am orphous, solution, or even the gaseous s ta te  as a function 

of X-ray energy.

XANES

1.6  - -

_ , white1.4 - -
line

EXAFS

1.0  - -

ed g e  -

0.6  - -

86008200 8400 8800 9000

Energy (eV)

Figure 1.1: Raw XAS spectrum of NiO powder at the Ni K-edge.

W hen a beam  of m onochrom atic X-rays of energy hu  and in tensity  I„
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passes through a homogeneous sample of uniform thickness x, they in teract 

to  cause an inevitable loss of intensity. This loss of in tensity  is represented 

by Beer’s law:

or

Absorbance =  In =  f ix  =  p, p x ( i . i )

where It is the tran sm itted  intensity, p  is the linear absorption coefficient 

(cm -1 ), p is the density of the sample, and the mass absorption coefficient 

p' (cm2g-1 ) =  ^ is independent of the physical s ta te  of the sam ple. Several 

a tten u a tio n  processes com pete to dim inish I t, m aking p  or p' the sum  of these 

contributions (eqn. 1.2), the dom inating effect being strongly dependent on 

energy (fig. 1.1 [7]). In this section, the description is centred upon the X -ray 

region of 1-30 keV, particularly  the area a t and about the absorp tion  edge, 

where it can be seen th a t photoelectric absorption is the m ajor con tribu to r 

to  the absorption coefficient.

C ontributions to  the  to ta l mass absorption coefficient p' come from pho to 

electric absorption p 'ph, coherent (elastic, Rayleigh) scattering  p'cs: incoherent 

(inelastic, Com pton) scattering  p'is, and pair production (i.e. electron +  hole, 

ion or positron) p'pa.

Equation 1.1 shows th a t the intensity ratio  It/Io decreases w ith  increas

ing x or p. A dditionally, it is evident th a t for any element p  decreases w ith  

increasing energy in the  1-30 keV region (fig. 1.2 [7]), so XAS sp ectra  display 

a general drop in absorption, a trend which is in terrup ted  by the occurrence 

of the absorption edge(s) (figs. 1.1 and 1.2). Photoabsorption  of X -rays a t or 

ju s t exceeding the binding energy Ei  of an electron in a core in itia l s ta te  (a t 

Ei) of the absorbing atom  results in its ejection from the core s ta te  into the 

continuum . This process involves the excitation of the electron from  a core

— Vph  +  Mcs +  ML +  / V ( 1 .2 )

3



Ni K -edge

C
CDO
IoOao
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Figure 1.2: Calculated mass absorption coefficient for nickel as a function 

of photon energy.

level to  the first fully unoccupied final sta te  a t E j  allowed by electric-dipole 

selection rules (K or I s  —>■ ep for a K-edge and 2p3 —> ed for an L3-edge). I t 

therefore follows th a t p  is linked to  the energy-dependent transition  proba

bility P  for photoelectric absorption (in the dipole approxim ation) which is 

given by:
2ttV

P = 7 1 ^ T  \ < ipf\ e ■ I  \ipi (1.3)U/C / / bg

and
47re2u; . , . , , ,9 . „  . .

/i = ----------| < ip} \ e  r |2 (1.4)
c

Here, \ipi >  is the  initial s ta te  wavefunction for a bound electron before 

photoionisation, <  ipf\ is the final s ta te  wavefunction for the ejected pho to

electron, and p  ( E f )  is the density of final allowed states a t the  final s ta te  

energy E f .  \ e  • r | is the electric-dipole m atrix  element, which contains the
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electric field polarisation vector e  for the incident beam , and  r, the  posi

tion vector for the location of the electron in the wavefunction; m e is the 

rest-m ass of an electron and e is its charge; c is the velocity of light, and cu 

is the angular frequency of the X-rays. P  is p roportional to  // so th e  edge 

transition , known as photoionisation, is characterised by a large and ab ru p t 

increase in //, to  give the absorption edges in figs. 1.1 and 1.2.

The absorption coefficient away from edges can be approxim ated  using 

the V ictoreen formula:

H =  C \ z - D \ i (1.5)

where C and D are tabu la ted  constants th a t are functions of atom ic num ber 

Z [8]. The slowly decreasing absorption in the pre-edge region of figs. 1.1 

and 1.2 (where hu < Ef, for Is  electrons) is caused by the excitation of higher 

energy outer shell electrons well beyond their absorption edges. A bsorption in 

the post-edge region is a continuation of this, bu t the photoabsorp tion  cross- 

section now includes the K-shell electrons whose probability for excita tion  

has become higher.

It can be seen from equation 1.5 and figures 1.1 and 1.2 th a t  absorp tion  

decreases as energy increases. Consequently, in the X-ray region there is rel

atively little  in teraction  w ith m aterials (depending on sam ple thickness and 

the concentration of absorbing atom s), resulting in small signal changes. For 

this reason, the use of synchrotron-generated radiation has becom e com m on 

practice for XAS. T he high beam  intensity (large num ber of photons per un it 

area) or flux (typically >  1012 pho tons/s at 10 keV) is advantageous because 

the signal-to-noise ra tio  is greatly improved; this is im portan t because ho

mogeneous sam ple areas are usually small, so the illum inated region is also 

small. High in tensity  is an especially valuable property  to  electrochem ists 

whose in situ work is ham pered by absorption by the electrolyte. T he broad, 

continuous spectral range and the great tunab ility  offered by synchrotron 

radiation is also beneficial because typical XAS spectra  span ju s t under 1 

keV and the absorption edges of m ost elements can be covered.
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X-ray absorption spectra  can be measured via several different in s trum en

tal configurations, all of which relay the same inform ation and share m any 

common features. The choice of experim ental configuration m ay depend 

upon factors such as the region of interest e.g. interfaces [3, 9], m axim ising 

the signal-to-noise ratio  (which is related to the concentration of absorbing 

atom s in the sam ple), and the desired frequency for recording spectra . Four 

com monly used configurations will be described next.

i) Transmission Mode

The m ost straightforw ard way of recording X-ray absorption spec tra  is in 

the transm ission mode (fig. 1.3). The intensity of the m onochrom atic, colli

m ated  beam  incident on, and transm itted  through the sam ple is detected  by 

noble gas filled ion cham bers, as the angle of the m onochrom ator crystals is 

changed in order to scan the required energy range (eqn. 1.11). The energy 

scan can be carried out in two ways, by changing the angle in a g radual step 

wise m anner (standard  transm ission XAS) or in a continuous sweep (quick 

XAS), tak ing  less than  half the tim e of the former m ethod. Sim ultaneous 

in ternal calibration  of the edge energy is achieved by placing a ca lib ran t of 

known edge energy in the  beam  path  i.e. a foil of known thickness, consisting 

of the pure absorber atom s. The intensity of the beam  tran sm itted  th rough  

the calibrant Ic is detected  by a th ird  ionisation chamber; so the  absorp tion  

spectrum  of the calib ran t, as well as the sample is m easured, thus errors in 

the energy scale caused by slippage of the m onochrom ator are correctable.

ii) Fluorescence Mode

The emission of fluorescent X-rays is a direct consequence of absorp tion , 

and arises from the relaxation of excited absorber atom s following absorp tion  

throughout the whole XAS spectrum . A core-hole rem aining after ejection of 

a photoelectron is filled by an outer electron in an allowed higher energy sta te ; 

this radiative transition  is accom panied by the emission of fluorescent X-rays.
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Figure 1.3: Transmission and fluorescence (dashed) geometries.

Owing to  the  dependence of fluorescence on absorption, I f  is proportional 

to, bu t lower than  It for two m ajor reasons. F irst, this relaxation process is 

rivalled by other com peting non-radiative routes, prim arily the  p roduction  

of Auger electrons. The probability of Auger transitions increases as energy 

or atom ic num ber Z decreases; as a result, the fluorescence yield rises from 

~0 .5  a t Z  =  30 to  ~ 0 .9  a t Z  =  60 [8]. Second, the mean free pa th  of the 

low kinetic energy fluorescent photons is short, resulting in some reabsorption 

into the sample, substra te  and cell cross-section, thus decreasing the  intensity  

even further and causing substantial problems for experim entalists, though 

this may be overcome by the use of thin layer cells (section 2.1.3). This 

detrim ental effect is com pensated by the consequent near-surface sensitivity  

of the signal (up to  a few hundred Angstroms deep), a property  which has 

been successfully exploited for XAS of thin, dilute samples [10].

Fluorescence =  y .  =  fix (1.6)
-*0

Fluorescent rad ia tion  is typically measured in the arrangem ent shown in 

fig. 1.3 (dashed lines), so both I t and I f  can be detected sim ultaneously 

[11]. The sample is positioned a t 45° w ith respect to  the incident beam  and 

a solid-state detector is aligned a t 90° to the first ion cham ber to  m easure 

the fluorescent intensity. This configuration, and the short escape dep th  of 

the photons, improves the  sensitivity of the signal, because m any contri-
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butions caused by absorption from the substrate  and cell constituen ts  are 

not as able to contribute to  the background noise level (which m ainly arises 

from scattering  of the incident beam ). Consequently, fluorescence detection  

is commonly used to  study dilute samples such as electrolytes [12], porous or 

very th in  films [13], and im purities or additives in solid sam ples [14]. Sam 

ple inhom ogeneity also becomes less of a problem com pared to  transm ission  

XAS. The fluorescence mode is especially useful for studying  films th a t are 

electrochem ically deposited, because the films tend to  have low densities or 

low concentrations of absorbing atom s [15].

in) Reflection Mode

The reflection mode is a surface-sensitive geom etry for m easuring X -ray 

absorption spectra. The previously stated  configurations have used a fixed 

angle, varying energy arrangem ent. Reflection mode XAS (reflXAS) is de

scribed in this context, and an additional description of reflectivity profiles is 

given in term s of a fixed energy, varying sample angle arrangem ent. A bsorp

tion will be described a t various angles, and reflectivity will be presented a t 

various energies, thereby explaining reasons for choosing an optim um  fixed 

value (of angle or energy, respectively) in each case.

In the reflection mode (fig. 1.4), the incident m onochrom atic beam  of 

intensity  J0 and angle 90 impinges on the sample a t grazing angles less th a n  

the critical angle for to ta l reflection 9C. This results in to ta l ex ternal reflection 

for ideal, dense, highly reflective, p lanar surfaces w ith negligible roughness, 

such as the tungsten  m irror exemplified in figures 1.5 -  1.6 & 1.8 -  1.9 [16]. In 

th is ideal case, specular reflection takes place (90 =  9r),  no loss of in tensity  

occurs upon reflection i.e. the reflective intensity coefficient or reflectivity 

R =  ^  =  1, w ith  zero absorption and a short beam  penetra tion  dep th  (<  

20 A, see fig. 1.5 dashed line). The penetration  depth  (i.e. a tten u a tio n  

length or extinction distance) is the depth  into the m ateria l, norm al to  the  

surface, where Iq falls to 1/e  of its original value. All m etal sam ples are



X-rays slit slit

sample stage

Figure 1.4: Reflection mode configuration with simultaneous fluorescence 

detection.

a t least microrough, scattering the reflected beam  and dam ping reflectivity 

by a factor of exp — (cr47r s in ^ /A ) 2, where A is X-ray wavelength and o  is 

the  roughness, m aking actual m etal reflectivities (below the critical angle) 

slightly less th an  one (fig. 1.6).

The complex energy-dependent refractive index n of solids in the X-ray 

region is
n =  1 — 6 — ip (1.7)

The tabu lated  real 6 and im aginary (3 term s responsible for n being slightly 

less than  one account for refraction (transmission) and absorption of the  

beam , respectively (5, f3 ~  10-2 — 10~6). For a given incident energy E:

and

P  =
phc
~2E

( 1 .8 )

(1.9)

Here, A  is essentially constant and contains scattering factors for the  atom s 

present. S is dependent on the density p of the reflecting m ateria l, and 

equation 1.8 shows th a t 8 and p are directly proportional. <5 is always finite, 

so in the case of a dense ideal m aterial, part of the incident beam  is refracted
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Figure 1.5: Calculated extinction distance as a function of energy for an 

ideal W mirror with zero roughness.

(transm itted ) th rough  the solid and p art is reflected a t 6r =  90 (fig. 1.10). 

Ideal solids do no t in fact exist as (3 is always finite, m aking R  considerably 

less than  1 for all m aterials. It is evident from equation 1.9 th a t (3 is b o th  

energy-dependent and a function of /x, so when E  is scanned, a t fixed angle, 

in the desired range (as for the transm ission mode, p a rt z) the  absorp tion  

spectrum  is obtained  by m easuring the specularly reflected in tensity  I r [17]. 

A standard  absorption spectrum  can then be ex tracted  from (5 [2, 17] and 

analysed using conventional com putational procedures (section 5.3.2). T he 

rem aining term s in equation 1.9 are s tandard  physical constants.

Figure 1.6 shows th a t reflectivity is a slowly decreasing function of energy, 

punctuated  w ith dips caused by the absorption edges. The ab ru p t increase
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Figure 1.6: Calculated reflectivity as a function of energy for a tungsten 

mirror with zero roughness.

in absorption a t the edge (figs. 1.1 and 1.7) is a t the expense of reflection, 

resulting in reflectivity curves (spanning an absorption edge) having an over

all appearance sim ilar to  an inverted absorption spectrum . W hen analysing 

the regions between edges in plots of energy vs. reflectivity, deviation from 

the slowly declining baseline, such as th a t shown figure 1.6, is caused by 

roughness; such an observation is therefore a useful qualitative check on the 

flatness of a sample.

W hen considering reflXAS experiments a t fixed angle, the quality  of spec

tra  depends not only on the sam ple’s roughness cr, bu t also on the choice of 

incident angle. Figure 1.6 shows th a t it is im perative to  keep the  grazing 

angle fixed below 9C if reflectivity (and hence surface sensitivity) is to  be
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Figure 1.7: Calculated transmission mode absorption spectrum for a 5 /um 

thick W foil at the L2 and L3 edges.

maximised, and if the penetration depth is to  be kept alm ost constan t (fig.

1.5 dashed line). W hen the angle of incidence is very low, the critical angle 

is given by equation 1.10 [17].

9C = V26(1.10)

Combining equations 1.10 and 1.8 show th a t 6C and p are proportional, and  

th a t 0C depends on photon energy, as depicted in figures 1.8 and  1.9. These 

plots illustrate the im portance of keeping the grazing angle fixed well below 

0C when measuring reflXAS spectra.

It was s tated  th a t the penetration depth is low and alm ost constan t when 

0O < 0C; in fact, maxim um  surface sensitivity is achieved when Oq ~  0c/ 2  (see
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figs. 1.5 dashed line and 1.8). At incident angles close to  9C, the  pene

tra tion  depth  steadily increases w ith energy, except for the  regions a t the 

absorption edges (fig. 1.5 solid line). The extinction distance also increases 

sharply a t 0C, as shown by the inflection point on figure 1.8. W hen 90 >  9C 

reflectivity abrup tly  declines and the penetration depth  rises as the  beam  

transm its through the m aterial; a t this stage, the transm ission expressions 

for absorption (eqn. 1.1) apply to  the system.

0.1 - -

Q  0 . 0 1 - -

10.0 keV (E < E,
10.2 keV (E = E, 
1 0 .4 k e V (E > E L3edgaZj

L3edge'

L3edge'

1 E -3 --

0.0 0.60.2 0.4 0.8 1.0

Grazing angle (deg.)

Figure 1.8: Calculated extinction distance as a function of grazing angle 

for an ideal W mirror with zero roughness.

A further drop in reflectivity results from the presence of a less dense, 

absorbing overlayer such as an oxide film, and A R  (or a lternatively  A/3) is 

proportional to  the linear absorption coefficient of the elem ent of in terest 

(eqn. 1.9). Very th in  overlayers do not significantly reduce the reflectivity of
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Figure 1.9: Calculated reflectivity as a function of grazing angle for an 

ideal tungsten mirror with zero roughness.

a m etal surface, b u t as thickness increases, a considerable drop in reflectivity 

takes place (to around 50 %) as overlayer growth is usually accom panied by 

increasing roughness w ith more transm ission and absorption.

For reflXAS as well as fluorescence detection, it is preferable th a t the  

substrate contains none of the absorbing element present in the film. If 

this condition cannot be m et, it is not a serious problem because overlayer 

and substrate can still be distinguished if their densities differ. W hen pfnm <  

Psubstrate > ^c(fiim) <  ^c(substrate) so #o can be tuned to  probe the surface s tru c tu re  

of the film, w ithout contributions from the substrate. The dependence of 

penetration depth on incident angle (fig. 1.8) can also be used to  evaluate 

film thickness when bo th  overlayer and substrate contain the sam e elem ent of
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interest. Several XAS spectra can be recorded a t progressively higher incident 

angles/probing depths; the structure will be characteristic of the  bulk film a t 

low depths; a t the  film /substrate  interface the structu re will be mixed, and 

finally, bulk substra te  structure will be recorded beyond the film /su b stra te  

interface. A lternatively, if the substrate does not contain the sam e elem ents 

as the film, the edge step will be relatively tiny a t the film /substra te  interface, 

and will u ltim ately  disappear in the bulk substrate. In cases where the  

interface is less b lurred (i.e a more ideal, sharp interface where a  -»  0), the  

interm ediate stage may not be recorded.

film

substrate

Figure 1.10: Reflection (solid lines) and refraction (dashed lines) in a 

two layered system. Partial reflection occurs from the film 

surface at Or] the transmitted beam then reflects from the 

film/substrate interface at 0'R before leaving the film.

Critical angles a t particu lar energies are tabu lated  for m any elem ents and 

common m aterials [16]. If 0C is not listed, a reflectivity profile (R  vs. 00) is 

measured. Also, m easuring the reflectivity profile of a sam ple will help to  

determ ine an optim um  grazing angle for subsequent reflXAS experim ents.
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W hen m easuring reflectivity profiles a t fixed energy, the response of reflec

tiv ity  and a ttenuation  length to energy m ust be known in order to  choose an 

appropria te s ta tic  energy value. It can also be seen, in figures 1.5 and  1.6 

th a t the incident energy should be fixed either far below or far above an ab 

sorption edge (edge energy >  ±50 eV) because both  the a tten u a tio n  length  

and reflectivity vary widely w ith energy w ithin 50 eV of an absorp tion  edge, 

though it can be seen from absorption spectra (figs. 1.1 and 1.7) and figures 

1.5 and 1.6 th a t bo th  term s gradually increase with energy, m aking the  high

est surface sensitivity, highest reflectivity and lowest absorption ob ta inab le  

when E < Eedge. Therefore, the sta ted  evidence, relating p enetra tion  dep th  

and reflectivity (or absorption) with energy, grazing angle or sam ple charac

teristics for reflXAS also apply to the measurem ent of reflectivity profiles.

A nother use of reflectivity profiles is the m easurem ent of film thickness, 

where p(film) <  P ( s u b s tr a te )  and hence 6>c (m m ) <  6>c (s u b s tr a te ) • W hen the angle of 

incidence is sufficiently high (i.e. $o is scanned above 0C), p a rt of the beam  

is reflected a t the surface/m edium  interface and p art is tran sm itted  th rough  

the overlayer to  then  be reflected a t the film /substrate  interface (fig. 1.10). 

The resulting reflectivity profile consists of a series of fringes arising from 

interference between the beam s reflected a t each interface. T he period of 

these oscillations i.e. the (regular) spacing between successive m inim a of 

the fringes indicate film thickness. The interference p a tte rn  becom es m ore 

complex when several layers are present w ith varying thickness. In ordered 

single crystals such as the polychrom ator described in the next section, the 

fringes are Bragg peaks, yielding the layer spacing in the crystal (eqn. 1.11).

iv) Energy Dispersive Mode

An alternative way to take transm ission m easurem ents is in the  energy 

dispersive mode (fig. 1.11) which requires the use of a trian g u la r Si crystal 

th a t is cylindrically bent in order to produce a polychrom atic beam  of the 

desired energy range. This is achieved because the incom ing horizontal w hite
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beam  is reflected off the perpendicular layer planes of the curved crystal a t 

different Bragg angles so th a t the reflected, dispersed beam  (com ing off the 

same face of the crystal) consists of X-rays w ith a spread of energies. The 

curvature of the crystal serves a dual purpose by also focusing the  dispersed 

beam  onto the sam ple a t its focal point, before it diverges tow ard a position 

sensitive detector to  m easure It [2, 18]. The modified form of B ragg’s law 

(eqn. 1.11), which defines the relationship between the angles of the reflected 

rays in the dispersed beam  and their energy, is used to  correlate the position  

of each pixel (or sensing element) in the linear array of the position sensitive 

detecto r w ith the energy of the detected X-rays.

W here A is the incident or reflected X-ray wavelength, n is the order of 

reflection, d is the crystal layer spacing, 9 is the angle the incident or reflected

index resulting  from refraction w ithin the crystal (see eqn. 1.7). B oth  the 

curvature of the crystal (hence the energy range produced) and the pixel- 

energy correlations are calibrated using standard  transm ission XAS spectra  

of an absorber a tom  foil w ith known edge energy. O perating  in th is m ode 

enables the entire XAS spectrum  to be recorded sim ultaneously, m aking it 

ideal for in situ s tru c tu ra l studies of fast physical or chemical processes. 

A set of good quality  time-resolved absorption spectra can be ob ta ined  in 

timescales on the order of 2 m inutes, individual spectra having acquisition 

tim es as short as 3 ms.

The XAS sp ectra  recorded in all of these configurations display the ir 

features in two d istinct regions, the X-ray absorption near edge s tru c tu re  and 

the X-ray absorption fine structure. Both of these regions will be described 

in detail in the following sections.

(l.n)

X-rays make w ith the crysta l’s surface, and 6 is the decrem ent of refractive
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Figure 1.11: The energy dispersive configuration.

1.1.1 X -ray A bsorption  N ear Edge S tru c tu re

The X-ray absorption near edge structure (XANES) are features present in 

the  range 10 eV below to 50 eV above and including the absorption edge 

(fig. 1.1). A simple diagram  (fig. 1.12) is used to  relate the m ain electronic 

transitions to  the  observed spectral features.

Peaks in the  pre-edge region are caused by the prom otion of bound, 

ground sta te  electrons to  outer, part-occupied hybridised sta tes (if present). 

Such transitions are not fully perm itted  because these hybrid states do no t 

wholly posses the  correct sym m etry or character necessary for the  excitation  

(according to  electric-dipole selection rules). Consequently, this partia lly - 

allowed, low probability  transition  produces peaks w ith sm all am plitudes. 

The emergence (or disappearance) and m agnitude of these features provides 

inform ation abou t the existence and occupancy of discrete hybridised s ta tes  

[i.e. im purity levels) ju s t below the conduction band.

The most im portan t XANES feature is the absorption edge. As the  poin t
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Figure 1.12: b) X-ray-induced Is electronic transitions and a) the resulting 

K-edge spectral features for a simple insulator.

a t which the  edge appears is dependent on the binding energy (Ef,) of the 

core electron, which is itself dependent on the com position of the  substance, 

a shift in edge position indicates a change to  the valency of the  absorbing 

element. For some elements, as valency increases the higher nuclear charge 

causes the energy of all bound states to  drop i.e. the binding energies of all 

bound electrons rise; consequently, a decrease in Fermi energy takes place 

as valence electrons in the outerm ost states are removed upon oxidation. 

At the same tim e, the predom inant increase in core-level screening m eans 

th a t the energy separation between the innerm ost levels and accessible fully 

unoccupied states a t the edge of the conduction band widens w ith increasing 

valency. As a  result, the m agnitude of Eb increases, decreasing the probability  

of the edge transition , and hence an increase in edge energy w ith valency. For 

some elements, screening has a weaker effect w ith increasing valency, so the 

opposite may occur (i.e. a decrease in edge position w ith increasing valency).

Figure 1.12b shows the energies which correspond to  each XANES tran -
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sition are

Fllj — E j  -t- E edge and E k  — E j  -f- E0 fiu) E edge E a (1.12)

huo is the incident photon energy, Ef  is the energy of the electron in its  final 

s ta te  i.e. after ejection, and E edge corresponds to  the binding energy of the 

electron in its in itia l sta te . The energy offset E01 also known as the th resh 

old energy (usually ~  E edge ~ 10 eV), and E k , the kinetic energy of the 

ejected photoelectron are measured from V0, the energy at which the atom ic 

poten tials are zero (the mean in terstitial potential), which corresponds to  the 

energy of a free electron of zero kinetic energy. In addition to  the expres

sions in 1.12, the outgoing photoelectron (wave) of kinetic energy E k can be 

described in term s of its m om entum  or wavevector k:

A dditional qualita tive  inform ation, regarding conduction band  s truc tu re  

and sym m etry  can be ex tracted  from the white line intensity. T he w hite line 

(fig. 1.1) appears as a continuation of the edge rise and is caused by the 

excitation of core electrons beyond the original edge transition , and up to  

allowed levels in successively higher shells, if a high density of these sta tes  

exists in the conduction band. The location of the white line makes it difficult 

to pinpoint the precise edge position, which is characterised by th e  E edge; it is 

defined as the energy corresponding to half the norm alised edge height (i.e. 

half the m ain edge excluding the white line, fig. 2.2). In practice, if the  w hite 

line is small (e.g. in some m etals), the obscuring effect is deem ed negligible, 

so the edge position may be m easured as the energy a t the inflection poin t 

of the full edge or ‘edge ju m p ’ [19], or alternatively as the energy a t ha lf the 

height of the full edge jum p. M ethods using the full edge are acceptab le  if 

the absolute value of the edge position is not as im po rtan t as the  relative

(1.13)

where
(1.14)
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position, as w ith samples th a t have been oxidised or reduced, unless the  size 

of the white line increases as valency changes.

In summary, values for the position and m agnitude of all XANES fea

tures provide direct qualitative inform ation about the density of unoccu

pied states, which in tu rn  relates to  valence band structu re and sym m etry; 

XANES also provides quantitative information about the oxidation s ta te  of 

absorbing atom s (section 2.2.3). So far it has been assumed th a t photoioni

sation produces a  free electron, scattering effects being negligible. In order to  

com plete this description of XAS, the fate of the ejected photoelectron will 

be considered w ith a discussion of final sta te  effects in the following section.

1.1.2 E x tended  X-ray A bsorption Fine S tru c tu re

E xtended X-ray absorption fine structure (EXAFS) refers to  oscillations in 

the slowly declining absorption coefficient a t the high energy side of the 

absorption edge; these oscillations span the range from ~50  eV above to  

several hundred eV beyond the absorption edge, i.e. to  the end of the  XAS 

spectrum  (fig. 1.1).

j

Figure 1.13: Spherical photoelectron waves, outgoing (solid circles) and 

backscattered (dashed circles), a) in phase and b) out of 

phase.

The cause of the oscillations is explained by trea ting  the ejected photo

electron as a spherical wave of wavevector k em anating isotropically from an
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absorbing atom  (fig. 1.13, solid circles). A small fraction of the outgoing 

wave is scattered  by surrounding atom s (if present), converting these p a rts  

into a backscattered wave (fig. 1.13, dashed circles) which then  re tu rn s  to  the  

absorbing atom . Because th is process pertains to  the ejected photoelectron , 

backscattering affects the final sta te  wavefunction < 0/1 in equations 1.3 and  

1.4 so th a t it com prises the sum of outgoing and backscattered com ponents 

<  i ) f l \ and < il)jack|, respectively. If the absorbers are isolated free atom s, as 

in a gaseous elem ent, there are no near neighbours from which the photoelec.- 

tron  can scatter. As a result, the only contribution to <  0/1 ls from <  |,

producing a free electron; no oscillations are observed and ft sm oothly  de

creases w ith hu.  This sm ooth decline for isolated atom s is denoted p G and  

forms the background absorption level in XAS spectra (eqn. 1.15). C on

versely, <  'ij)jack\ is always nonzero in molecular gases and condensed m a tte r, 

so bo th  waves interfere constructively or destructively (depending on the ir 

wavelength) giving rise to oscillations in the absorption coefficient on e ither 

side of fi0. W hen the outgoing and backscattered waves are in phase, in

terference is constructive and additive so p  rises (fig. 1.13a); the opposite 

takes place for ou t of phase, destructive interference (fig. 1.13b). In th is de

scription, it is assum ed th a t each photoelectron undertakes one single elastic 

scattering  event, and forward scattering does not happen; th is is called sin

gle scattering  theory  [20, 21]. A lternatively, post-edge XANES m ay contain  

m ultiple scattering  contributions th a t arise because the m ean free p a th  of 

the low E k  photoelectron is long, allowing another scattering  event to  occur. 

D uring m ultiple scattering  the photoelectron may follow a com plex p a th  (if 

the atom s are collinear or triangular), so several scattering  events m ay take 

place before the photoelectron returns to  an absorbing atom .

The oscillatory behaviour of p, is described as a function of pho toelectron  

wave vector k, and is given by:

H(k) =  na(k)[ 1 +  x(*0] (1.15)
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where x(k)  is the EXAFS function, which contains term s th a t  account for 

m odulations in the photoelectron-w ave’s phase and am plitude th a t  give rise 

to  EXAFS. Since the oscillations are caused by atom s in close proxim ity 

to  the absorber, y(/c) also contains local structu ra l inform ation. T he plane- 

wave approxim ation [21] provides a simple and satisfactory expression for the 

EXAFS function, for j  shells w ithin identical scattering atom s surrounding  

the absorber:
j

x(k)  =  ^2 Aj(k) sin(2k Rj  +  2Si +  <f>j) (1-16)
j=i  --------------  'p h ase fu n ctio n

where Aj(k)  is the am plitude function:

2Rj  b ack sca tter in g

AAk) =  * N ~ u M  (1.17)
3 „ d isord er ̂ v... .... *

d a m p in g

In the phase function, 2Si +  (f)j is the to ta l phase shift th a t results when 

the  photoelectron-w ave passes out from the central atom  (absorber) w ith  a 

phaseshift of Si (o rb ital quantum  num ber / =  +1 for the K-edge), encounters 

backscattering atom s w ith a phaseshift of (/>j,  then returns to  the central atom  

(hence 2Si), thereby m odifying the sinusoidal EXAFS oscillations. D uring 

this in teraction, th e  photoelectron of wavevector k travels twice the  m ean 

in teratom ic d istance R j , i.e. prior to and following the scattering  event, 

hence the factor of two (fig. 1.13).

In the am plitude function, the term s which describe dam ping of the  

photoelectron-wave include the am plitude reduction factor S%{k) (usually <  

1 [22]), which accounts for energy loss due to m any-body effects in the  cen

tral atom , such as m ultielectron excitations i.e. excitation of ou ter elec

trons (term ed shake-up and shake-off processes) in addition to  pho to ion isa

tion. The m ean free path  factor e~2/b /A accounts for inelastic loss as the 

photoelectron-wave excites the scatterers and m edium , where A is the  elastic 

mean free path  of the photoelectron; also, l /kR'j  describes the loss of am pli
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tude as distance increases; bo th  of these dam ping term s show th a t  sca tte r

ing from only the nearest neighbours contribute to  EXAFS (w ithin Rj  ~  5 

A from the absorber). The backscattering factor is Fj(k)  =  |/j(A ;)|e_l^J', 

where xpj is the phase of Fj(k) and \fj(k)\ is the element-specific and energy- 

dependent electron scattering  am plitude; this can be used to  identify th e  Nj 

identical neighbours in the j th coordination shell. The term  e~2aj k* is ano ther 

dam ping factor which accounts for am plitude loss due to disorder in the  sys

tem; it contains the  Debye-Waller factor a 2 which is the root m ean square 

fluctuation abou t Rj  (hence the factor of 2). The extent of fluctuation  arises 

from the sum of s tru c tu ra l or static  disorder (high in am orphous m aterials) 

and therm al contributions i.e. vibrations (a2 =  <7gtat +  ofherrn(T )), assum ing 

the fluctuation is harm onic and therefore a Gaussian pair d is tribu tion  func

tion w ith m axim um  at the mean interatom ic distance Rj,  a half-w idth of 2aj 

and a standard  deviation of Oj.

The origin of EXAFS has been described in a simple way, and it can 

be seen th a t the elem ental identity of backscatterers and s tru c tu ra l p aram 

eters such as in teratom ic distances, coordination num bers and disorder are 

contained w ithin the  EXAFS function. Accordingly, these values can be ex

trac ted  using com putational m ethods to fit the EXAFS region of XAS spec

tra  (section 2.2.4). For these procedures, the more advanced (and complex) 

rapid curved wave theory  [20, 23] replaces the plane wave approxim ation  in 

order to  in terp ret EX A FS data.
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1.2 Spectroelectrochem istry

Combined spectroscopy and electrochem istry reveals more ab o u t the  be

haviour of electrochem ically active m aterials than  spectroscopic techniques 

and electrochem istry used separately. This is because a more com plete under

standing of electrochem ical performance can be achieved if s tru c tu ra l changes 

in the involved species are m onitored spectroscopically during electrochem i

cal experim ents. Such in situ investigations therefore enable electrochem ists 

to conclusively verify the connection between the spectroscopically-derived 

quan tities and th e  potentials th a t affect them.

1.2.1 E lectrochem ical Techniques

A po ten tio sta t is used in electrochemical experim ents to deliver controlled 

po ten tials which induce reduction and oxidation (redox) reactions in a three- 

electrode cell filled w ith electrolyte. A three-electrode cell is a circuit th a t 

consists of a working electrode (W E), a counter electrode (CE) and a refer

ence electrode (RE), all of which are immersed in a conducting electrolyte 

(fig. 1.14). These com ponents are used in a way th a t enables controlled 

redox reactions to  take place a t the working electrode, and the curren t a t 

the W E m ust be nonzero for it to perform its function as the site for redox 

reactions. Chem ical species th a t can be m anipulated by applied po ten tia ls  

are term ed electroactive. In modified electrodes, the m ateria l of in terest is an 

electroactive film attached  to the surface of the working electrode. M odified 

electrodes com prising nickel hydroxide, niobium oxide and tungsten  oxide 

films on various pure m etal W Es form the subjects of th is thesis.

At open circuit, the current and voltage fluctuate slightly abou t zero as 

electrons are exchanged a t the electrode/electrolyte interfaces and an equilib

rium  is reached. To ensure th a t zero current and poten tial are constan t and 

known, the current and potential a t the reference electrode (a t equilibrium ) 

are taken to be zero. Also, when a potential E  is applied by the poten-
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tio sta t, the reference electrode rem ains a t equilibrium , so no curren t passes 

from it and all quantities are sta ted  w ith reference to  it; the R E is th e re 

fore used to calibrate the applied and measured voltage (E  — E w e — E r e ) -  

The electrode m ain tains its equilibrium  by its own redox reaction exem plified 

by the m ercury /m ercuric oxide, sa tu ra ted  m ercury/m ercurous chloride (sa t

urated  calomel electrode, SCE) and m ercury/m ercurous su lphate  reference 

electrodes [24]:

Cell: P t (m )  \ Hg(m)  \ HgO(s)  \ NaOH(aq)

Reaction: HgO  +  2e~ v=̂  Hg  +  0 2~

Cell: P t (m )  \ Hg(m) \ Hg2C l2(s) \ KCl(sa t'd)

Reaction: Hg2C l2 +  2e~ #  2Hg  +  2Cl~

Cell: P t (m )  \ Hg(m) \ H g2S 0 4(s) \ H 2S 0 4(aq)

Reaction: H g2S O 4 -I- 2e_ #  2Hg  +  SOj~

The parenthesised le tters (aq), (s) and (m) refer to  the aqueous, solid and 

m etallic sta tes, respectively, and s a t ’d represents a sa tu ra ted  aqueous solu

tion. The contents of the electrode are separated from the bulk electrolyte 

and o ther electrodes by a fine porous frit or sinter (perm eable to  only the 

sm allest ions) to  avoid contam inating the rest of the cell. As no curren t 

flows from the RE, the  current i passes between the W E and the counter (or 

auxiliary) electrode whose function is simply to pass a current of equal m ag

nitude (in the opposite direction) to the W E via the electrolytic m edium , for 

continuity of the circuit (see fig. E14). It is im portan t th a t the CE is ine rt 

because as oxidation happens a t the W E, reduction occurs a t the  CE (and 

vice versa), so the p roducts of the CE reaction m ust not be electroactive or 

else they would interfere w ith those a t the W E. To com bat th is problem , 

another frit or sem i-perm eable m em brane is often used.
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Figure 1.14: Schematic three electrode cell.

The electrolyte is a conductive solid or liquid solution consisting of an 

inert solvent (preferably high dielectric constant) w ith a dissolved excess 

of non-electroactive ionic species. These mobile solution species are called 

counter and co-ions because their charge is either the same or opposite to  the 

charge of the electroactive species. Their function is not only conductive b u t 

also to  preserve electroneutrality  a t the working electrode. For instance, a 

sufficiently negative (cathodic) potential a t the W E initiates electron transfer 

so th a t reducible electroactive film species gain electrons and are reduced. 

The negative charge in this region is counterbalanced by a diffusive influx (or 

mass transport) of cations into the pores or interstices of the  film from the 

bulk electrolyte, hence charge is conserved. In this case, there is an influx of 

counter ions of opposite charge to the reduced film species a n d /o r  expulsion 

of co-ions of sim ilar charge. In the reverse situation, oxidation of the  film, 

expulsion of cations and influx of anions happens a t more positive (anodic) 

potentials [25].

In electrochemical experiments, redox reactions a t the W E /film  interface 

are induced by delivering known potentials between the working and reference 

electrodes (fig. 1.14). Redox reactions take place a t this junc tion  because
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the Fermi level of the m etal W E is altered by the applied po ten tia l, e ither 

raising E j  (negative potential) or lowering Ej  (positive po ten tial) to  above or 

below the energy of allowed conduction or valence band sta tes  in the  ad jacen t 

electroactive m aterial, thus facilitating reduction or oxidation. T he effect th is 

has on the film is detected by measuring the resulting curren t between the 

working and counter electrodes.

The p a tte rn  by which potentials are applied provides a specific insight 

into the  physical behaviour of the system. For instance, p o ten tio sta tic  exper

im ents may be perform ed to ex tract kinetic param eters such as ra te  constan ts 

and diffusion coefficients, to identify the extent to which charge transfer or 

diffusion influence the electrode process. Potentiodynam ic investigations add 

to  th is m echanistic inform ation by enabling the response of the system  to  a 

(perhaps rapidly) changing driving force to be determ ined. Cyclic voltam - 

m etry  is one such potentiodynam ic technique, and its use will be described 

next.

1.2.2 Cyclic voltam m etry

E

E 2

one
cycleslope, v

E 1

Figure 1.15: Potential vs. time for cyclic voltammetry.

Cyclic voltam m etry  is a technique by which the applied p o ten tia l is driven 

linearly between two selected lim its E\  and E2 (w ith respect to  tim e), then  

returned linearly to  E\ to  com plete one cycle (fig. 1.15). The linearity  of the
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incline or decline illustrates a constant scan rate  v =  ^  th roughou t a cycle, 

though m any cycles a t the same or varying scan rates may be perform ed. The 

result is sequential oxidation and reduction (or vice versa) of electroactive 

film species, during which the current is measured as a function of po ten tia l to  

produce a cyclic voltam m ogram  or CV (fig. 1.16). The anodic and cathod ic 

current is respectively proportional to the am ount of electroactive species 

oxidised and reduced during th a t cycle. In the CV shown in figure 1.16, 

the rising current during the anodic, forward or positive scan (E\ —» E 2) 

corresponds to oxidation of an increasing num ber of oxidisable film species 

until a m axim um  ipa is reached, and the number of electrons generated  by 

oxidation reaches its peak (at Epa), after which the rem aining available film 

species are oxidised and the current falls toward zero a t E2. By the  tim e th a t 

E 2 is reached, m ost of the available electroactive species should be oxidised, 

therefore the num ber of reducible film species is high and consequently these 

are reduced during the cathodic, reverse or negative scan (E 2 — E\),  during  

which electrons are consumed and a negative current results, peaking a t ipc 

and Epc. It follows th a t com paring the anodic to cathodic peak area w ithin 

a p articu la r cycle indicates the reversibility of the redox reaction. Also, 

variations in peak separation  (A Ep =  Epa — Epc) and the decay of one or 

bo th  of the curren t peaks over successive cycles signifies the stab ility  of th a t 

redox reaction. T he availability of oxidisable and reducible species (and hence 

the num ber of species converted) is governed by the m obility of electrons and 

counter/co-ions across the  film.

The im m obility of electroactive species in surface-confined films of m od

ified electrodes m eans th a t kinetic param eters such as fluxes and diffusion 

coefficients refer only to the movement of counter and co-ions, lim iting  the 

extractable quan tities (regarding the film) to the charge Q passed during  ox

idation and reduction, the am ount of electroactive species present N  (mol) 

and the coverage of these sites on the electrode surface, T (mol cm -2 ).
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Figure 1.16: A schematic cyclic voltammogram.

Q =  f  i d t  =  nFAT =  n F N  (1.18)

i is the current, n is the num ber of electrons transferred to  or from each site, F  

is F araday’s constant, A is the electrode area and t is time. If a modified elec

trode consists of a th in  surface-bound film, all of the sta tionary  electroactive 

sites are oxidised and reduced during the course of a CV. This s itua tion  ap 

plies to adsorbed monolayers, very th in  films and films ‘sandw iched’ between 

working and counter electrodes (thin layer cells), where charge tran sp o rt 

is facile and the diffusion of ions is faster than  the experim ental tim escale. 

Many films do not in fact conform to these criteria, lim iting the  am ount 

of sites converted, d isto rting  CVs and requiring a more com plex m odel to  

explain electrode processes which will be described in section 1.2.3.

1.2.3 Electrochromism

The above general description of dynam ic electrochemical redox processes 

in modified electrodes will be presented in term s of the constituen t steps: 

electron transfer a t the electrode/film  interface, charge tran sp o rt across the 

film and the subsequent movement of counter and co-ions th roughou t the  film 

(fig. 1.17), w ith em phasis on transition  m etal oxide system s and observed
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colour changes.

As m entioned previously, application of an anodic or ca thod ic p o ten 

tial a t the W E induces the oxidative or reductive conversion of electroactive 

film species. E lectron transfer only takes place a t the W E /film  interface, en

abling direct redox conversion of only very thin films a t this junction . C harge 

tran sp o rt is m ore com plicated in films thicker than  a m onolayer because the  

charge has to  spread throughout the full depth of the film (often 1 //in); 

th is may be accom plished by movement of electrons across the film s tru c 

tu re  via polarisation  of the molecules. The take-up or loss of an electron 

a t a redox site of course changes the polarisation of sites nearby, the  elec

tron  subsequently travels by ‘hopping’ to the nearest electron deficient site 

[26]. For this model, oxidation initially occurs a t a film site adjacent to  the 

working electrode; the closest electron deficient site is the W E which collects 

the  electron, thereby creating a vacancy a t the first site, tow ard which an 

o ther electron passes from the bulk film to again be taken up by the W E. 

Conversely, during electro-reduction the electron is taken up from the W E 

by film species a t the W E /film  interface, it then hops to the nearest elec

tron  deficient site in the bulk film, causing a vacancy a t the original site 

which is then  replenished by another electron from the W E, and so on. As 

a result, the  passage of electrons toward or away from the surface of the 

W E during oxidation or reduction, respectively depletes or supplies the film 

w ith electrons; th e  progression continues until all viable sites th roughou t the 

film are oxidised or reduced, and the measured current drops tow ard zero. 

This kind of conduction occurs in systems where electron m obility is low e.g. 

films with low conductivity. A solid sta te  model applies to  m etal films and 

other conductors; here, highly mobile electrons are not associated w ith  any 

particu lar atom s, and the electrons simply pass between the valence and con

duction bands of the W E and film, altering Ef  of each m ateria l accordingly. 

The molecular and solid s ta te  descriptions represent the ‘bands vs. b o n d s’ 

dichotomy when considering conduction across a m ateria l [26, 27].
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Figure 1.17: Redox reaction in a modified electrode; curved arrows show 

electron transfer and wavy arrows depict counter and co-ion 

exchange; C+ and A-  are electrolyte cations and anions; O 

and R refer to oxidised and reduced species, respectively. The 

mechanism for charge transport within the film may be given 

either by a molecular and solid state description.

A specific counter/co-ion com bination may not only be chosen for reasons 

such as the size (and hence mobility) and charge density of the ions, b u t also 

for their qualities as dopants for electrodes th a t behave as sem iconductors, 

either supplying electrons or holes, thus modifying Ef  and altering the  ox- 

id isab ility /reducability  of the film. For instance, a p-type film containing 

substitu tional Li+ is oxidised a t less positive potentials th an  undoped an 

film since electron accepting dopants create positively charged holes, thereby 

lowering E f  and m aking oxidation more favourable [25, 28, 29]. By a sim ilar 

argum ent, reduction in n-type electrodes with electron donating dopants is 

also enhanced.

As already sta ted , during the redox process, positive and negative counter 

and co-ions are exchanged by diffusion between the film and bulk electrolyte 

so th a t electroneutrality  prevails in all areas (except, a t the electrode/film
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interface where the initial pertu rba tion  takes place). In some cases, counter 

or co-ions react w ith the newly-formed film species, therefore becom ing re- 

versibly incorporated  into the film structure, thus altering the chem ical com 

position of electroactive species during the redox process (eqn. 1.19). The 

electrochem ically-induced reaction with counter or co-ions th a t accom panies 

valency changes a t electroactive sites (e.g. transition  m etal atom s) can evoke 

a reversible colouration of the film, term ed electrochrom ism. This occurs as 

a result of charge transfer because the newly-formed com pound, w ith a ltered  

electronic s tructu re , displays different optical absorption behaviour i.e. dif

ferent visible region transitions take place either w ithin the valence band  or 

across the optical band gap of the new species. The characteristic  colour 

change displayed by a system  may be counter or co-ion specific - which is af

fected by their size and charge density, or also by the morphology (e.g. poros

ity) of the film. In m any transition  m etal oxide systems electrochrom ism  m ay 

be exemplified sim plistically by the following redox reaction, also known as 

‘bronze’ form ation.

In term s of cation loss/insertion:

M Oy  +  n C + +  ne~ S  C „M O y (1.19)
V  ----- '  OX    '

b lea ch ed  co lou red

Here M represents a transition  m etal centre, O is oxygen, and C is a cationic 

co-ion. The above description gives a general idea of the m ost com m on type 

of transition  m etal oxide electrochrom ism  (i.e. colouration upon cation  inser

tion) [30]). Some details may vary according to the system; for exam ple, in 

some cases the colouration/bleaching cycles may be opposite to  th a t  s ta ted  

above (i.e. anodic as opposed to cathodic colouration), or anion incorpo

ration/expulsion m ay be the dom inant pathway for electrochrom ic action. 

Alternatively, in some instances, counter and co-ions may not be required 

for electrochrom ic action, though this is more common in non-transition  

m etal oxide system s [30]. Am biguities exist regarding m echanistic details
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of m any systems; techniques such as probe beam  deflection [31, 32] or the 

electrochemical quartz  crystal microbalance (EQCM ) [33] are used to  resolve 

uncertain ties by analysing electrolyte movement.

1.2.4 E lectrochrom ic Devices

Extensive studies have been carried out, involving transition  m etal and  rare 

earth  oxides [30, 34], and more recently organic conducting polym ers [35, 36], 

in order to  develop electrochrom ic display devices, energy efficient windows 

and anti-glare car door m irrors [30, 37]. The main advantage is low power 

consum ption because once induced, colouration persists w ith little  (if any) 

further voltage inpu t, this is called the memory effect. In add ition  to  m em 

ory effects, the colour(s) observed, the difference in the reflective in tensity  

of bleached and coloured states (contrast ratio), the tim e required for full 

colouration or bleaching (response tim e), the change in optical absorbance 

achieved per u n it of charge for colouration and reversal (colouration effi

ciency and w rite-erase efficiency, respectively), and the ability of the system  

to w ithstand  repea ted  transform ation between the two states (cycling d u ra

bility) are factors th a t are assessed and optim ised when developing a system  

for specific applications in optoelectronic technology.

Electrochrom ic devices (ECDs) have been developed on large and sm all 

scales e.g. windows and pixels in display devices, respectively. T hey are built 

to operate in e ither the  transm ission or reflection mode (fig. 1.18), b u t the 

reflected in tensity  is half the transm itted  intensity as the optical p a th  length  

doubles upon reflection.

A typical ECD  has a m ultilayer arrangem ent consisting of a ‘sandw ich’ of 

th in  glass substrates coated on the inside surface w ith an optically  tra n sp a r

ent conductor such as indium -doped tin  oxide (ITO). The ou ter surfaces may 

be strengthened w ith  a supporting layer of glass. The conductive coatings 

are very th in  and have low resistance, typically 0.5 f ic m -2 , restric ting  prob-
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Figure 1.18: Schematic cross-sectional view of electrochromic devices with 

reflection and transmission configurations.

lems relating to  uneven current density due to  voltage drop over fairly large 

areas. The inside surface of one conducting glass layer acts as the working 

electrode and the o ther is the counter electrode, so oxidation a t one electrode 

is accompanied by reduction a t the other, and vice versa.

A thin, even electrochrom ic film is deposited onto the conducting side of 

each electrode by electrodeposition, sputtering (section 5.2.1), therm al evap

oration, sol-gel deposition, spin-coating or some other m ethod. The choice 

of film is prim arily m ade so th a t one layer takes up cations while the  o ther 

film expels them  (and vice versa for anions); also, m aterials are chosen so 

the anodic or cathodic occurrence of their colouration and bleaching cycles
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synchronise to  achieve the desired effect e.g. combined absorptive and  re

flective properties or contrasting colours (eqn. 1.20). T he m ore strongly 

colouring m ateria l is term ed the prim ary electrochrom e, which is a ttached  

to the W E; the secondary electrochrome is attached  to the CE and  is chosen 

to com plem ent the prim ary electrochrome. For instance, an ECD  w ith tu n g 

sten trioxide as the  prim ary electrochrome, vanadium  oxide as the  secondary 

electrochrom e and H+ as the active counter/co-ion has been reported  [30]. 

Shown sim plistically:

W 0 3 + HxV20 5 rê ox HxW 0 3 +  V2 O 5  ( 1 .2 0 )
o x / red

p a le  y e llo w  p ale  b lu e  m eta llic  b lu e______brow n

BLEACHED COLOURED

Here, if the WO3 layer is placed behind the V2O5, WO3 acts as a reflec

tive layer, enabling a transm ission —> reflection mode of operation  and thus 

reducing glare. Such anti-dazzle action is applicable to devices such as car 

rearview  m irrors, sunglasses, office windows or windscreens [30, 34]. In some 

cases the secondary electrochrom e may be absent if a contrasting  colour is 

not required.

T he electrolyte forms the central layer in the ‘sandw ich’; it may be a 

solid, liquid or an elastom er and acts both as an ionic conductor and  a 

source of diffusive counter/co-ions, as described in section 1.2.1. A liquid 

of low viscosity m ay be unfavourable as leakage of noxious chem icals may 

be difficult to  prevent. A solid electrolyte may not be ideal because the 

m obility of dissolved ions is reduced, hindering response tim es, or where 

stresses arising from swelling/shrinkage due to  counter/co-ion m ovem ent or 

therm al expansion /con traction  is considerable. On the other hand, a viscous 

liquid or elastom eric electrolyte dam ps these stresses and may act as an 

adhesive, binding the  two halves of the ECD.

ECDs are spectroelectrochem ical devices operating  in the visible region. 

In this work, the s truc tu ra l changes taking place in the ir electrochrom ic
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oxide constituents were m easured in the X-ray region, in experim ents th a t 

are representative of one half of a working ECD.

1.2.5 In situ  X -ray S pectroelectrochem istry

In situ spectroelectrochem istry is of vital im portance because the  s tru c tu re  

and oxidation s ta te  of the m aterial of interest may alter upon its rem oval from 

the electrolyte for ex situ measurements; some experim ents may also require 

conditions such as u ltra  high vacuum th a t adversely affect film s tru c tu re  and 

prohib it electrode operation, so measured results may be unrepresentative 

of the working system . For this reason, ex situ spectroelectrochem istry  is 

undesirable, bu t may be unavoidable when working in the reflection m ode 

(sections 1.1, p a rt iii and 5.2.3) or when quantitative inform ation abou t elec

tronic transitions from X-ray photoelectron spectroscopy (XPS) or surface 

topology from scanning electron, scanning tunnelling and atom ic force m i

croscopies (SEM, STM and AFM, respectively) is required, though the  in 

situ scanning electrochem ical microscope (SECM) overcomes these problem s 

bu t is lim ited in its applicability  [25]. In situ XAS is an extrem ely powerful 

tool for spectroelectrochem ical investigations; the intense rad ia tion  can be 

directed to  im pinge on the sample in several ways (section 1.1 i -  iv), and 

when coupled w ith  an appropria te detection system provides the  m eans to 

observe short range atom ic structu re even in com posite sam ples, a t regions 

of particu lar in terest to  electrochemists. XAS is especially beneficial when 

studying electrochem ically-deposited films th a t have little  order fu rther th an  

the molecular level and therefore fail to  provide conclusive X-ray diffraction 

(XRD) patterns, th is is because only the short-range s tructu re  (~  1.5 — 5 A) 

is probed. Relatively little  use of spectroelectrochem ical techniques has been 

made com pared to  UV-vis., Ram an and infrared spectroscopies because of 

problems w ith in situ application hence, the novelty of the  spectroe lectro 

chemical studies presented in this thesis.
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As previously s ta ted  in section 1.1, X-rays in teract weakly w ith  m a tte r  

resulting in weak signals; this is particularly  true when probing surfaces or 

interfacial regions of electrochemical interest forming only a sm all p roportion  

of the sample, though the high intensity offered by synchrotron-generated  

sources com pensates for this by greatly enhancing the signal. The ex tinction  

distance (>  1 mm) of the beam  in aqueous and short-chain organic solutions 

is not prohibitive when mid-range to hard X-rays (>  8 keV) are used, enabling 

in situ electrochem ical XAS with all three electrodes im mersed in a th in  layer 

of electrolyte to  m ain tain  potential control.

XAS and electrochem istry link to  yield com plem entary inform ation which 

can be used to  reinforce the values derived from one particu lar experim ent. 

For instance, bo th  XAS and electrochem istry can be used to provide the film 

thickness x which can be seen by combining equations 1.1 and 1.18.

In ( /„ / / , )  A » N  T Q
X n A a _ £  A C  C  n FAC.  1 ' 1

s p e c tr o s c o p ic  sp e c tr o e le c tr o c h e m ic a l e lec tro c h e m ica l

where

777 N  O
XA =  V  =  — =  — C = —  and A /i =  A a F  (1.22)

p C  ram

V, m, ram  and  C  are respectively the volume, mass, relative atom ic mass 

and concentration of the absorber, Act (cm2 m ol-1 ) is the difference in ab

sorption cross-section between the bottom  and top of the edge, and A p  is 

the dimensionless absorption edge step.

Over the past decade, a diverse range of in situ spectroelectrochem ical 

investigations concerning electrochemically-modified transition  m etal oxide 

films has grown to  encom pass fields such as optoelectronics and corrosion 

protection to electrocatalysis and battery  technology, using s tru c tu ra l tech

niques such as XAS, XRD, UV-vis. and IR  absorption and reflection spec

troscopies [2, 3, 4, 38] and neutron reflectivity [39]. Nickel, niobium  and 

tungsten oxides, the m aterials investigated in this work exem plify such ac

tively studied systems.
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1.3 T he C rystal Im pedance Technique

The piezoelectric properties of quartz have made it a central com ponent of 

many devices, w ith applications ranging from time-keeping to  deposition ra te  

m easurem ent. In th is section its use is as a microbalance, where sm all changes 

in the frequency of its electromechanical oscillations can be used to  calculate 

m inute changes in the  mass of an attached film. Also, by use of equivalent 

circuits, the electrical com ponents of its electromechanical oscillations will 

be modelled to  determ ine rheological changes in an attached  film.

1.3.1 T he Q uartz  C rystal M icrobalance

T he quartz crystal microbalance (QCM) is an in situ piezoelectric device. 

I t consists of a th in  quartz AT-cut disc, set into m otion using two gold 

electrodes, one on each face of the wafer (fig. 1.19). These electrodes are 

connected to  a  frequency generator which produces constant oscillating shear 

waves (fig. 1.20) by application of an alternating electric field across the 

quartz.

quartz
disc

. low er  
electrode

u pper
electrod e

plug

F igu re  1.19: Quartz crystal

The QCM was originally used to m onitor adsorption and desorption from 

the gas phase. Its use may be extended to the liquid phase provided th a t  only 

one of the electrodes comes into contact w ith the solution. The face exposed 

to the liquid can then  be used as the working electrode in an electrochem ical
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cell; th is variation is term ed the electrochemical quartz crystal m icrobalance 

or EQCM [31, 33, 39, 40].

Usage of the QCM  is well established [41, 42] and is based on the  principle 

th a t the shift in resonant frequency A /  of an oscillating quartz  disc can be 

quantitatively  correlated to  a change in the areal density A m  (in g cm -2 ) on 

the surface of the crystal, caused by an attached film. T his relationship  is 

represented by the  Sauerbrey equation:

/o is the  initial resonant frequency of the bare QCM and f&m is the  resonant 

frequency once m a tte r has been deposited on its surface. pQ and vq are 

constants for quartz  i.e. its density (2.65 gem -3) and shear wave velocity 

(3.34 x lO 5 cm Hz), respectively. The negative sign indicates th a t an increase 

in mass corresponds to  a decrease in frequency, and vice versa. The resulting 

frequency changes arise from the interaction of the generated shear wave w ith 

w hatever is on the surface of the crystal.

F igu re  1.20: First harmonic shear deformation of an AT-cut quartz crystal.

The change in resonant frequency th a t occurs upon coupling one face 

of the resonator to  a  liquid, gel or solid can be related to  liquid viscosity, 

the com bination of mass w ith viscosity (viscoelasticity), or the m ass of a 

solid deposit. In the  Sauerbrey case, frequency changes can be described 

in term s of a simple physical model which trea ts  the quartz  disc as a rigid, 

lossless solid. If the  wave penetrates the full thickness of an a ttached  film,

(1.23)
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w ithout loss or lasting deform ation, so th a t the film moves synchronously 

w ith the crystal, the film is called an ideal mass layer which is trea ted  as a 

rigidly coupled extension of the quartz. This condition satisfies the  Sauer

brey equation as the relationship between A /  and A m  is linear. The gold 

electrodes (<C 1 ^m ) are disregarded as overlayers because the thickness of 

the gold electrode is assum ed to be negligible com pared to th a t of the  crystal 

(~  1 m m ). Ideal m ass conditions apply to rigid, th in  overlayers (<  0.5 % 

extension of the crystal), bu t considerable deform ation and dam ping of the 

shear wave occurs in thicker and less rigid films and fluids, so the Sauerbrey 

equation ceases to  be a valid expression for calculating changes in mass, as 

the relationship between A /  and A m  becomes nonlinear. In these cases a 

dam ped shear wave propagates perpendicular to  the surface of the crystal. 

The extent to which these shear oscillations penetrate  into the m ateria l, be

fore they are com pletely dam ped (the decay length 5) depends on the  density 

pL and viscosity rjL of the layer, a com bination of which affects the  rig id ity  

of the  film and the  degree of coupling between the two phases:

It is therefore necessary to separate the to ta l frequency response into its 

constituent parts , assigning each response to the appropria te  con tribu ting  

effect. Consequently, an in terpreta tion  th a t is more complex th an  the Sauer

brey equation is required.

1.3.2 V iscoelastic M odels

Many of the problem s associated with interpreting viscoelastic changes can 

be addressed not m erely by m easuring A / ,  bu t also by m easuring the  acous

tic adm ittance Y  (the reciprocal of im pedance Z)  of the crystal as a function 

of the QCM frequency response. These m easurem ents form the  basis of the 

crystal im pedance technique. Qualitatively, the shape and position  of the 

adm ittance vs. frequency curves indicate the rigidity of an a ttached  film

(1.24)
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(section 1.3.3). The adm ittance curves can be quan tita tively  analysed by 

deriving im pedance curves from them , then fitting the im pedance curves to 

an equivalent circuit using various fitting procedures. The equivalent cir

cuit model provides quan tita tive descriptions of film viscoelastic behaviour 

in term s of inductive elements which characterise mass changes (instead  of 

the Sauerbrey-derived areal density, which applies to rigid films only), resis

tive elements which represent energy loss and complex shear m oduli which 

quantify  the elastic com ponents of shear deformation.

Firstly, a description of the ideal elastic solid and pure viscous liquid 

phases will be given in term s of their physical properties and electrical repre

sentations of these characteristics. Once descriptions of the two ideal phases 

are established, a model of viscoelastic m aterials will be constructed.

It is im portan t to s ta te  th a t the shear stress r  (with units of pressure) 

im posed on a m ateria l is the sum of elastic and viscous com ponents [43]:

^  d l  i dxr  =  G y +  rj —  where 7 =  —- (1.25)
'^v—' at ay

e la s t ic  c o m p o n en t s - ~v'"-'/
v isco u s  co m p o n en t

Here, G is the shear m odulus and 77 is the shear viscosity of the m aterial.

Shear deform ation 7 is the ra te  of shear displacem ent in the  x d irection

per un it d isplacem ent along y ; the actual thickness doesn’t change, b u t the 

displacem ent (dx) of the standing shear wave travelling across the m ateria l 

(figs. 1.21-1.23) varies across its thickness (dy).

An electrical expression for the physical or mechanical factors affecting the 

voltage and curren t in a circuit such as the QCM is its complex im pedance. 

Electrical im pedance Z e (in ohms) is the complex ratio  of voltage to  cu rren t 

in a circuit and it quantifies the extent to which the sinusoidal voltage V  (t ) 

and current i(t) overlap:

7  V W  Cl
=  77  i1-26)

and

Z e — R  +  jaiL +  -—— (1.27)
jcjC
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The real term  R , resistance accounts for changes to  the am plitude of sinu

soidal voltage w ith respect to  current (or vice versa) due to  energy loss i.e. 

dam ping. In an ideal elastic solid, the shear wave propagates th ro u g h o u t the 

m aterial w ithout dim inishm ent, so R =  0. The two im aginary p a rts  j u L  and 

— (bot h in ohms) are inductive and capacitive reactances, respectively, ac

counting for changes to  the phase of sinusoidal voltage w ith respect to  cu rren t 

(or vice versa) w ith  non-dissipative origins, and may be positive or negative 

according to  w hether the voltage leads the current (due to  inductance) or 

lags (due to  capacitance), respectively. The angular frequency of th e  inp u t 

voltage uj =  2irf  where /  is its frequency, and to avoid confusion w ith cu rren t

j  =

Owing to  the electrom echanical coupling w ithin the quartz (i.e. the  piezo

electric effect), the mechanical properties of an attached film affect the  elec

trical properties of the resonator. For resonating devices such as the QCM, 

electrical im pedance Z e , is composed of the summed complex electrical load

im pedance arising from all contributing sources i.e. the bare resonating

quartz  Zeo  and the a ttached  layer Z e l -

Z e =  Z eo +  Z el (1.28)

where

Z eo — Ro +  j^Lo  +  -——  (1.29)
] u C 0

and

Z E i -  R L +  j u L l +  - ^  =  4 K 2NJ Am c , ( | ) (1-30)

e lec tr ica l m ech a n ica l

N  is the harm onic num ber of the shear wave; the electrom echanical coupling 

factor for quartz is K q (7.74 x lO -3 ), the resonant frequency of the circu it 

WAm =  2 7r/A m and sta tic  (instrum ental) capacitance C'0 of the resonato r (as 

opposed to  the param eter C0 in equation 1.29) [44, 45]. Note th a t  the  sub

script o pertains to  the bare crystal, L to an attached  layer, and x describes
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the layer, w ith x being 1, 2 or 3 if the film is solid, liquid or viscoelastic in 

nature, respectively. Electrical and mechanical im pedance are analogous b u t 

dim ensionally different. Equation 1.30 shows th a t electrical and m echanical 

representations of a resonating film can be given. These expressions enable 

physical param eters to be extracted from straightforw ard electrical m easure

ments.

^ ( u ) = j u i C '0 +  —— (1-31)

A part from Z\  (and hence Z e ), all of the term s sta ted  in equations 1.28 

to  1.32 are known or controlled and recorded when resonating bo th  bare and 

loaded crystals. Conversely, the unknown term s w ithin Z e (contribu ting  

to  the overall m easured electrical adm ittance) m ust be ex tracted  from  the 

adm ittance  vs. frequency curves using equivalent circuits according to  the 

physical model m ost representative of the system. The overall m easured 

adm ittance  Y (u )  (in Siemens, S) is given in equation 1.31, where C'0 is the  

s ta tic  capacitance of the resonator (fig. 1.25).

i) Ideal Elastic Solid

This m odel describes a th in  rigidly-coupled solid or finite ideal mass 

layer, in itia lly  m entioned in section 1.3.1. The shear deform ation im posed 

by the oscillating QCM  is instantaneous and therefore independent of tim e, 

so ^  =  0 and the viscous com ponent of equation 1.25 can be neglected. This 

means th a t the elastic solid im m ediately returns to its original form once the 

oscillatory action of the  QCM has ceased, so the overlayer can be trea ted  as 

a Sauerbrey-com pliant extension of the QCM, and the penetra tion  dep th  of 

the shear wave (eqn. 1.24) is equal to the thickness of the solid layer.

Equation 1.30 contains term s for the mechanical im pedance (in 

k g m - 2s-1 ) of the quartz  Z Q and the unattached  ideal mass layer Z\  w ith  

areal density m i, density p\ and thickness x\ where

— (po ^ o ) 2 =  Pq  v q  (1.32)
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Figure 1.21: Progress of a first harmonic shear wave through a finite ideal 

mass layer.

and
Zi  =  j u j m i  w ith m\  =  px xi  (1.33)

Zo is the square rooted product of the density po and shear m odulus (Go =  

2.95 x 1011 dyne cm -2 ) of quartz, or alternatively represented in term s of 

the quartz constants contained in the Sauerbrey equation (eqn. 1.23). As Z\ 

refers to  an ideal solid, non-dissipative effects dom inate, so the dissipative 

element Ri  =  0 m aking the electrical load im pedance (eqn. 1.28) of the 

quartz disc loaded w ith an ideal mass layer:

Z e =  Ro +  juj(Lo +  L\)  +  -——  (1-34)
o

In equation 1.33, Z\  was generated by an ideal mass layer; a  liquid or 

viscoelastic layer could also generate Zx, or a com posite model of the layer 

m ay consist of a com bination of these elements. The rem aining possibilities 

will be described in the following sections.
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ii) Simple Liquid

Simple liquids m ay be considered, in part, to  be the opposite of ideal 

elastic solids. For instance, the elastic com ponent of shear stress r  (eqn. 

1.25) is neglected because the elastic p art of shear deform ation G  =  0. The 

rem aining viscous com ponent of equation 1.25 defines the rare  ideal case 

of a pure N ew tonian fluid where 772 and p2 are constant and  sm all, and 

the decay length of the  shear wave is short (on the order of a few hundred 

nanom etres, eqn. 1.24). The low density and viscosity of the liquid ensures 

th a t considerable dissipation and dam ping take place, so the energy of the 

im posing shear stress is not fully translated  into shear deform ation as the 

liquid is unable to  store energy.

The shear deform ation th a t does take place stops once the shear stress 

im posed by the oscillating QCM ceases (like ideal mass behaviour), b u t in th is 

case shear deform ation is tim e dependent, and the rate  of shear deform ation 

^  (the flow rate) increases linearly w ith shear stress. The viscosity coefficient 

of a fluid expresses its resistance to  perm anent deform ation (flow); as r)2 is 

low the resistance to  flow is low and the energy of the shear waves dissipates 

readily, hence shear deform ation is perm anent and energy loss a t the decay 

length  of the  shear wave is complete.

The surface roughness of the quartz disc exaggerates m easured frequency 

responses because m ateria l th a t is confined w ithin surface cavities (valleys) 

moves synchronously w ith the crystal as it oscillates, even if the  m ateria l is 

a N ew tonian fluid. This means th a t m aterial caught w ithin surface features 

m ust be trea ted  as an ideal mass layer w ith thickness equal to  the  dep th  

of the corrugations, regardless of the nature of the bulk film. It was once 

thought th a t the use of polished crystals would ensure the effects of surface 

roughness became negligible, though this was not found to  be tru e  in m any 

cases, despite the use of visually sm ooth crystals [46] e.g. th in  films, as the 

relative im portance of roughness decreases w ith increasing film thickness. 

Hence, a com posite film w ith a t least two layers, the first being an ideal
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Figure 1.22: Progress of a first harmonic shear wave through an ideal mass 

layer plus a semi-infinite liquid.

mass layer, requires modelling; such composite films will be given fu rther 

consideration in section 1.3.3 and beyond. Even though the effects of energy 

dissipation are great, some mass effects are contributed by the pseudo ideal 

mass layer, m aking cjZ/2 7̂  0, and in term s of the complex electrical load 

im pedance (eqn. 1.28) of the QCM with a surface layer of liquid

Z e  =  (Ro +  R 2 ) +  M L o  +  L 2 ) +  . n  (1.35)
0

w ith the m echanical im pedance of a simple liquid being

Z 2 =  (1 +  ^  (1 3 6 )

in) Viscoelastic Layer

As one would expect, a viscoelastic layer has physical properties th a t 

lie somewhere between the two extremes of the previously described ideal
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phases, so a viscoelastic m aterial is simply one th a t has non-ideal properties, 

so exhibits characteristics of both  energy storage and loss. B oth  viscous and 

elastic com ponents of equation 1.25 apply, but the balance between con tribu 

tions of each com ponent tow ard the overall behaviour varies from m ateria ls  

such as m etals to  rubbery  solids, ‘sloppy’ gels and thick, viscous liquids. For 

instance, a m ateria l w ith  viscoelastic properties may undergo elastic deform a

tion where 7 is linearly proportional to r  up to the yield point; no m echanism  

takes over beyond th is lim it in ideal solids so the m aterial breaks, b u t perm a

nent deform ation or flow may take over beyond the yield point of viscoelastic 

m ateria ls such as steel. A nother example of viscoelastic behaviour is p las

tic deform ation, where a com bination of perm anent viscous and recoverable 

elastic deform ation take place a t all r  except a t very low stresses and  short 

du rations (where elastic deform ation is dom inant), m aking ^  nonlinear e.g. 

gels and rubber. In m ost cases of electrochemical use, exposure of an ini

tia lly  rigid film to solvents will plasticise the film, thereby increasing its loss 

characteristics. V iscoelastic behaviour can also be displayed by thick, nor

m ally rigid films (>  0.5%  x Q) [47] th a t sway w ith each shear oscillation {i.e. 

non-synchronous m ovem ent).

The in term olecular forces responsible for ideal mass behaviour are strong 

prim ary  valence chem ical interactions; weaker secondary e lectrosta tic-type 

(polarisation) forces account for the properties of N ewtonian fluids; so a m ix

tu re  of prim ary  and secondary interm olecular forces are present in viscoelastic 

or M axwellian m aterials. Consequently, both  dissipative and non-dissipative 

elements contribute  tow ard the complex electrical load im pedance Z e (eqn.

1.28)
Z e  —  { R o  +  R 3 )  +  j u { L o  +  L 3 )  +  - — —

J u C 0
(1.37)

The shear surface mechanical im pedance of the layer is

Z 3 =  Zc tanh  (A3 .t3) (1.38)
w ith

=  (p3 G 3) (1.39)
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where Z$ =  Zc when x$ —> oo and the film is regarded a sem i-infinite vis

coelastic layer.

As =  }U> ( ^ V (1. 40) 
and 3 /

G 3 =  G'z +  j  G'z (1-41)

Here, A3 is the  propagation constant of the shear acoustic wave through 

the viscoelastic film of thickness and density p3. Zc, the  characteristic  

m echanical im pedance of the film, is analogous to  ZQ for quartz  (eqn. 1.32), 

bu t in th is case the  shear m odulus of the viscoelastic film G 3 (in dyne cm -2 ) 

is complex, com prising storage (G ') and loss (G”) moduli, respectively.

ideal mass 
layer

VISCOELASTIC
LAYER

QUARTZ

F ig u re  1.23: Progress of a first harmonic shear wave through an ideal mass 

layer plus a finite viscoelastic layer.

The movement of viscoelastic layers is not synchronous w ith  th a t  of the  

quartz resonator and the kinetic energy of the shear waves is b o th  stored  and 

dissipated. The storage m odulus G' accounts for synchronous m otion th a t  is 

in phase with the acoustic shear waves of the resonator; conversely, the  loss

49



m odulus G" accounts for out of phase, non-synchronous m otion where upper 

regions of the film tend  to  lag behind the region a t the Q C M /film  interface, 

resulting in a phase shift. This description of dissipative vs. non-dissipative 

contributions is analogous to  the definition of electrical im pedance given in 

equation 1.27. In sum m ary, G x is constant and not complex in ideal rigid, 

lossless solids like quartz  as G" =  0; in simple liquids G' =  0 and r/ is constan t; 

in viscoelastic m ateria ls G x is complex and Gx or rjx are variable as the  ra tio  

of G' to  G" m ay change, or rix may decrease with increasing shear stress.

1.3.3 Frequency Changes

It has been shown th a t the m agnitude of the m easured adm ittance  \ Y | varies 

according to the ex tent to  which the acoustic shear waves launched into a t

tached layer(s) are preserved. W hen combined w ith frequency m easurem ents, 

a qualita tive  description of film rheology is derived. For instance, w hether 

or no t a film is rigidly coupled to the QCM can im m ediately be established.

<DO
C

Frequency

Figure 1.24: Schematic admittance vs. frequency curves for: a) an un

loaded crystal, and a crystal with an attached b) ideal mass 

layer, c) Newtonian fluid, d) viscoelastic layer.

In the purely gravim etric (mass-based) case of an ideal m ass layer (fig.
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1.24 b), the frequency of the acoustic shear oscillations decreases in response 

to  the mass of the  film (eqn. 1.23), bu t the adm ittance rem ains constan t as 

the oscillations are undim inished, so the position (but not th e  am plitude) of 

the discrete, sharp  adm ittance vs. frequency curve changes and frequency 

responses can be in terpreted  in term s of the Sauerbrey equation (eqn. 1.23).

In the case of a liquid layer (fig. 1.24 c) a negative frequency shift and 

a decrease of adm ittance, w ith considerable broadening of the  peak, are evi

dent. The low p and  77 liquid entrapped in roughness features (of dep th  on the 

order of 8/2)  is responsible for the small ideal mass-like gravim etric response. 

Extensive dissipation of the shear wave in the bulk N ew tonian fluid (as R 2 

is high) take place because the resonator does not ‘see’ any liquid beyond 

the  short decay length, causing bo th  an am plitude decrease and a spread of 

the  adm ittance  curve. V irtually  none of the liquid has any influence on the 

shear waves and the resonator effectively ‘sees’ a pseudo-ideal mass layer.

In addition  to  the  ideal mass layer, the am ount of film ‘seen’ (i.e. the 

am ount of coupling between quartz and overlayer) increases w ith 77 and p i.e. 

when the  a ttached  film is a Maxwell fluid (viscoelastic liquid) or viscoelastic 

layer (curve d in figure 1.24). The frequency decreases tow ard a m ore realistic 

value (i.e. a tru e r reflection of film mass), bu t in th is case (as opposed to 

a N ew tonian fluid) the  shear acoustic waves penetra te  even fu rther into the 

layer, so d issipation is more extensive, resulting in lower |T | and an even 

broader peak.

D ynam ic crystal im pedance experim ents involve the m easurem ent of 

\Y\ vs. f  curves in quick succession, allowing film rheology to  be m apped as 

a function of tim e. Such m easurem ents are essential when studying  evolving 

systems such as polym erisation [48], deposition rates [41] or phase changes 

during the sol-gel process ([49] and chapter 4). The im portance of hom ogene

ity was initially explained in the context of X-ray absorption spectroscopy 

(section 1.1); it is also true for the crystal im pedance technique, so the  in

fluence of the film on frequency responses across the whole piezoelectrically-
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active area (the region covered by a gold electrode) m ust be equal, requiring 

th a t films, as well as the quartz, have minimal roughness and uniform  thick

ness.

As the frequency responses of Newtonian fluids and viscoelastic m ateria ls  

have contributions from two sources, the to ta l m easured frequency m ust be 

separated into its constituent parts

A /  =  A /i  +  A f x (1.42)

where the subscrip t i refers to an ideal mass layer, x =  2 for a N ew tonian

fluid and x =  3 for a viscoelastic layer, w ith the contributions of add itional 

layers added on. Consequently, a direct evaluation of liquid or viscoelastic 

film mass cannot be achieved. Nevertheless, fitted values for the inductive 

elem ents L 0 and L x, representing energy storage and hence mass changes, 

can be used to predict the overall A / .  In general, for all types of layer [47]

A /  3  (1.43)
2Lq

For all ap a rt from simple liquids

=  - w r f t )  n A , )

and for liquids

A/  =  ----A ™ ....... - (PlXlY (L45)
N  p Q vq  V 7r /

The calculated value of A /  derived from these expressions (or the Sauerbrey 

equation, where appropria te) can be compared w ith m easured values as a 

further check on the  su itab ility  of physical model(s) chosen to  represent the  

system. These models will be discussed in the next section.
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1.3.4 E quivalent C ircu its

Electrical expressions for various com binations of “quartz  +  loading layer” 

have been given when s ta ting  the complex electrical load im pedance of the 

loaded QCM Z e (equations 1.34, 1.35 and 1.37). It was shown in section 

1.3.2(i) th a t all term s, apart from those w ithin Z x and hence Z El  and Z E 

(eqns. 1.28, 1.30, 1.33, 1.36 and 1.38) could be accounted for and therefore 

sub trac ted  from the m easured signal, leaving the term s w ithin Z x to  be m od

elled in order to  reconstruct the outstanding contributions to  the m easured 

adm ittance  (eqn. 1.31).

Lo

BARE 
C0 CRYSTAL

Ro

L*
FIRST

LAYER

R*

F ig u re  1.25: Butterworth van Dyke equivalent circuit model for a QCM 

with a single overlayer of type x.

The unknown elem ents of the rem aining signal are placed in series w ith 

the known elem ents for quartz and fitted using various com putational proce

c  ’
' - ' O  - i -
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dures [45] (see chapter 4) to  w hat is term ed a B utterw orth  van Dyke (BVD) 

lum ped element model (LEM ), shown in figure 1.25. Figure 1.25 shows the 

equivalent circuit for the crystal w ith one attached layer; in the  instance 

where a com posite overlayer exists, the extra elements are added in series to 

the model shown. Com bining equations 1.29 and 1.30 into 1.28 provides the 

to ta l electrical im pedance of the layered system

Z e — (Ro +  R x) +  ju{Lo  +  Lx) +  -——  (1-^6)
J u G o

where inductive and resistive elements can be added (in series) as required 

to  model the system.

It could be said th a t the resistive and inductive elements w ith in  Z el give 

a qualitative yet em pirical idea of the nature of attached layer(s), w hereas the 

m odelled term s constitu ting  Z x e.g. G', G", rax, px, rjx and x x have direct 

physical significance. The evaluation of these physically-significant term s is 

therefore the prim e m otivation of crystal im pedance experim ents.
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Chapter 2 

General Experimental and 

D ata Analysis

The techniques, equipm ent and procedures detailed in this chapter apply to 

all three of the system s studied in this thesis. The descriptions given here 

will therefore be general; additional inform ation about preparative techniques 

and variations to  s tan d ard  experim ental procedures or analyses will be s ta ted  

in detail in the  relevant sections of the next three chapters. For instance, as 

sam ple p reparations differ for each system e.g. direct electrodeposition of 

nickel hydroxide, sol-gel synthesis of niobium oxide and anodisation  of tu n g 

sten, such details will be described in their respective chapters. N on-standard  

m ethods for recording EXAFS such as quick EXAFS (quEX A FS), energy dis

persive EXAFS (ED E) or reflection mode EXAFS (reflEXAFS) will also be 

detailed in the  appropria te  experim ental section(s). Such variations in m ea

surem ent will also affect the design of spectroelectrochem ical cells, m aking 

each cell specific to  its application. O ther techniques, specific to  each sys

tem , such as crystal im pedance (chapter 4) and non-standard  electrochem ical 

m anipulations e.g. anodisation (chapter 5) also will not be s ta ted  here.
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2.1 Experimental

2.1.1 R eference Sam ples

Correct and thorough in terpreta tion  of the structures and oxidation s ta tes  of 

initially  unknown sam ples required the use of XAS spectra from a num ber of 

well-defined, ordered crystalline or elemental reference m aterials (s tandards), 

each having known absorbers and backscatterers and published stru c tu res  

[50]. Assum ing th a t a qualitative idea of the predom inant elem ents present in 

a sam ple was known (e.g. an am orphous tungsten oxide), reference m ateria ls 

w ith  sim ilar constituents were chosen (e.g. W , WO2 and W O 3), and the ir 

s tructu res were derived and com pared with crystallographic lite ra tu re  [50] 

before the unknown samples were analysed, to ensure th a t the  d a ta  analysis 

procedure was correct and consistent.

2.1.2 P re p a ra tio n  of R eference C om pounds

Reference m ateria ls were usually bought as high purity  reagent grade powders 

or m etal foils. If s tandards could not be obtained com mercially or borrowed 

(from a reliable source), they were synthesised and purified using established 

procedures. 5 or 15 /im  thick pure m etal foils, provided by D aresbury Labo

ratory, were always used as standards and as the calibrant when a th ird  ion 

cham ber was used. W hen using crystalline standards, each com pound was 

mixed to  abou t 3:1 standard:pow dered high purity  boron n itride (Fluka). 

Boron nitride has low absorption in mid to hard X-ray regions and lim its ex

cessive absorption by the  reference sample, which distorts the  spectra . T he 

m ixture was ground finely using an agate m ortar and pestle, and the  resu lt

ing homogeneous powder was sprinkled evenly onto the sticky side of a s trip  

of adhesive tape. The powder was then firmly sealed in w ith a clean strip  

of tape. For XAS m easurem ents, the sample absorption was optim ised by 

folding and therefore overlapping the strip, thus altering the thickness of the
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sam ple in order to  obta in  a good edge step (A/r or A abs ~  1.0, eqns. 1.1 

and 1.21).

2.1.3 In situ  Spectroelectrochem ical Cells

In situ cells th a t are capable of meeting the dem ands of bo th  XAS and elec

trochem ical m ethods have been used for many years [4, 12, 51]. M any have 

been successfully employed in the study of transition  m etal oxide films. Sev

eral innovative th in  layer configurations have been used to restric t electro lyte 

absorption in the  transm ission or fluorescence mode [6]. More versatile de

signs allow spectral acquisition in both  modes, removing am biguities associ

ated  w ith sam ple variability  and repositioning [13]. A dditionally, sub-surface 

regions may be probed, or films w ith low absorber concentrations (e.g. porous 

films or foreign ions such as dopants, incorporated during deposition) m ay 

be exam ined from the  fluorescence signal [15].

A spectroelectrochem ical cell th a t meets spectroscopic, electrochem ical 

and practical dem ands m ust meet several, often conflicting criteria. From  a 

spectroscopic poin t of view, it is im portan t to observe th a t all com ponents 

m ust m inim ise the ir contributions to the background level of absorption. 

This is achieved by preventing unnecessary scattering and absorp tion  (i.e. 

a ttenuation ) of the  beam  by the electrolyte, substrate  and cell com ponents. 

A three electrode arrangem ent th a t will not accentuate these effects, b u t does 

exhibit a geom etry su itab le for accurate, dynam ic potential control provides 

for bo th  spectroscopic and electrochemical needs. For practical reasons, the 

cell should consist of cheap, robust, inert and readily available m ateria ls  

th a t can easily be m achined. In the context of valuable synchrotron beam  

tim e it is helpful if assembly, dism antling and cleaning of cell constituen ts is 

not com plicated and im practical; the assembled cell should also be capable of 

being precisely positioned and aligned in the beam  path . It is desirable for the 

cell to have a simple design th a t perm its a variety of uses; it should therefore
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be possible to  adap t and modify the cell for highly specific or dem anding 

applications. The three cells presented in this thesis were designed to  m eet 

all of the s ta ted  requirem ents, w ith m inimal loss of perform ance, though  in 

practice th is proved to  be a difficult task.

2.1.4 E X A FS M easurem ents

i) Standard Transmission EXAFS

A bsorption spec tra  of reference samples were usually taken on beam line 

7.1 or 9.2 of the  CLRC D aresbury Laboratory, operating a t an electron energy 

of ~  2 GeV and a synchrotron ring current of ~  125 mA. The th ree ion 

cham bers were filled w ith absorbing Ar or an Ar-Kr m ixture, backfilled w ith 

He to  a to ta l pressure of 1 bar. The partia l pressures of the gases varied w ith  

the  absorption edge to  be m easured and were tabu la ted  for each ion cham ber 

so th a t 20 % of the  incom ing radiation  was absorbed by the first ion cham ber 

(recording 70) and  70 % of the initial beam  by the second (m easuring 7t), 

leaving the  rem aining 10 % of the initial beam  to be absorbed by the  th ird  

detecto r (recording 7C, fig. 1.3).

The EX A FS in strum en ta tion  utilised a harm onic-rejecting double crystal 

S i ( l l l )  or Si(220) m onochrom ator. The intensity 70 was m axim um  when 

bo th  m onochrom ator crystals were parallel, being tuned to  allow all orders 

of Bragg reflection to  be detected. In most cases, one of the  crystals was 

detuned away from  a parallel position, cutting  70 to half its original value (50 

% detune) and therefore rejecting higher harm onic contributions which m ay 

d isto rt the spectrum . The beam  height and w idth were fixed by ad justing  

the entrance slits to  0.5 and 10 mm, respectively. The energy separation  of 

each m easurem ent was set so th a t the num ber of d a ta  points m easured in 

the pre-edge region was less than  in the XANES and EXA FS regions. The 

detuned m onochrom ator angles were then scanned in a stepwise fashion so 

th a t an XAS spectrum  of bo th  the sample and the calibran t (the ‘m o n ito r’)
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were recorded sim ultaneously w ith a duration of abou t 15-20 m inutes.

ii) Fluorescence Mode EXAFS

Fluorescence spectra  were recorded on all electrochem ical sam ples, using 

spectroelectrochem ical cells th a t were built to facilitate sim ultaneous op

eration in transm ission or reflection and fluorescence modes. F luorescence 

m easurem ents were invaluable because excessively thick films were often re

quired to  achieve a good signal (edge step) in the transm ission m ode, due 

to  the inherent low density of electrochem ically-generated m etal oxide films. 

The im proved sensitivity  of the fluorescence mode allowed spectra  of th inner 

(i.e. more electrochem ically ideal) or more dilute samples to  be m easured, 

though a t the  expense of a greater noise level due to scattering  of the  di

vergent beam . A trade-off between minimising scatter and m axim ising the 

signal, w ithou t sa tu ra tin g  the sensitive detector, was optim ised by ad justing  

the separation  between sample and detector. Edge steps in the fluorescence 

m ode were typically  A abs <C 0.5.

Fluorescence detection  was com patible w ith most modes of operation  (ex

cept ED E, see figs. 1.3 and 1.4) and on all of the beam lines used. The detec

tors were either scin tillation  counters or solid s ta te  detectors; fu rther details 

abou t dual transm ission/reflection-fluorescence cells and the detectors used 

are s ta ted  in subsequent experim ental sections.

2.1.5 G enera l in situ  S pectroelectrochem istry

G eneral electrochem ical m anipulations of samples such as cyclic voltam m e- 

try, overcharge and discharge were usually perform ed in situ i.e. in parallel 

w ith spectral acquisition, w ithout altering the position of the  cell on the o p ti

cal bench. If the du ra tion  of an electrochemical experim ent was much longer 

than  the tim escale for spectroscopic measurem ents e.g. overcharge or cyclic 

voltam m etry a t slow scan rates (<  5 m V s-1) combined w ith any XAS m ode, 

then a series of spectra  was sufficient to record any electrochem ically-induced
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s truc tu ra l evolutions and valency changes w ithout in te rrup ting  the electro

chemical technique. In the opposite case, e.g. cyclic vo ltam m etry  a t high 

scan rates (10, 20, 50 100 and 200 m V s-1), when the spectroscopic tim escale 

was sim ilar to or longer than  the electrochemical experim ent, th e  po ten tia l 

was held constan t a t various points of interest (e.g. current peaks) while each 

spectrum  or set of spectra  was recorded. W hen the electrochem ical response 

was rapid  and could no t be in terrupted  e.g. during film discharge, only a 

fast series of spec tra  w ith  m inim al dead-tim e would suffice.

X-ray hutch

beamline optics and detectors

X-rays cell

M U L T I M E T E R C H A R T

R E C O R D E R

D I G I T A L

V O L T M E T E R

P O T E N T I O S T A T

X - R A Y  

D A T A  A C Q U I S I T I O N

F ig u re  2.1: Schematic diagram of experimental set-up for in situ X-ray 

absorption spectroelectrochemistry.

The X-ray hutches on all stations were equipped w ith a junc tion  box, 

enabling the rem ote control of all three electrodes via BNC connections to  the 

Oxford Electrodes po ten tio sta t and a Keithley 175A autoranging  m ultim eter 

(fig. 2.1). This set-up also allowed the resulting current to  be m easured by 

an Advance Bryans series 60000 x — y — t chart recorder and a W avetek 10XL 

digital voltm eter (DVM, operating as an am m eter), so cyclic voltam m ogram s 

and current-tim e profiles were recorded to determ ine the charge passed.
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All experim ents were conducted a t room tem pera tu re  (20 ±  2°C). All 

reference and electrochem ical samples were prepared in a fume cupboard  in 

one of the M aterials Science Laboratories a t D aresbury L aboratory , except 

the anodised sam ples th a t were formed on the station. Milli-Q trip ly  distilled 

deionised w ater was used for rinsing and as a solvent when p reparing  aqueous 

electrolytes. Each electrolyte solution was degassed for a t least 20 m inutes 

using dry, cylinder N2 (BOC gases) before use. Also, once assem bled, the 

spectroelectrochem ical cells were purged with dry N2 prior to  use. All o ther 

preparations such as the design, fabrication and prelim inary testing  of spec

troelectrochem ical cells, deposition of m etal W Es by therm al evaporation 

and spu tte ring , cleaning of substrates and the fabrication of reference and 

counter electrodes took place a t Leicester University, using facilities provided 

by bo th  the E lectrochem istry  G roup a t the D epartm ent of C hem istry  and 

the  Condensed M atte r Physics (CM P) Group a t the D epartm ent of Physics 

and Astronomy.

2.2 D ata Analysis

Once XAS sp ec tra  were recorded using any of the described configurations, 

several com putational procedures were undertaken in order to  ex trac t quan

tita tiv e  inform ation  regarding valency and structu re contained w ithin  the 

XANES and EX A FS of each spectrum , respectively. The corresponding 

electrochem ically-derived d a ta  were also analysed and the results were used 

as a quan tita tive  check on the XAS-derived film thickness and valency (eqn. 

1.21). Each stage in the  d a ta  analysis procedure will be described in a sim ilar 

m anner to the E xperim ental section. For, instance, the procedures detailed  

here will be of a general nature, applying to all of the system s presented in 

this thesis. As for the Experim ental section, any variations from s tan d ard  

practice (arising from m easurem ents in different configurations) will be ex

plained in the following chapters. Also, analyses relating to  system -specific
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techniques such as crystal im pedance will be dealt w ith la ter.

2.2.1 C alib ra tio n  of Raw XAS S p ectra

The first step in d a ta  analysis involved calibrating each raw d a ta  file so th a t 

an XAS spectrum  was produced (see fig. 1.1). The d a ta  file of each spectrum  

in itia lly  consisted of m ono/polychrom ator positions (in m illidegrees), tim es 

and detecto r readings 70, / t , / c and I f .  The x-axis of the XAS spectrum  

was derived by converting m ono/polychrom ator angles into energy (in eV) 

using B ragg’s equation  (eqn. 1.11), which depends upon the type of crystal 

used e.g. S i ( l l l )  or Si(220) etc. Absorbance or fluorescence, the y-axis, was 

derived using Iq and It or If  via equation 1.1 or 1.6, respectively. The raw 

spectrum  was then  viewed.

If the edge step  of a single spectrum  was weak (i.e. the absorbance dif

ference between the  top  and the base of the edge A abs <C 0.5), the  noise 

obscured the signal. Such a s itua tion  was apparent when recording the  d a ta  

from a particu la rly  th in  or dilu te film (in any configuration) so a series of 

spec tra  was recorded from the static sample. The set of consecutive spectra  

was then  sum m ed to  improve the signal-to-noise ratio , m aking sure th a t all 

sp ec tra  in the  set were perfectly aligned before sum m ation, thereby elim i

na ting  broadening errors arising from sum m ing misaligned spectra .

The calib ration  procedure was repeated for each corresponding m onitor 

spectrum , using Ic instead  of I t when deriving absorbance. Each single m oni

to r spectrum  was then  saved for use in the second stage of d a ta  analysis. The 

D aresbury program  EXCALIB [52] was used to calibrate all transm ission, flu

orescence and reflection mode data , and the D aresbury program  P ro c l2  was 

used to calibrate files recorded in the energy dispersive mode.
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2.2.2 B ackground S u b trac tion  and  N orm alisa tion

The u ltim ate  goal of background subtraction was to  isolate the  EX A FS func

tion y(/c) (eqn. 1.15) from the rest of the XAS spectrum  in p rep ara tio n  for 

the final step, fitting. Beginning with the absorbance vs. energy p lo t w ritten  

out from the EXCALIB program , the edge energy E edge was chosen as the 

greatest peak in the  first derivative of the spectrum  i.e. the inflection poin t 

of the edge. This po in t defined the beginning of the EXAFS. The x-axis was 

then  rescaled w ith E edge =  0 eV. Equation 2.1, a rearrangem ent of eqn. 1.15, 

shows th a t the background absorption fiQ (initially m entioned in p a rt 1.1.2) 

m ust be sub trac ted  from the to ta l linear absorption coefficient in order to 

determ ine the  EX A FS function

x{ k )  =  (2.1)
F o

fi0 was ex tracted  by applying polynom ial fits to  the pre- and post-edge re

gions, as shown in figure 2.2. The modelled background absorption resembled 

theoretical absorp tion  spectra  (see section 1.1.2 and fig. 1.7) i.e. an XAS 

spectrum  w ithou t the  w hite line and EXAFS oscillations superim posed upon 

them . F igure 2.2 shows th a t the falling pre- and post-edge baseline, evident 

in bo th  raw experim ental and theoretical transm ission spectra  flattened  once 

the background absorp tion  was subtracted . The same occurred when the 

rising baselines of fluorescence spectra  were background sub tracted .

The XAS sp ec tra  were then normalised because the edge step  varied 

from one sam ple to  the  next, w ith the density of the sam ple or even during  

an experim ent; for instance, spectra from the dense, crystalline s tandards 

showed much higher absorption than  the am orphous films. The y -axes of all 

background-subtracted  spectra  were therefore consistently norm alised to  a 

sim ilar scale by dividing each absorbance value by the absorbance a t a specific 

feature present in all spectra  i.e. half way up the first EX A FS oscillation 

( y / y (point) =  y(norm)) • N orm alisation a t this point m eant th a t the top  of the 

true  absorption edge, (i.e. the edge w ithout the w hite line, section 1.1.1),
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F ig u re  2.2: Full transmission mode XAS spectrum of KNilOe powder a) 

before background subtraction, with pre-edge and post-edge 

background marked (dotted lines); and b) after background 

subtraction and normalisation.

could clearly be identified a t y  =  1, aiding precise evaluation of the  edge 

position a t y — 0.5 (section 2.2.3). N orm alisation therefore enabled direct 

com parison of spec tra  from all types of sample.

The background-subtracted  fine structu re  beyond Eedge was isolated and 

p lo tted  as a function of wave vector k (eqn. 1.14). A Fourier transform  was 

then  perform ed on the k-space EXAFS, enabling a rough check on th e  po

sition and m agnitude of the peaks corresponding to each coordination shell. 

This step determ ined  the  success of background sub traction  i.e. the  first 

m etal-oxygen and m etal-m etal coordination shells (usually between 1.5 and 

2.5 A for m etal oxides) should have the greatest am plitudes since backscatter- 

ing is strongest from these shells. W hen complete, the background-subtracted  

EXAFS was exported  for use in the fitting process.

The entire background subtraction  and norm alisation procedure was con

ducted using the D aresbury program  EXBACK [52]. Background sub trac tion
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was not perform ed on m onitor spectra because m etal foil s tru c tu re  was al

ready established from the reference sample. It was not desirable to  derive 

m etal foil s truc tu re  from m onitor spectra because their quality  was no t as 

good as those obtained  from the standard  sample position, as the  th ird  ion 

cham ber only received a fraction of the original beam  intensity. N everthe

less, all m onitor spec tra  were normalised because their edge positions were 

required for calib ration  purposes, as shown in the next section.

2.2.3 E valuation  of Valency from  XAN ES

Various m ethods for determ ining edge positions from spectra (w ith the ir orig

inal energy-space x-axes) are detailed in section 1.1.1. The obscuring w hite 

line, present in all XANES, m ade m easuring the energy corresponding to  a 

norm alised absorbance of 0.5 the m ost reliable m ethod for determ ining edge 

positions. In m ost cases, a d a ta  point exactly a t 0.500 was not present, so 

a simple trigonom etric in terpolation  was performed between the two near

est d a ta  points in order to  establish precisely the energy corresponding to  

y =  0.500. For the  purposes of th is thesis, the absolute value of the edge 

position is no t as significant as the relative value. For instance, shifting edge 

positions relative to  a pure m etal standard  or m onitor (during oxidation and 

reduction) were a p rim ary  focus; so the choice of m ethod was not as im 

p o rtan t as com plete consistency when norm alising spectra and deriving edge 

positions w ithin each system .

It was always possible for the m onochrom ator crystals to  slip up or down 

by a fraction of a degree from one scan to  the next, m aking successive scans 

(apparently  possessing the same energy scales) to  be slightly shifted. As a 

result, when successive spectra  from a stable sample (e.g. a m etal foil) were 

overlaid, there was an apparent shift in the position of each spectra l feature 

from one spectrum  to  another. An edge shift, im plying valency change in 

a stable m etal foil was unlikely, so the difference arose from  very slightly
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shifted energy scales. A pparent edge shifts were elim inated, w here possible, 

by the use of each spectrum ’s corresponding m onitor scan, recorded sim ul

taneously w ith each m easurem ent in the transm ission (s tandard  and quick) 

and fluorescence modes. Each m onitor spectrum  was consistently  com pared 

w ith a reference scan from a m etal foil standard; the edge position of each 

was determ ined, then  the energy scales of the m onitor and its corresponding 

sam ple were ad justed  by the same am ount (usually ±  0.5-1.5 eV) so th a t 

the edge of the  m onitor was equal to th a t of the standard . T he tru e  edge 

position or edge shift (iAd^sampie) ~  ^ed5e(metai)) was therefore established. 

W hen a th ird  ion cham ber could not be used, the sample was replaced by 

a foil, and a separate  m onitor spectrum  was recorded before and after each 

series of sam ple spectra. W hen com paring edge shifts, differences less th an  

1.0 eV (i.e. ±  0.5 eV) were considered insignificant because 1 eV was the 

usual energy separation  between d a ta  points w ithin a spectrum .

Once the  edge positions/sh ifts  of the standards were derived, each value 

was p lo tted  against the known formal integer valency of the  central absorb

ing m etal atom s in each respective m aterial. If there was a clear, unam bigu

ous relationship  between standard  edge position/sh ift and form al valency, a 

s tra igh t line or polynom ial curve was fit to these points, and the  p lo t was 

used as a ca lib ration  curve to determ ine the valency of absorbing m etal ions 

in each unknown sam ple. The edge position/sh ift of each unknow n was then 

p lo tted  on the  g raph  and the valency was adjusted so th a t each poin t aligned 

w ith the calibration  curve. If a calibration curve could no t be established, 

the valency of electrochem ical samples was deemed to  be equal to  the  form al 

valency of the standard  w ith the closest edge position /sh ift. The valency of 

central m etal atom s in each unknown sample was thus established. These 

m ethods, and all com parisons of standards to unknowns, were only valid if 

bo th  standards and samples contained the same absorbing m etal a tom s and 

backscattering neighbours, and all if all com pared spectra  were m easured a t 

the same absorption edge.
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Changes to  the  appearance of other XANES features such as the  w hite 

line and pre-edge peaks (see section 1.1.1) were only analysed retrospectively, 

to  qualitatively  confirm structures derived during the fitting  process. An 

exam ple is given by the increasing white line intensity evident in norm alised 

m etal oxide L-edge XANES during oxidation. This suggests an increase in 

the density of available em pty allowed continuum  es or ed s ta tes  necessary 

for a continuation  of the edge to a white line. W hen considering th e  filled 

hybridised s ta tes  utilised for bonding in the m aterial, such an observation 

may aid confirm ation of a proposed structure. In these analyses, sm all pre

edge features were not considered significant because the ir am plitude was 

sim ilar to  the  noise level; so only intense pre-edge features would be used for 

s tru c tu ra l deductions.

2.2.4 E valuation  of S tru c tu ra l P aram e te rs  from  

EX A FS

The fitting  procedure was perform ed to  determ ine the values of s tru c tu ra l pa

ram eters such as in teratom ic distances (R), coordination num bers (T V ) ,  root 

m ean square deviation  of bond length (Debye-Waller factor or r.m .s. disor

der 2a2) and the  elem ental identities of neighbouring atom s. The D aresbury 

program  EXCURV [53] was used to  sim ulate the background-subtracted  ex

perim ental EX A FS spectra  exported from EXBACK. T heoretical spectra  

(fits) were generated  using rapid  curved wave theory th a t used param eters 

from a model consisting of radial shells of scattering atom s surrounding each 

central absorber [23].

Firstly, the x-axis of a A;-space experim ental spectrum  was m ultip lied  by 

a weighting factor of kn where n was usually 3, to am plify the  decaying 

oscillations a t high k. If this step caused the noise to be am plified to  an 

unacceptable level, thus interfering with the fitting process (i.e. if the  noise 

was being fitted a t the expense of the signal), then the w eighting factor was
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reduced to  A;2 , or the spectrum  was truncated by 1-2  A -1 at the (noisy) high  

k end, so th a t only a signal-dom inated spectrum  was fitted.

The absorbing atom  was trea ted  as a Z + l  atom  because excited absorbers 

contain core holes left behind by the ejected photoelectrons, which do not 

relax before the  EXAFS scattering  events take place. The elem ents though t 

to  com prise each backscattering shell were input, then in ternal atom ic sca t

tering  d a ta  (e.g. scattering  factors) were used to calculate atom ic po ten tia ls  

and phaseshifts for the  system  (eqns. 1.16 and 1.17). W hen analysing s ta n 

dards though t to  be very sim ilar to the unknown sample (e.g. crystalline 

N i(O H )2), these calculated phaseshifts were sometimes saved and used when 

analysing the electrochem ical samples (e.g. disordered N i(O H )2). Defining 

the  wrong backscattering  elements a t this stage would result in erroneous 

and unphysical values for the  final structures.

The first coord ination  sphere was then modelled. P reset param eters in 

cluded th e  am plitude reduction factor (eqn. 1.17) and the core-hole lifetime. 

An approx im ate set of s truc tu ra l variables were defined (e.g. a tom  type =  

oxygen, R\ =  1.8 A, Ni =  6.0 and 2cr2 =  1 x 10~3 A 2), then the  param eters 

were refined iteratively  using the least-squares m ethod so th a t each value was 

altered  very slightly during  each iteration , in order to  effect sm all changes in 

the  theoretical spectrum . Each iteration  varied the extent of overlap between 

k-space experim ental and theoretical spectra, where the  difference between 

them  is represented by the fit factor or R-factor, R e x a f s

^ e x a f s  =  £  -  (I k" x T v(k) -  kn Xi'(k) I) X  100 % (2.2)
i 1

where N  is the to ta l num ber of d a ta  points and cr* is the s tandard  deviation  

between experim ental and theoretical d a ta  points [53]. The u ltim a te  goal of 

refinement was to  reduce the fit factor and hence mimic the experim ental 

spectrum  as closely as possible. An R-factor of ~  20 % was considered a 

high quality fit once the  final structu re had been obtained.

Initially, the four m ain variables were refined in pairs. T he in teratom ic



distance between the  absorbers and the first shell atom s was refined w ith 

the Fermi energy to  alter the phase of the fit (see phase function eqn. 1.16). 

A lthough the Ferm i energy E f  was always a fitted param eter, its value will 

not be reported  herein because E f  and E edge are sim ilar ( E f  =  E edge ± 1 5  

eV) and any change to  one is expressed in the other, so E edge, which was 

m easured directly  (ra ther than  modelled) is the m ost reliable and useful of 

these term s for the  purposes of this thesis. The coordination num ber was 

then  refined w ith  the  Debye-W aller factor to  correct the am plitude of the 

peaks (see am plitude function eqn. 1.17). All four param eters were then  

refined together. A second coordination shell was defined and added to  the 

existing m odel, then  the refinement procedure was repeated for the  two- 

shell system  until a m inim um  fit factor was achieved and refinem ent ceased. 

The refinem ent procedure was repeated for the th ird  shell onward un til the 

fu rthest shell fit becam e inconclusive (<  5 A), a situation  exemplified by 

errors larger th an  the  given value or when the num ber of variables fitted  

approached the  num ber of d a ta  points present.

Each experim ental and theoretical spectrum  was overlaid and p lo tted  in 

bo th  /c-space and  distance or R -space as Fourier transform s of the k-space 

spectra . R adial d is tribu tion  functions (RDFs) were also derived during  each 

fit in order to  observe the  radial positions of all backscattering shells in the 

coordination environm ent. The final structu re consisted of a m ultiple-shell 

fit having a m inim ised overall fit factor (i.e. the best fit), where each j th 

shell had values for R j , Nj  and 2<j ,̂ all w ith respective s ta tis tica l errors of 

±2cr (95 % confidence level); all of these values were noted down. T he fitting  

procedure was in itia lly  perform ed on the standards; fitted struc tu res were 

then com pared w ith  published values for R  and N  [50] for each substance. If 

fitted and published structu res agreed, the fitting procedure was applied  to 

the unknown sam ples (i.e. the films).
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2.2.5 E valuation  of Valency from  In te ra to m ic  D istance

The well-known relationship  between bond length and oxidation s ta te  was 

used to derive the  valency of central absorbing transition  m etal ions in the 

electrochem ical sam ples, using a sim ilar m ethodology to  th a t  described in 

section 2.2.3 where a calibration curve was used to derive valency from  ab 

sorption edge position  or shift.

T he d istance of the  first coordination sphere is affected m ore by the  ionic 

charge of the m etal ions th an  subsequent shells, so only first shell bond 

lengths were used to  construct calibration curves. Also, only shells consisting 

of atom s directly  bonded to  absorbers were eligible for use e.g. m etal-oxygen 

bonds as opposed to  m etal-m etal coordination. Here, as w ith  edge shift 

plots, m etal ion valency formed the x-axis, where reference com pounds were 

assum ed to  have integer (formal) oxidation states relative to the pure m etal 

foil. If a clear relationship  was evident (as in section 2.2.3), a linear or 

polynom ial fit to  bond lengths of the standards defined the calib ration  curve, 

onto which the electrode bond lengths were aligned. If the first coordination 

sphere of a film or s tan d ard  had a regular structure, all bond lengths in th a t 

shell would be equal, so averaging was not necessary. However, if the  shell

was d isto rted , several in teratom ic distances would be present (w ith the ir

respective coord ination  num bers), so a weighted m ean value was required to 

ex tract a single value for th a t shell, where

_  Rj Nj  , ,
Rmean =  £  ~T;— (2.3)

R  IVtot

It is im p o rtan t to  em phasise th a t the bond length m ethod served only 

to  confirm the oxidation sta tes derived from other routes, because the re

sponse of in teratom ic distance to ionic charge is secondary when com pared 

to absorption edges and electrode charge; so changes in ionic charge are m ore 

directly expressed by edge shifts and the measured film charge (coulom etry).

The necessary criteria  for constructing edge sh ift/position  calibrations, 

specified in section 2.2.3, apply here, w ith the added condition th a t all s tan 
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dards used should possess the same to ta l first shell coordination num ber N tot. 

This condition is necessary because the charge density a t each bond varies 

w ith the num ber of bonds present (the coordination num ber), which in tu rn  

affects the in teratom ic distance. So the slope of the bond length  p lo t depends 

on the s truc tu re  of the standards used to  construct it. As a result, if very sim 

ilar com pounds are not being used to  construct the curve, where some factor 

o ther th an  ju s t the  oxidation s ta te  of the central ions varies, then  the calib ra

tion curve becom es skewed. Furtherm ore, the electrode whose valency is to 

be derived should also have the same coordination num ber as the  standards, 

otherw ise the  in terp re ted  valency would be incorrect. It was not always pos

sible to  m eet these add itional criteria, often because a iV-coordinate oxide 

w ith the required oxidation s ta te  did not exist. Therefore, valences derived 

from bond lengths only provided a secondary guideline to  confirm those ex

trac ted  more reliably from edge shifts and coulometry, which are no t only 

more direct m eans for deriving ionic charge, bu t are structure-insensitive as 

well. The coulom etric evaluation of valency is one of the analyses described 

in the  following section.

2.2.6 A nalysis of Spectroelectrochem ical D a ta

T he thickness (x) of a given film was estim ated using the expressions s ta ted  in 

equation 1.21, which shows several spectroscopic, electrochem ical and spec

troelectrochem ical form ulae for obtaining film thickness. One of these ex

pressions was used to  calculate film thickness from the raw, unnorm alised 

edge step (A/i  or A abs) using tabu lated  absorption cross sections for the 

absorbing elem ent a t energies corresponding to the top and the  b o tto m  of 

the absorption edge ( A ct, the second expression in equation 1.21). This 

m ethod m ainly applied to  transm ission spectra because unknow n functions 

of energy are present in d a ta  collected in the fluorescence, reflection and en

ergy dispersive modes. As a result, the absorption coefficient, as calculated
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by EXCALIB using equation 1.1 (or the first expression in equation  1.21) 

is equal to fix plus the  slowly-varying functions of energy. These unknown 

functions are also present in transm ission spectra, bu t the ir m agn itude and 

origin are known, i.e. they arise from the gas pressure in the ion cham bers, 

air absorption and  am plifier settings. As a result, their con tribu tion  to  tran s

mission sp ec tra  is neglected, despite the fact th a t absolute values for \i are 

never actually  known.

T he use of edge steps to  derive thickness was validated by perform ing 

the calculation on m etal foil spectra  where both  the thickness and density  

(and hence absorber concentration) of the sample were known. If th is  was 

successful, the  unknow n functions were proven to  be insignificant. T his test 

was also perform ed on m etal foil spectra recorded in the energy dispersive 

mode, to  assess the  m e th o d ’s viability  when analysing corresponding spectra  

from electrodes. T he beam  did not traverse the sample in reflection and  flu

orescence modes, and fluorescence detection was too sensitive to  record d a ta  

from dense m etal foils, rendering the test, (and hence the full m ethodology) 

inapplicable to  thickness evaluation for these modes.

In order to  com plete the edge step calculation of film thickness for un

known sam ples, the  coverage of electroactive sites on the W E surface (T) 

and the  concen tration  (C)  of absorbing electroactive sites in the  film was 

evaluated coulom etrically. C urrent-tim e correlations, m easured d irectly  du r

ing deposition (when films were electrochemically deposited), during  over

charge (prolonged oxidation or reduction) and the subsequent discharge, or 

derived from cyclic voltam m ogram s, were integrated to calculate the charge 

(Q) passed during th a t electrochemical procedure and the coverage of elec

troactive, absorbing m etal sites (see eqn. 1.18). The expressions in eqn. 1.21 

were then used to  calculate the am ount of electroactive species (TV). If these 

calculations proved to  be consistent when derived independently  for deposi

tion, oxidation and reduction, the derived value for absorber coverage was 

used to calculate film thickness from the edge step (last expression in eqn.
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1 .21 ).

Coulom etric m easurem ents were also used to  establish the  change in va

lency of electroactive absorbing m etal ions. The coverage of electroactive 

sites was used to  calculate n, the num ber of electrons transferred  per m etal 

site upon overcharge and a t various points during discharge. Once calcu lated , 

n was com pared w ith  valency changes derived from the calib ration  curves.

The analyses detailed  in this section illustrate the m eans by which 

electrochem ically-derived current and voltage m easurem ents were used to 

ex tract q u an tita tiv e  inform ation th a t was used to  support values derived 

from spectroscopic analyses alone. It was also shown how electrochem ically- 

derived quan tities were necessary to  com plete some calculations, thereby af

firming the u tility  and com plem entarity  of the spectro-electrochem ical com 

bination. Com bined in situ X -ray absorption and electrochem ical techniques 

were exploited for the  study  of electrochem ically-m anipulated tungsten  ox

ide, niobium  oxide and nickel hydroxide, the system  studied in the  following 

chapter.
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Chapter 3 

The Nickel Hydroxide 

Electrode

The redox reactions of the nickel hydroxide electrode have a ttra c te d  much 

a tten tio n  for over two decades prim arily  due to its capacitive and  elec- 

trochrom ic properties, and hence its relevance to  bo th  b a tte ry  technology 

[54] and to  the  developm ent of optoelectronic devices [30], respectively. P re

vious assessm ents of the  nickel hydroxide N i(O H )2 system  have explored these 

applications using various electrode arrangem ents and preparative m ethods 

to  m onito r the  s tru c tu ra l [55] and electrochemical [56] changes tak ing  place 

during  redox cycling. For exam ple, spectroelectrochem ical investigations re

garding the  s tru c tu ra l responses of graphite-bound N i(O H )2 b a tte ry  elec

trodes were once com m onplace due to  the interest generated by industry  

[30, 57]. More recently, much a tten tion  has been paid to  the perform ance of 

electrochem ically-prepared, electrochrom ic N i(O H )2 film electrodes (the type 

investigated  here) due to  their application to display devices and ‘sm a r t’ w in

dows [30] (section 1.2.4). In fact, nickel hydroxide films have been used in 

p ro to type ECDs where N i(O H )2 was the secondary electrochrom e, w ith  W O3 

providing prim ary  colouration [30]. As a result, much is already known abou t 

the  redox chem istry of nickel hydroxide and its short- and long-range stru c

tu res (via XAS [2, 55] and XRD [58], respectively), though m any am biguities
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rem ain. Problem s are com m only a ttr ib u tab le  to the disordered n a tu re  of elec

trochem ically  prepared  nickel hydroxides and their associated oxy-hydroxides 

(their redox couples, hereafter collectively term ed nickel (hydr)oxides). X- 

rav m ethods are n a tu ra l candidates for structu ra l determ ination . However, 

the lack of long range order in electrodes prepared th is way precludes X- 

ray diffraction as a  viable tool for obtaining unam biguous in situ s tru c tu ra l 

inform ation, leaving EX A FS as the m ost effective m ethod yet for directly  

s tudy ing  the  s tru c tu re  of nickel (hydr)oxide electrodes in situ. Confusion 

m ay also arise from  the fact th a t derived results seem to vary w ith p repa

ra tion  m ethod , though  th is s itua tion  is common for m ost transition  m etal 

oxide system s.

So far, it has been shown th a t the electrochemically-driven oxidation and 

reduction  of nickel (hydr)oxide electrodes is accom panied by subtle s tru c tu ra l 

changes [54]. N um erous EXA FS studies on chemically prepared reference 

nickel oxides have shown th a t bo th  N i-0  and Ni-Ni distances are shorter in 

oxides of higher Ni valency. C apehart and co-workers [59] and M ansour et al. 

[60] d em onstra ted  a linear relationship  between N i-0  bond length  and the 

oxidation s ta te  of nickel for crystalline nickel oxides of varying known form al 

oxidation sta tes. T his relationship  was then  shown to apply to  electrochem 

ically p repared  nickel (hydr)oxide electrodes, and this linear dependency has 

been used as a ca lib ra tion  curve to determ ine the oxidation s ta te  of Ni ions in 

nickel (hydr)oxide electrodes [55, 59, 61, 62]. In situ EXAFS m easurem ents 

show th a t  significant contractions of bo th  N i-0  and Ni-Ni distances take 

place when a freshly deposited electrode is oxidised (charged); these bonds 

subsequently  lengthen when the electrode is reduced (discharged) [54, 57, 63]. 

In fact, the contraction  and elongation of interatom ic distances w ith in  the 

first N i-0  and Ni-Ni shells is not uniform, so a certain  degree of coord ination  

shell d istortion  is induced by the redox process. However, the  disordered 

na tu re  of nickel (hydr)oxide electrodes has led to difficulty in conclusively 

quantifying this effect as a function of electrode charge.
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In some instances, the oxidation states determ ined from bond lengths 

were co rroborated  using a calibration curve based on the linear re la tion 

ship between Ni K-edge position and formal (integer) Ni valency, for which 

the  edge energy rises as Ni valency increases [55, 60, 61, 62, 64] (section 

1.1.1). N on-integer values for Ni valency were often obtained  by consider

ing the  films as consisting of Ni sites a t a range of integer oxidation sta tes 

in various p roportions, represented by the m ixture of N i-0  bond lengths 

present in the  nickel (hydr)oxide electrode [55, 59, 65]. The weighted m ean 

value of these s ta tes  was then  used to derive an overall non-integer Ni va

lency. N on-integer Ni valences of 3.67 or 3.5 for charged electrodes and 2.5 

for fresh /d ischarged  electrodes have been deduced on th is basis [54, 55, 59] 

or using spectroscopically-, coulom etrically- and iodom etrically-determ ined 

transfer of 1.67 electrons per nickel atom  [59, 66, 67].

Over the  p ast tw enty years, m any thorough electrochem ically-focused 

studies have been carried out to  characterise electrochem ically prepared  

N i(O H )2 and  its  redox couples. A greement on all precise details is yet to  

be reached, b u t there is a general consensus th a t nickel hydroxide under

goes the  following redox reactions, initially  proposed by Bode [68], where the 

freshly-deposited electrode has the a-form :

a  -  N i " ( O H ) 2 chX ge 7 -  N i , u O O H  +  H + +  e~
d isch a rg e

dehydration

P -  N i u (O H )2 p  -  N i n , O O H  +  H + +  e~ (3.1)
disch arge

NiO OH  is nickel oxyhydroxide; a , (3 and 7 classify the type of s tru c tu re  

present (distinguished by their broad, bu t differing X-ray diffraction p a tte rn s  

[54, 58]); the  a  and 7 forms are highly hydrated and disordered and  the 

/3 types have more com pact and regular structures. The R om an num erals 

represent the form al valency of Ni, and dehydration may be carried ou t by 

repeated  voltam m etric cycling or ‘ageing’ by im m ersion in a concentrated

overcharge

76



aqueous hydroxide electrolyte for several hours.

A ccording to  some publications, where the mixed integer Ni valency 

m odel is used, the  electrochrom ism  displayed by N i(O H )2 films m ay be rep

resented by equations 3.2 and 3.3. Again, there is some variation  in pub

lished results (e.g. the  value of z), and hence the valency of nickel in nickel 

(hydr)oxide electrodes is still being debated [66]; bu t there is agreem ent 

ab o u t the  general outline of the  pathway.

In term s of p ro ton  movement:

[/Vi(/1" z)iV*', ] 0 2i / 2 cĥ f  {Ni{v_z)N i l " ] 0 2H  +  H + +  ne~ (3.2)
v  -  • *  d isch a r g e  s  ^

COLOURLESS BLACK

or the  m ovem ent of aqueous KOH electrolyte:

[Ni[[Lz)N i [ ' ] O i H 2 + K ++ 2 0 H ~  chA ge {Ni\v_2)N i [ n } 0 2H + K 0 H + H 20 + n e ~
v. . Illv. , — -,✓ d isch a rg e  ^ v  ^

COLOURLESS BLACK
(3.3)

A nother, less com m on school of thought, exemplified by Pickering and 

co-workers [69] in th e  s tudy  of chemically prepared lithium  nickel oxides, ap

proaches the  question of Ni valency from a solid s ta te  perspective as opposed 

to  the  m olecular m odel given above, which supposes independent bonds and 

localised electrons for each atom . The solid s ta te  argum ent utilises a quan

tu m  descrip tion  for a conductor in the solid state, w ith a properly  developed 

band  stru c tu re , in which mobile, itineran t electrons are not associated w ith 

indiv idual atom s th roughou t the solid. Here, electrons are progressively ex

changed between the  N i-0  valence band and th a t of the m etal W E. The 

resu lting  effect on valency is th a t Ni ions do not exist in a variety of for

m al oxidation s ta tes  in varying proportions, bu t are in fact represented by 

a non-integer value th roughout the solid. So the term s in square brackets 

in equations 3.2 and 3.3 may simply be replaced by Ni, w ith a non-integer 

value of n electrons transferred, per site, during the redox process.

Use of a solid s ta te  or m olecular model has im plications when consider

ing the mechanism  for charge tran sp o rt during oxidation (charge) and re-
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duction  (discharge) and when classifying electrochem ically prepared  nickel 

(hydr)oxide as a conductor, sem iconductor or an insulator. T he distinction  

between the  two s tandpo in ts  will be discussed to greater dep th  in the  Dis

cussion section of th is chap ter (section 3.5.1).

Some XAS studies conclude th a t K + becomes reversibly bound to  the 

coloured oxyhydroxide during  oxidation, forming a potassium  nickelate (see 

eqn. 1.19), b u t evidence provided by techniques focusing on the flux of 

solvent and low -Z counter and co-ions, such as the electrochem ical quartz  

crystal m icrobalance (EQCM ) [33], neutron reflectivity [39] and probe beam  

deflection [70] suggest th a t  protons, hydroxide ions (OH- ) and w ater are the 

only active p artic ip an ts  in the  redox process and electrochrom ic action, so 

K + m ay be replaced by H + in equation 3.3.

3.1 O bjectives

D espite the  w ealth  of inform ation accum ulated on the nickel (hydr) oxide 

system  over the  p ast two decades, several contentious issues rem ain. These 

rela te  to  the  valency of nickel ions and their influence upon shell d isto r

tion, the  role of counter and co-ions in the redox process and the  s tru c tu ra l 

developm ent tak ing  place a t various stages during electrochem ical m anipu la

tion. O f those issues th a t  m ay be solved using EXAFS, relationships between 

electrochem ically-controlled charge and Ni valency, and the consequent ef

fects on N i-0  and  Ni-Ni environm ents, are investigated in th is work.

T he novel approach here is the use of EXAFS in the  fast energy dis

persive m ode [71]. This technique allows in terpreta tion  of the  s tru c tu ra l 

behaviour of discharging nickel hydroxide films following prolonged charging 

(overcharge). In particu lar, the previously unresolved s tru c tu ra l evolution 

tak ing  place during discharge is presented for the first tim e, thereby ex tend

ing th e  existing stru c tu ra l p icture based on a framework previously obta ined  

for the  static end-points of the fresh, discharged, overcharged and recharged
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electrode. D ynam ic changes are m onitored in situ w ith  energy dispersive 

EX A FS (ED E); the  fluorescence (flEXAFS) and transm ission modes (stan 

dard  and quick EX A FS) are used to  characterise the films a t specific stages 

in electrode developm ent. It is hoped th a t th is work will clarify the  link 

between electrode charge, Ni valency, N i-0  and Ni-Ni distance, coordination 

num bers and s tru c tu ra l disorder. Electrochem ical m easurem ents, by m eans 

of cyclic vo ltam m etry  and coulom etry are used to characterise the films and 

to  m onito r the  progress of overcharge and discharge.

T his s tudy  is geared tow ard the development of optoelectronic technology, 

so there  is a necessity for film electrodes and conditions to be representative of 

w orking electrochrom ic devices. The first step toward m eeting th is challenge 

is the  design of a su itab le  spectroelectrochem ical cell, which will be discussed 

in th e  following section.

3.2 Experim ental

3.2.1 In  s itu  S pectroelectrochem ical Cell

T he cell used in th is chapter (fig. 3.1) meets all of the criteria  detailed  in 

section 2.1.3 , thus providing a means for m easuring changes in s tru c tu ra l 

param eters  under conditions in which the potential, and hence the  current 

and  charge of th e  electrode vary. The in situ cell th a t was designed to  study  

nickel (hydr)oxide films (fig. 3.1) contains features th a t allow it to  be used 

in th e  transm ission  and fluorescence modes, w ith the added advantage th a t 

b o th  types of spectrum  may be acquired simultaneously, w ithou t the  need 

for realignm ent w ith  the respective detector geometries. A fu rther a ttrac tio n  

is th a t  good quality  spectra  can be taken in the energy dispersive mode; 

th is is a novelty when com pared to  previously described cells. The u tility  of 

th is cell is therefore extended to fast, time-resolved m easurem ents th a t are 

needed when carrying out cyclic voltam m etry a t high scan rates, and o ther
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fast electrochem ical experim ents. In this mode, the cell is placed a t th e  focal 

poin t of a  dispersed, polychrom atic beam. As a result, a high s tan d ard  of 

alignm ent precision is a  requirem ent which is m et by th is cell.

Ni connection
back plate

silicone
gasket

insulating
sleeve

reference 
electrode ' 
port

-— ^Au/ nylon
working electrode

Ni counter electrode

nylon window

front plateX-rays

Figure 3.1: Exploded view of in situ spectroelectrochemical cell.

F igure 3.1 shows th a t the in situ th in  layer X-ray absorption spectro

electrochem ical cell com prised three layers, the rigid front and  back plates 

which contained X -ray transparen t windows and provided support for the  

m iddle layer, a  flexible gasket. The thick perspex front p la te ( 5 x 5 x 1  cm 3) 

had  a  window opening, cut w ith its sides slanting inward a t 45° to  facilitate  

operation  in either transm ission, fluorescence or bo th  modes sim ultaneously. 

In th e  dual transm ission/fluorescence mode, the beam  entered the  cell a t 45° 

to  th e  sample; the fluorescent radiation was collected (from the o ther side 

of th e  front window) by a detector placed a t 90° to  the incom ing beam  (fig. 

1.3). The transm itted  beam  then  left the cell through the rear window cut 

into the back p la te  (5 x 5 x 0.5 cm3) w ith sides slanting outw ard a t 45°. The 

back window opening was slightly wider than  the front in order to  m inim ise 

scattering  the outgoing, diverging beam . For purely transm ission or ED E
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experim ents, th e  cell was placed perpendicular to  the incom ing beam , which 

passed th rough  the  cell tow ard the in-line transm ission or ED E detectors. At 

the  energy range used (8.2 -8 .8 keV), the calculated extinction distance [7] 

th rough  various thicknesses of w ater, gold, nylon, and nickel hydroxide was 

ca. 2 mm. Therefore, in order to  prevent a costly loss of flux, or even beam  

extinction , th e  d istance between the windows was kept below th is value by 

com pressing the  m iddle layer of the cell, thus restricting the cross-sectional 

d istance betw een th e  two windows. The U-shaped silicone gasket served to 

separate  the  w orking and counter electrodes and formed a flexible seal th a t 

prevented leakage. T he gasket was compressed by tightening the stainless 

steel screws th a t  held the  cell together, thus creating a w atertight U -shaped 

cavity  capable of holding an electrolyte volume of 1 cm3 for several hours 

w ithou t leakage or degradation. For the sample and electrolyte of in terest 

here, perspex  was a su itab le m ateria l to construct the cell; the simple cell 

design perm its  construction  from other m aterials, more to leran t to  organic 

solvents if necessary. T he front p la te was thicker than  the rear to  accom m o

da te  the  reference electrode port, into which the RE was slotted. This po rt 

te rm in a ted  a t the  top  of the front window, and its full length contained a slit 

th a t  opened in to  the  cell cavity. The reference electrode was specially de

signed to  have a long, th in , b u t stu rdy  fritted  probe th a t p erm itted  constan t 

and  d irect con tac t w ith  the  electrolyte. An H g/H gO /N aO H  (aq) reference 

electrode (to  which all po ten tials are referred) was chosen for the  present 

study, prim arily  because of its com patibility w ith the N i(O H )2 system , as 

b o th  film and electrolyte contained hydroxides, though any o ther su itab ly  

shaped reference electrode can be used with this cell.

A ~  2000 A thick evaporated layer of gold on tran sparen t nylon (12 

cm 2) allowed the back window to function as the working electrode [72]. 

Its  electrochem ically active area was 8.5 cm2 in the assembled cell. The 

front window was a sim ilarly sized piece of plain nylon film. T he windows 

were fixed to the inside surface of the plates (using epoxy resin) to  prevent
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electro lyte from  gathering  a t the window recesses. The back p lates were 

cheap and easy to  construct, so could be disposed of after use. A lternatively, 

they  could be reused by peeling away and replacing the old working electrode 

and glue.

T he Ni foil counter electrode (0.05 mm thick, 99.99+ %, Goodfellow) 

was shaped  so th a t  it surrounded, bu t did not pro trude into, the illum inated  

area. L -shaped Ni wires (0.5 m m  diam eter, 99.0 %, Goodfellow) were used 

as connections to  th e  A u-coated nylon W E and the Ni foil CE sandw iched 

between the  two end plates. These wires contacted the regions next to  the 

windows, ensuring accurate  m easurem ent of potentials across the illum inated  

area. T he close proxim ity  of these electrodes makes th in  layer arrangem ents 

prone to  shorting . For th is reason, the working and counter electrodes (and 

the ir respective connections) were separated by the insulating gasket, and 

the  wire connectors were sleeved.

An inert T -shaped  silicone rubber lid (not shown in fig. 3.1) was designed 

so th a t  p a rt p ro jected  into the gap between the plates once the cell is as

sem bled and  filled w ith  degassed electrolyte. This lid enables the delivery of 

purging gas, (N2 or Ar) into the cell via syringe needles piercing the  lid, and 

the  outflow leaves th e  cell via a second syringe needle. The lid also works as 

a seal, providing a barrier to  solvent evaporation, thereby m ain tain ing  the 

electro ly te concen tration  as well as preserving the inert environm ent of the 

cell. Finally, a sim ple detachable perspex m ount (also not shown) connected 

to  th e  long screws in the  assembled cell, and allowed it to be aligned hori

zontally  or vertically  in an optical bench clamp. This m ount could also be 

bo lted  to  an L-shaped m etal bracket which attached  directly to  the  sam ple 

stage of an optical bench, as in the EDE arrangem ent.
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3.2.2 Sam ple P re p a ra tio n

D escriptions of com m only used equipm ent and preparative techniques are 

given in section 2.1. A 5 fim thick nickel foil was used bo th  as a s tan d ard  

and to  calib ra te  the  energy scale in the transm ission and ED E modes (sec

tions 2.2.3 and 3.2.3 iii, respectively). The reference com pounds were reagent 

grade pow ders consisting of Ni absorbers and O backscatterers: NiO (99.99 

%, A ldrich) and  N i(O H )2 (Aldrich). A Ni(IV) oxycom pound could not be 

ob ta ined  com m ercially, so potassium  nickel periodate (KNilOe) was synthe

sised by the  au th o r using R ay ’s m ethod [73]. Each nickel hydroxide film was 

deposited  cathod ically  for 1 hour a t -1.0 V vs. H g/H gO  from degassed 0.1 

M nickel n itra te  solution (N i(N 03 )2.6H20 99 %, Acros).

Each film was deposited onto a back plate/w orking electrode of the  cell 

im m ersed in a beaker of fresh nickel n itra te  solution. W hen deposition was 

com plete, the  film was removed from the ba th  and gently rinsed w ith trip ly- 

distilled  w ater. Using a previously established deposition efficiency [74], ap

p lication  of F arad ay ’s law to  the deposition charge (~  20.7 C) yielded a 

coulom etrically  based film thickness of about 5 fim. The cell was then  as

sem bled and  degassed aqueous 1.0 M KOH (>  85 %, Aldrich) electrolyte 

was slowly p ip e tted  in, then  the cell was purged w ith dry cylinder N 2, sealed 

and  m ounted  onto  the  optical bench; the m axim um  assembly tim e was 10 

m inutes.

3.2.3 E X A FS M easurem ents

i) Standard Transmission EXAFS

T he three ion cham bers were filled with the appropria te  Ar-He m ixtures 

for m easuring the  Ni K-edge. A bsorption spectra  of the four reference m a

terials (and their respective m onitors) were angle scans in the pre-edge and 

XANES regions, and A;-space scans in the EXAFS region. S pectra  were 

m easured a t the Ni K-edge (8333 eV) on beam line 7.1 a t D aresbury Lab
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oratory. Transm ission spectra  were recorded in a stepwise fashion w ith  11 

m deg m onochrom ator steps in the XANES region and 0.05 A -1 steps in the 

EX A FS region, where the  EXAFS ranged from 2 to  ~  13 A - 1 . Each full ab

sorp tion  spectrum  was recorded in 15-20 minutes. Further details regarding 

th is experim ental set-up  are s ta ted  in section 2.1.4.

ii) Quick and Fluorescence EXAFS

Q uEX A FS, the  fast-scanning option for obtaining high quality  transm is

sion spectra , was utilised for recording in situ spectra of the freshly-deposited 

N i(O H )2 films a t open circuit. The standard  transm ission mode was not used 

for these sam ples because several publications claimed th a t electrode ageing 

or s tru c tu ra l ‘ripen ing ’ (i.e. ordering, see eqn. 3.1) may take effect during the 

relatively  long tim escales of transm ission experim ents [68]. Q uEX A FS spec

tra  were subsequently  recorded during cyclic voltam m etry a t various scan 

rates, w here the  po ten tia l was held a t the end-points of each scan i.e. a t 

the  positive and  negative lim its of the CVs (+0.56 V and -0.15 V, respec

tively), while each spectrum  was recorded (see section 2.1.5). Fluorescence 

spec tra  of sim ilar sam ples were recorded for com parative reasons and be

cause these films produced low edge steps in the transm ission m ode, despite 

being electrochem ically  thick. The fluorescence mode, being m ore sensitive 

th a n  transm ission , was capable of recording an improved signal for such low 

density  films.

It was expected th a t ageing may affect disorder (Debye-W aller factors) 

and  short range stru c tu re  w ithin the films. QuEXAFS was also used to  

investigate the  effects of chemical ageing on films in basic solutions of vary

ing concentration. The influence of ageing was therefore accounted for, so 

its effects could not be assigned wrongly to those induced by electrochem 

ical m anipulations. Freshly prepared films were im m ersed in aqueous 1.0 

M, 2.0 M and 4.0 M KOH electrolyte for approxim ately 3 hours. Spectra  

were recorded approxim ately every 5 m inutes for the first 30 m inutes, then
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a t gradually  increasing intervals for the rem aining tim e. No electrochem i

cal m odifications were a ttem p ted  and the electrodes rem ained disconnected 

th roughou t these experim ents.

All quEX A FS and flEXAFS spectra (and corresponding m onitors) were 

recorded on s ta tio n  7.1 a t D aresbury. QuEXAFS m easurem ents were m ade 

in a q u arte r of the  tim escale of the standard  transm ission mode (abou t 5 m in

utes) because the  double crystal S i ( l l l )  m onochrom ator angles were varied 

in a continuous sweep as opposed to  separate steps. Fluorescence spec tra  

were recorded using a N al scintillation counter. The w idth of the  beam  

was reduced to  0.5 cm (half the  original w idth, see section 2.1.4) to  prevent 

the  beam  from  clipping the  window edges when the cell was positioned for 

o peration  in the  dual transm ission/fluorescence mode. Consequently, the 

flux halved and  the  quality  of fluorescence spectra was significantly degraded 

w hen com pared w ith  those recorded solely in the fluorescence mode. Hence, 

only pure fluorescence spec tra  were used for analysis, because the beam  w idth  

was no t shortened  since the transm ission signal was un im portan t for these 

m easurem ents.

in) Energy Dispersive EXAFS

Energy dispersive absorption spectra  were recorded on beam line 9.3 a t 

D aresbury. T h is m ode utilised a curved S i ( l l l )  crystal polychrom ator and a 

R eticon RL1024S linear photodiode array (position-sensitive) detector. A 5 

jim th ick Ni foil was used for separate energy calibration a t the  Ni K-edge. 

T he sum m ation  of 2000 x 25 ms scans comprised each raw spectrum , resulting  

in an acquisition tim e of under 2 m inutes per spectrum . The spectra l range 

of the  w hite beam  was typically 8200 to 8800 eV, producing EX A FS ranging 

from  2 to  10 A -1 . Once the cell was aligned a t the focal point of the  w hite 

beam  (roughly 1 m away from the polychrom ator), the beam  spot was 200 

/m i wide.

The fast acquisition tim es offered by ED E allowed XAS sp ec tra  to  be
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taken  during cyclic voltam m etry. The poten tial was cycled between the 

aforem entioned lim its a t various scan rates; see section 2.1.5 for m ore details. 

A t slow scan ra te s  (<  5 m V s-1 ), the spectra were taken w ithou t in terrup ting  

the  cyclic voltam m ogram s, producing spectra th a t would display averaged 

s tru c tu ra l changes. A t higher scan rates (10, 20, 50 and 100 m V s-1 ), the 

po ten tia l scan was in te rm itten tly  in terrupted  a t selected points of in terest 

during  the  cycle, particu la rly  current peaks, while each set of spec tra  was 

recorded. A bou t 6 sets of spectra  were collected during each com plete cyclic 

voltam m ogram .

In add ition  to  cyclic voltam m etry, a freshly deposited film was anodically 

overcharged a t + 0 .5  V for 125 m inutes in 1.0 M KOH solution. Tim e-resolved 

spec tra  were then  taken w ithou t in terrup ting  the flow of current, as the 

nickel hydroxide film discharged a t 0 V; dynam ic in situ m easurem ents were 

therefore m ade th ro u g h o u t th e  2 hour duration  of discharge.

3.3 D ata Analysis

The sp ec tra  of reference com pounds, Ni foil and nickel (hydr)oxide elec

trodes were calib ra ted , background subtracted , norm alised and  fitted  using 

the  s tan d a rd  procedures detailed  in section 2.2. The fits from the s tandards 

were com pared w ith  published structu res [50] to ensure a correct fitting  pro

cedure (sections 2.1.1 and 2.2.4). The energy scales of all spectra  were cor

rected  to  account for m onochrom ator ‘d rift’. This was achieved using either 

the  sam ple’s corresponding m onitor spectrum  (recorded sim ultaneously) or 

a m onito r spectrum  recorded separately, as described in section 2.2.3. The 

la tte r  procedure was necessary when correcting ED E spectra, and th e  form er 

was perform ed on transm ission (standard  and quick modes) and fluorescence 

spectra . An additional energy correction was necessary when com paring 

norm alised spectra  recorded on different beam lines. Ni foil edge positions 

recorded on beam lines 7.1 and 9.3 differed by 1.98 eV. This value was sub
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trac ted  from  the  energy scales of all ED E spectra. D uring d a ta  fitting, the 

EX A FS of each E D E  spectrum  was trunca ted  to kmax =  9.5 A -1 to  remove 

excessive noise a t the  high k end; as a result, there was only enough d a ta  to 

reliably fit th e  first N i-0  and Ni-Ni shells.

All spec tra  were /c3-weighted and curve fitting was achieved using the 

EXCURV97 program  [53]. The phase shifts calculated for N i(O H )2 powder 

were used to  analyse the  EX A FS of electrochemically prepared samples. F its  

to  various com binations of regular (unsplit) and d istorted  (split) N i-0  and 

Ni-Ni coord ina tion  shells were perform ed for all samples; those producing 

the  g reatest and  m ost conclusive overlap of experim ent and fit are presented. 

T he reproducib ility  of fits to  d a ta  from the films was enhanced by setting  

coord ination  num bers to  integer values. The final extracted  values for each 

coord ination  sphere were first N i-0  and Ni-Ni interatom ic distances, coor

d ina tion  num bers and  Debye-W aller factors. Edge positions and shifts, Ni 

valency and coulom etric charge densities were also calculated. These results 

are presented in various forms, and their structu ra l and electronic im plica

tions are discussed in section 3.5.

3.4 R esults

3.4.1 C h a ra c te risa tio n  of Nickel H ydroxide F ilm s

Cyclic vo ltam m ogram s obtained from freshly deposited nickel 

(hydr)oxide films displayed peak potentials and an overall appearance 

th a t  epitom ised (ap art from some distortion) the w ell-docum ented 

a  — N i(O H )2 7 — NiOOH interchange [74]. These transitions coincided 

w ith  the  characteristic  reversible electrochrom ic response of th e  redox 

couple in aqueous KOH electrolyte i.e. colourless when uncharged (fresh) or 

reduced, to  black when charged or overcharged (eqns. 3.2 and 3.3). A typical 

cyclic voltam m ogram  is shown in figure 3.2. The d istortions visible a t the

87



0.8

0.6  —

C\J

O 04  - -  
<
E

^  0.2 —  

o5
S  0 . 0 -

C<Di= -0.2 —3
O

-0 .4  —

- 0.2 0.0 0.2 0 .4 0.6 0.8

Potential vs.  Hg/HgO (V)

Figure 3.2: Cyclic voltammogram for an electrodeposited nickel hydrox

ide film (on thin Au/nylon substrate) exposed to 1.0 M KOH. 

Potential scan rate 20 mVs-1 . T =  17.9 /imolcm~2.

cu rren t peaks are p robably  caused by ohmic drop due to  slightly non-ideal 

electrode placem ent. T he trade-off between electrochem ical and X-ray 

dem ands m ean t th a t  thick films were necessary to produce a reasonable 

edge step, and  th e  counter electrode could not span the entire surface of 

the  working electrode. However, these compromises had little  effect on the  

voltam m ogram s as the  d istortions are minor and the overall form is clear 

and identifiable.

F igure 3.3b is a typical raw EDE spectrum  of a fresh nickel hydroxide 

film, displaying an edge step of In ~  0.5. The absorption edge of a 5 

(im thick nickel foil, recorded in the ED E mode was used to  determ ine the 

efficacy of deriving film thickness from the edge step of ED E sp ec tra  (see
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F ig u re  3.3: Raw a) standard transmission and b) EDE spectra of a freshly 

deposited nickel hydroxide film.
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section 2.2.6). T his test proved to be unsuccessful for the reasons given in 

section 2.2.6, deem ing the  calculation inapplicable to  ED E spectra  of the 

films w ith  unknow n thickness. Edge steps of the fresh electrode, recorded in 

transm ission  m ode were In ~  0.3 (fig. 3.3a). The thickness of a given 

film was calcu la ted  using the raw edge step of the transm ission spectrum  

(eqn. 1.21) using ta b u la te d  values for the difference in the absorption cross- 

section of Ni ( A c t  =  2.9 x 104 cm 2 b a rn /a to m  =  1.75 x 104 cm 2 m ol-1 [7]) and 

b o th  th e  coulom etrically-determ ined concentration of Ni sites at deposition 

(C  =  35.8 m m ol cm -3 ) and the surface coverage of Ni sites a t deposition (T 

=  17.9 /im o lc m -2 ), as described in section 2.2.6. These calculations yielded 

a film thickness of ab o u t 5 fini, which is consistent w ith the value derived at 

deposition  in section 3.2.2. The surface coverage was also used to  indepen

dently  calcu la te  the  edge step  (eqn. 1.22), producing a value th a t  is equal 

to  the  m easured edge step  in transm ission mode (A fi =  0.3). T he surface 

coverage (T =  23.8 //m olcm ~ 2) and concentration (C  =  47.6 m m ol cm -3 ) of 

sites at overcharge were used to  repeat these calculations independently. The 

calcu la ted  edge step  (A /i =  0.4), film thickness (~  5 fim) and num ber of Ni 

sites (N  =  0.2 m m ol) are all self-consistent and agree w ith bo th  experim ental 

d a ta  and resu lts derived from  deposition data.

3.4.2 Discharge of the Electrode

Figure 3.4 shows the  m easured discharge current as a function of tim e after 

overcharging a freshly deposited film; the dots show when each set of ED E 

sp ec tra  was recorded. It is evident th a t two sets of spectra  were recorded 

while th e  discharge current dropped abruptly. The current p la teau  before 

25 m ins is due to  curren t lim itation  through the po ten tio sta t, which pro

longed the discharge process. 20.7 C passed during deposition, abou t 19.5 

C of charge was inpu t to  overcharge the electrode and 19.5 C passed during 

discharge, suggesting effectively full conversion of all electroactive sites bo th
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F ig u re  3.4: Current-time profile of discharging nickel (hydr)oxide film and 

the points (dots) at which each set of EDE spectra were taken.

a t overcharge and upon discharge.

N orm alised Ni K-edge XANES of the standards and a nickel (hydr) oxide 

electrode are shown in figure 3.5. Four stages of electrode developm ent are 

evident: the  fresh, overcharged, discharging and discharged electrode. A sub

s tan tia l positive shift of edge position occurs when the electrode undergoes 

overcharge. T his edge shift subsequently reverses during discharge, resu lt

ing in a progressive negative shift of Ni K-edge position as the electrode 

discharges.

Q ualitatively, the  expected progressive decrease of edge shift during  dis

charge is evident in figure 3.5. A quan tita tive in terp re ta tion  of edge shifts 

is given in figure 3.6, which is a calibration plot th a t was used to  derive the 

valency of nickel ions in the electrode. Edge positions were m easured a t half 

the  height of the edge step, and edge shifts were calculated as the difference
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F ig u re  3.5: Normalised Ni K-edge XANES of reference materials, together 

with those of a nickel (hydr)oxide film at varying charge states.

betw een sam ple and  Ni foil edge positions. The calibration curve is defined 

by a  linear fit to  th e  shift of reference Ni oxycompound edge position. The 

reference com pounds have known oxidation states and these are assum ed to 

have integer (formal) values. From the slope of this plot, an average edge 

shift of 1.8 eV per u n it change in Ni valency is calculated, in agreem ent w ith 

previous work [55, 59, 60]. W hen fixed to  the calibration curve, the  edge shift 

of the  freshly prepared film corresponds to a Ni valency of 2.2; by the same 

argum ent, overcharging increases the oxidation s ta te  to 2.9. The edge shift 

(and hence the valency of Ni) of the discharged film is the sam e as the  fresh 

electrode, suggesting th a t nickel reverts to its original valency when the  film 

is fully discharged. All edge shifts and derived valences are listed in tables 

3.1 and 3.2.

92



7  — KNilO
6

overcharged
filmfresh  & d ischarged film

NiO
ref-Ni(OH)2

1 —

0 - - Ni foil

-1 —

0 21 3 4

Formal Ni valency

F ig u re  3.6: Calibration curve defined by a linear fit to Ni K-edge shifts 

of standards (diamonds) at various integer Ni valences. Edge 

shifts of film (dots) are aligned with calibration.

T ypical fits to  the  EXAFS d a ta  from a standard  and an electrode are 

shown toge ther w ith  the ir corresponding Fourier transform s (radial s tru c tu re  

functions) in figure 3.7. The first N i-0  shell distances, derived from fits to 

EX A FS of the  s tandards define the calibration curve in figure 3.8. These 

display the  m ovem ent of first shell N i-0  atom s as Ni valency changes. As in 

fig. 3.6, a linear fit to  bond lengths of the standards defined the calib ration  

curve, onto which the weighted mean electrode bond lengths were applied 

(see eqn. 2.3 and section 2.2.5). The fresh electrode exhibits a single 6- 

coordinate bond length of 2.01 ±  0.01 A (see table 3.3); when applied to  

the  calibration curve, th is bond length corresponds to a Ni valency of 2.5 

(table 3.2). W hen overcharged, the first N i-0  shell becomes a d isto rted

93



2 3 4 5 6 7 8 9  10

NI(OH)2 powder

10 —

0 —

- 1 0 - -

 e x p e r im e n t
■ theory

CO
L L<XLU

10 —

o —

-10  —

Discharging electrode

2 3 4 5 6 7 8 9 10

W ave vector k (A'1)

0 2 4 6 8 10
2.0

Ni(OH)2 powder

1.5  —

1.0  —

 e x p e rim e n t
■ th e o ry0.5  —

0 .0 - -
CO
L i.<
X
LU Discharging electrode

I—
L L

20  —

10  —

0 —

0 2 4 6 8 10
Radial distance (A)

F ig u re  3.7: k 3 EXAFS with fits (a) & (c) and corresponding fitted Fourier 

transforms (b) & (d) for Ni(OH )2 powder and the discharging 

electrode (1.5 C cm-2 , Q — 12.8 C), respectively.

octahedron , w ith  2 close O atom s a t 1.73 ±  0.01 A and 4 m ore d is tan t atom s 

a t 1.93 ±  0.01 A, having a m ean Ni-0  distance of 1.86 ±  0.01 A. T his value 

corresponds to  a Ni valency of 4.1. Such a 4-long, 2-short bond arrangem ent 

w ith in  a shell signifies a Jahn-Teller distortion of N i-0  octahedra  [75]. The 

bond  lengths derived from our in situ m easurem ents dem onstrate  th a t th is 

d is to rtion  was not perm anent, bu t reversed progressively (as a function of 

charge) during  the  discharge process, eventually return ing  the  N i-0  shell to  

its  original regular octahedral configuration (w ithin error) w ith 6 oxygens a t 

2.00 ±  0.01 A. This implies a reversion to the in itial valency, as suggested by 

the  edge shifts. As the central Ni ions are not bonded to  their Ni neighbours, 

the ir movement is not prim arily  affected by ionic charge. Therefore, the  first 

Ni-Ni distance was not used to derive Ni valency.

The results derived from the bond lengths in fig. 3.8 reinforce the  trends
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S ta n d a r d s  Edge Shift (eV) Ni Valency Charge D ensity (C cm -2 )

Ni foil 0 0 -

ref-N i(O H )2 +2.96 2 -

NiO +3.16 2 -

K N iI0 6 +7.05 4

T ab le  3.1: Information obtained from Ni K-edge XANES of standards.

expressed by th e  edge shifts in fig 3.6, dem onstrating the link between Ni va

lency and  charge density, as shown in fig. 3.9, which shows th a t the rela tion

ship is indeed approxim ately  linear. This pivotal relationship confirms the 

link betw een the  driv ing force (electrochemical charge) and film responses, 

in te rm s of Ni valency.

T he effect of charge on first N i-0  and Ni-Ni distances is displayed in fig. 

3.10. T he effect of charge upon the first Ni-Ni shell is more com plex th an  

th a t  described for th e  N i-0  shell. The first Ni-Ni shell of the fresh electrode 

is in itia lly  a d isto rted  octahedral sphere w ith two Ni atom s a t a d istance of 

3.04 ±  0.02 A and  4 atom s a t 3.59 ±  0.01 A (table 3.4). W hen the film 

is overcharged, all of these Ni-Ni distances shorten: the atom s in th is shell 

converge to  produce regular octahedra  w ith a single 6-coordinate bond length 

of 2.82 ±  0.01 A. B oth  of these effects reverse during discharge. F irs t, the 

o c tah ed ra  d isto rt: the  two nearer atom s in the shell move increasingly closer 

to  th e  central a tom  while the four others in the shell do not veer significantly 

from  the ir overcharged position. W hen the two closer Ni atom s approach 

the  N i-0  shell, a substan tia l shift in the position of the Ni-Ni shell occurs 

and  a d isto rted  shell, w ith two longer Ni-Ni distances of 2.99 ±  0.01 A and 

four shorter distances a t 3.56 ±  0.01 A, results when the film is discharged. 

T he Ni atom s do not quite re tu rn  to their original positions, b u t as the 

distances differ by only 0.02 A outside the error bars, it m ay be assum ed
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E le c t r o d e Edge Shift (eV)

Derived

from

edge

shift

Ni Valency

Derived

from

electrode

charge*

Derived

from

mean

R ( N i - O )

Charge 

D ensity 

(C cm -2 )

fresh +3.50 2.2 2.0 2.5 0

overcharged +4.72 2.9 3.0 4.1 2.3

discharging (i) +4 .17 2.5 2.8 3.8 1.8

discharging (ii) +3.64 2.2 2.7 3.3 1.5

discharged +3.50 2.2 2.0 2.6 0

* Assuming a nominal initial valency of 2.0.

T ab le  3.2: Information obtained from Ni K-edge XANES, electrochemical 

measurements and EXAFS fits for nickel (hydr)oxide films.

th a t  an effective reversion of s tructu re  occurs. This is the first tim e th a t 

such a com plete descrip tion of oxygen and nickel movement in a discharging 

nickel (hydr)oxide film has been reported.

F igure 3.10 shows th a t  d istortion  of N i-0  and Ni-Ni shells is dependent 

on electrode charge. D istortion  of the first N i-0  shell is m axim ised a t high 

charge, and the  ex tent of d istortion  diminishes as discharge proceeds, shown 

by convergence of the  two linear fits. The opposite trend  is evident in the  

first Ni-Ni shell, w ith  m ovement which seems to  respond antagonistically  to  

the  N i-0  shell; the  least d istorted  environm ent is induced when electrode 

charge is high, and the shell is highly d istorted  a t low charges.

T he experim ental radial structu re  functions (FT  EXAFS) and  calculated  

rad ia l d istribu tion  functions (RDFs, derived using the EXCURV97 fitting
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Sam ple r (A) M ean R (A)

N i-O

N 2<t2 (10-4 A2) F it

Index

(%)

S ta n d a r d s

Ni foil - - - - -

ref-N i(O H )2 2.05 ±  0.01 - 6.0 ±  0.4 (6) 130 ±  18 24.3

NiO 2.07 ±  0.01 - 4.5 ±  0.7 (6) 81 ±  32 28.2

KNilOe 1.87 ±  0.01 - 4.1 ±  0.3 (4) 63 ±  16 22.8

E le c t r o d e

fresh 2.01 ±  0.01 - 6 89 ±  14 8.3

overcharged 1.73 ±  0.01 1.86 ±  0.01 2 121 ±  38 3.6

1.93 ±  0.01 4 7 ±  13

discharging (i) 1.84 ±  0.12 1.89 ±  0.05 2 208 ±  413 8.6

1.91 ±  0.05 4 94 ±  67

discharging (ii) 1.83 ±  0.02 1.94 ±  0.02 2 60 ±  63 10.4

1.99 ±  0.03 4 340 ±  179

discharged 2.00 ±  0.01 — 6 218 ±  21 7.9

T ab le  3.3: Structural parameters for first N i-0 shell, derived from fits to 

EXAFS of standards and nickel (hydr)oxide electrode. Coor

dination numbers shown in brackets are expected (literature- 

based) values (section 2.2.4). Uncertainties represent 95 % con

fidence levels.
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Sam ple R  (A) M ean R (A)

N i-N i

N 2cr2 (10~4 A2) F it

Index

(%)

S ta n d a r d s

Ni foil 2.49 ±  0.01 - 9.9 ±  0.8 (12) 113 ±  10 25.2

ref-N i(O H )2 3.11 ±  0.01 - 6.5 ±  1.0 (6) 160 ±  22 24.3

NiO 2.94 ±  0.01 - 10.2 ±  1.1 (6) 113 ±  15 28.2

K N iI0 6 3.56 ±  0.01 - 0.7 ±  0.5 (0) -24 ±  86 22.8

E le c t r o d e

fresh 3.04 H- o o to 3.41 ±  0.01 2 131 ±  42 8.3

3.59

t—i
oo41 4 142 4= 35

overcharged 2.82 ±  0.01 - 6 145 ±  7 3.6

discharging (i) 2.67 ±  0.02 2.78 ±  0.01 2 40 4= 73 8.6

2.84 ±  0.01 4 32 ±  40

discharging (ii) 2.50 ±  0.09 2.71 4= 0.03 2 485 ±  278 10.4

2.81

r—l
oo41 4 189 ±  30

discharged 2.99 4= 0.01 3.37 ±  0.01 2 132 ±  33 7.9

3.56 4= 0.01 4 107 ±  22

T ab le  3.4: S tructural parameters for first Ni-Ni shell, derived from fits to 

EXAFS of standards and nickel (hydr)oxide electrode. Coor

dination numbers shown in brackets are expected (literature- 

based) values (section 2.2.4). Uncertainties represent 95 % con

fidence levels.
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°< 2.00 - -

1.95 —

1.90 —

1.85 —
overcharged

2.0 2.5 3.0 3.5 4.0

Formal Ni valency

F ig u re  3.8: Calibration curve defined by linear fit to first N i-0 shell dis

tance of standards (diamonds) at various integer Ni valences. 

Mean first N i-0 shell distance of discharging film (dots) are 

aligned with calibration.

program , section 2.2.4 [53]), shown in figures 3.11 and 3.12, respectively, 

illu s tra te  fu rth e r the  m ovem ent of each shell w ith electrode charge. The 

way in which th e  first Ni-Ni d istances converge and separate is particu larly  

d istinc t in b o th  figures. B oth  N i-0  and Ni-Ni coordination shells are discrete 

and fairly well defined a t the  end points of the fresh and overcharged films, 

b u t during  discharge, the  peaks overlap. This m ade it more difficult to  

d istinguish  betw een the  presence of one vs. two distances per shell. The 

lack of d a ta  presented between 1.5 and 0 C cm ~ 2, in all figures, resulted  from 

the  fact th a t  e ither no significant struc tu ra l (or other) changes occurred in 

th is region or because th e  d a ta  could not be fitted satisfactorily, yielding no 

m eaningful inform ation.
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F ig u re  3.9: Number of electrons transferred at Ni sites, derived from 3 

methods, as a function of charge density.

3.4.3 C yclic V o ltam m etry  and  E lec trode  A geing

Sets of b o th  p o ten tio s ta tic  quEX A FS spectra  recorded under po ten tia l con

tro l a t the  positive and negative voltam m etric lim its, and ED E  spec tra  

recorded under po ten tiodynam ic conditions during cyclic vo ltam m etry  were 

essentially  identical in bo th  the XANES and fine s tru c tu re  regions. No 

changes in edge position  were observed, and fitting these spec tra  always 

yielded the sam e s tru c tu re  as a fresh electrode (fig. 3.13). This s itu a tio n  

also becam e evident when analysing d a ta  from films th a t were im m ersed in 

electro ly te for several hours (aged). No struc tu ra l param eters changed sig

nificantly during  any of these experim ents (section 3.2.3). Therefore, ageing 

over the tim esealcs of these experim ents bore no notable influence upon the  

s tru c tu ra l evolutions tak ing  place during discharge and the effects of ageing 

are discounted in th is study.

i 1 r
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F ig u re  3.10: Variation of first Ni-O (dots) and Ni-Ni (squares and trian

gles) shell interatomic distances as a function of charge den

sity. Linear fits emphasise splitting and convergence of dis

torted shells. Dotted arrows show the direction of discharge.
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2.5
fresh film 
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0.0

2.0 %

3.0

Radial distance (A)

F ig u re  3.11: Experimental radial structure functions as a function of elec

trode charge density. Arrows emphasise movement of atoms 

within first N i-0 and Ni-Ni shells.

3.5 D iscussion

3.5.1 D ischarge of th e  E lectrode

T he evidence presented suggests th a t the situation regarding Ni valency in 

nickel (hydr)oxide film electrodes is ra ther more coherent than  previously 

s ta ted . W hen derived from bo th  edge shifts and N i-0  bond lengths it is 

shown th a t, w ithin experim ental uncertainty, Ni valency lies between + 2  

and  + 3  in the fresh and discharged electrode, and is between + 3  and + 4  

when the electrode is overcharged. These ranges are supported by the  agree

m ent of spectroelectrochem ically and electrochemically derived values for film 

thickness, surface coverage and the num ber and concentration of Ni sites (for 

deposition and overcharge) for a one electron transfer a t overcharge. T he 

fractional num ber of electrons transferred (averaged, per Ni site) a t various
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F ig u re  3.12: Radial distribution functions (calculated using the EX- 

CURV97 program) as a function of electrode charge density. 

Arrows emphasise movement of atoms within first Ni-O and 

Ni-Ni shells.

stages during  discharge was then calculated (see section 2.2.6, tab le  3.2 and 

fig. 3.9). Previous studies have given precise values for Ni valency, b u t such 

precision is m isleading. This is because, although all the variables in fig. 3.9 

are affected by the  charge of the  Ni ions, the nature of this dependence is not 

the  sam e in each case (section 2.2.5), so the absolute valency cannot usually 

be pinpoin ted  so accurately.

F igure 3.9 and table 3.2 im ply th a t the change of derived valency be

tween uncharged and overcharged electrodes, as extracted  from bond length 

da ta , is 1.6. This is in agreem ent w ith other studies, bu t differs su b stan 

tially  from values of 0.7 and 1.0 derived from edge shifts and coulom etric 

da ta , respectively. A lesser reliance should be placed on the valences derived 

from the  bond lengths because their responses to ionic charge are secondary 

(section 2.2.5). Furtherm ore, the result depends on the s truc tu re  of s tan 

dards used to  construct the calibration curve. The nature of th is problem  is
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Figure 3.13: Overlaid quEXAFS, flEXAFS and EDE spectra for a fresh 

nickel (hydr)oxide electrode in the reduced state ( r  =  

17.9 fimol cm-2 ).

illustrated  by KNilOe, which does not consist exclusively of N i-0  and Ni-Ni 

environments and, not having a Ni coordination number of 6, does not have 

the short range s tructure th a t  is directly comparable to both the electrode 

and the other standards. Thus, valences (and changes therein) derived from 

bond lengths should only be used as a secondary guideline. On the other 

hand, edge shifts and coulometry are more direct measures of Ni charge (and 

changes thereof) and are structure insensitive. Thus they are more reliable 

sources of Ni valency changes.

In the introduction to  this chapter two different approaches to  the ques

tion of Ni valency and charge transport were introduced. These two models

i  '---------1-------- '-------- 1---------1-------- r

 quEXAFS
 flEXAFS

o EDE

J
H * h

8330 8400 8470 8540 8610
E nergy  (eV)
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are considered to explain “non-integer valency '5 in these results. In the first 

model, an essentially molecular model with independent bonds and  localised 

electrons for each atom , Ni ions exist in a mixture of integer oxidation sta tes  

(2, 3 and 4) a t any one time. The proportions of Ni atom s present in each 

of these s ta tes  varies as discharge proceeds, and based on these proportions, 

a weighted m ean non-integer valency may be derived. In this model, elec

trons are transferred across the solid using the ‘hopping’ mechanism initially 

described in section 1.2.3, a mechanism usually ascribed to solids with low 

conductiv ity  [26, 27]. In the second model, a solid s tate  description, tin1 solid 

has a full band  s truc tu re  in which mobile electrons are not associated with 

particu la r  nickel atom s or N i-0  bonds. In this model, Ni valency changes 

progressively from one non-integer value to another during discharge as it in 

erant electrons pass between the N i-0  and working electrode valence bands 

th roughout bo th  solids, thus facilitating conduction. Both of these m od

els are considered, which are distinguished bv the distribution of electronic 

charge between the Ni atoms, but only one model will be supported  by the 

da ta .

T he  first model would require evidence of a broad Ni K-edge which over

laps those of the Ni2+ and Ni4+ standards, implying the presence of sev

eral con tribu ting  oxidation states. The width of the broad edge would then 

change with the proportions of valence states as discharge proceeds. Also, 

from a s truc tu ra l point of view, if several N i-0  bond lengths are measured, 

Ni2+ and Ni4+ contributions must only arise from regular octahedra. In o ther 

words, no distorted  shells should be identified for Ni2+ and Ni4+ contributions 

(although a distortion is likely for Ni4+ [75]). Each regular bond length would 

represent, one integer oxidation state, and the number of bond lengths present 

would change with the proportions of oxidation states. This behaviour would 

be reflected in the Debye-Waller factors (represented by 2a 2. listed in tables 

3.3 and 3.4), where 2a2 is the sum of therm al and static  (s tructura l) con tribu

tions to the to tal disorder; bu t as the tem pera tu re  was constan t th roughou t
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the experiment, it may be assumed th a t  any variation in 2cr2 has a s truc

tu ra l origin. A plot of 2cr2 vs. charge density would follow a parabolic form 

as the structure  of numerous distinct N i-0  and Ni-Ni environments changed 

extensively, resulting in uneven movement and an increase in sta tic  disor

der during discharge. The presence of a single structure /environm ent for 

each of the overcharged and discharged states would result in low 2a 2 a t  the 

end-points of the parabola.

800800

■  short Ni-Ni 
O long Ni-Ni

A  long N i-0 
V  sh o rt Ni-O

- - 600600--

-400400--
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C h a rg e  d en sity  (C cm '2)

Figure 3.14: 2cr2, representing static disorder in the first Ni-0 and Ni-Ni 

coordination shells, as a function of charge density during 

discharge. Diamonds represent undistorted shells.

Validation of the second model would be provided by a discrete (single) Ni 

K-edge th a t  lay between those of the standards, with a position th a t  changed 

gradually and smoothly as a function of electrode charge. W ith  respect to 

s tructure, the presence of more than  one bond length within a coordination 

shell would indicate bulk distortion and non-integer valency, as opposed to
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distinct sites a t  a range of integer valences. Finally, the Debye-Waller factor 

would not vary as a function of charge density, as induced s truc tu ra l changes 

in this model would be more uniform and gradual, and thus would not add 

significantly to s ta tic  disorder.

W hen com paring the characteristics of each model to the experim ental 

da ta ,  the second model seems to fit the results in all respects. In fact, the 

d is to rtion  of the first N i-0  shell is consistent with a Jahn-Teller d is tortion 

available to low-spin d 7 compounds, the extent to which diminishes during 

discharge (fig. 3.10). The Ni K-edges have a discrete form (fig. 3.5), and 

2 o l does not change significantly with charge density (fig. 3.14). In fact, 

tables 3.3 and 3.4 show th a t  Debye-Waller factors of the electrode are not 

very different to those of the standards.

The to ta l num ber of Ni sites, estim ated independently from the  charges 

passed during deposition and overcharge were equal (0.2 mmol), suggesting 

full conversion of all electroactive Ni sites a t overcharge. There is no evidence 

for the  simultaneous existence of more than  one integer Ni valency. The 

progressive na tu re  of all changes signifies a mechanism of uniform electron 

d is tr ibu tion  for the discharge process: overall, one electron is transferred  

per Ni site, and  the switch from one bulk non-integer s tructu re  to ano ther  

is accom panied by a shift in bulk Ni valency from one non-integer value to 

another. T he model of a site-by-site, electron-by-electron discharge satisfies 

the qu an tu m  description for a conductor in the solid state. In this model, 

the  Fermi level lies within the partially  filled N i-0  valence band and  mobile 

electrons move freely into the band during discharge. Figure 3.9 shows th a t  

there is an approxim ately linear relationship between the derived valency and 

charge density. Regardless of the functional form of these correlations, the 

unequal duration  of overcharge and discharge indicates hysteresis (i.e. the 

reversal of s tructu ra l changes was quicker than  the time taken to im plem ent 

them). The kinetic (or other) origins of these effects, are worthy of fu ture 

study.
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It is also evident th a t  the white line intensity decreases when the film is 

overcharged (fig. 3.5), suggesting th a t  the accessible em pty hybridised N i-0  

s ta tes  in the conduction band have less (allowed) /^character w ith increasing 

Ni valency. This observation correlates with an increase in the availability of 

newly em pty (forbidden) d-states th a t  accompanies the oxidation of nickel 

ions. No s truct ural conclusions were drawn from the coincidence of changes in 

white line intensity with distortion  of N i-0  and Ni-Ni octahedra. or from the 

lack of pre-edge features, since the coordination shells remained oc tahedra  

upon overcharge and th roughout discharge, and no extensive s truc tu ra l re

arrangem ents  required confirmation from these XANES features (see section

2.2.3). A more precise correlation of such distortion with electronic s truc

tu re  can only be achieved using another technique such as XPS. Also, in situ 

infrared (or R am an) spectroscopy would be useful to verify the symmetries 

of N i-0  and Ni-Ni octahedra  (i.e. to confirm whether distorted  shells have 

a te tragonal arrangem ent or another less symmetrical distorted  octahedral 

configuration).

In summary, the previously unresolved s tructura l mechanism for the dis

charge of electrochemically prepared nickel (hydr)oxide electrodes has been 

described, and connections between structure, Ni valency and electrode 

charge have been made. F irst shell N i-0  atoms separate on overcharge and 

result in d istortion  of the shell. Distorted first Ni-Ni shell distances con

verge and shorten on overcharge. Structural distortion and its reversal do 

not affect disorder significantly. Ni K-edge energy increases on overcharge. 

Ni valency increases from 2 3 to 3 4 when overcharged. All of these change's 

are* elepenelent upon the charge on the electroele. Every one erf these trenels 

re*verse*s during eliseliarge. A e-orrelatiem between short-range s truc tu re  anel 

the e-liarge transfer properties of the Ni iems has also beem given, aeleling 

e:reielene:e t.e> the exmcept e)f non-integer-valent nie:kel hyelroxiele* films. X-ray 

absorption spectroscopy identifies the elominant structures ewer the sample 

eaess-section; these have been presented. Further unequivocal strue;tural or
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electronic inferences cannot be made using the existing XANES and EX- 

AFS data .  It is also im portan t to emphasise th a t  these conclusions apply 

to thick electrochemically deposited films, prepared as described in section

3.2.2. The li tera tu re  shows th a t  films prepared under different conditions 

may not exhibit the characteristics described.

Now th a t  it has been shown th a t  nickel (hydr)oxide films essentially be

have as solid s ta te  conductors, and th a t  all induced s tructura l and elec

trochemical changes are reversible, the optoelectronic technologist may note 

th a t  110 ex tra  measures, apar t  from reducing the film thickness, are necessary 

to enhance the  charge/discharge properties of the films. However, film den

sity or morphology may require optimisation to improve the contrast ratio  

between coloured and bleached s tates  (section 1.2.4) and to address the in

equality in the du ra tion  of charge and discharge, bo th  of which could rem ain 

issues even in th inner films.

3.5.2 Cyclic V o ltam m etry

T he absence of significant detectable structura l changes, even when the films 

charged during  quEX A FS acquisition (~  5 minutes per spectrum ) leads to 

the  im p o r tan t  conclusion th a t  a substantial build-up of charge (i.e. over

charge) is required to induce even slight s tructura l a lterations in films of 

this  thickness. This behaviour is not caused by relatively low electrical con

ductivity, bu t by the films being many times thicker than  electrochemically 

ideal, as the double-exchange mechanism of counter/co-ion diffusion and  the 

tran sp o r t  of electrochemically-delivered charge throughout such a thick low- 

density oxide film will inevitably be slow. Also, once s truc tu ra l changes 

occur, they can only be maintained bv the persistent injection of charge, 

so reversion (s tructura l and electrochromic) occurs when the electrode dis

charges; this phenomenon is term ed a poor memory effect (section 1.2.4). 

The observed memory effect is consistent with the fact th a t  certain  forms
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of Jahn-Teller d is tortion to metal-ligand bonds are unstable [75], and the 

fact th a t  discharge occurred so readily supports the evidence for a film of 

relatively high conductivity.

3.6 Conclusions

Detailed analysis of EX A FS d a ta  for nickel (hvdr)oxide films does not provide 

support for the commonly held view of a mixture of distinct integer-valent 

Ni sites, each contributing  to an overall (mean) non-integer valency. Instead, 

the EX A FS d a ta  suggest a more homogeneous model, in which the overall 

one electron transform ation  of each electroactive Ni site involves a progres

sive conversion of Ni valency, and the associated local s tructure, from one 

bulk condition to another. This is the quantum  description for a conductor 

in the solid state. The dynamics and distribution of counter and co-ions 

(present to satisfy electroneutralitv  of the Ni sites during redox conversion) 

do not require the charge on individual Ni ions to be represented by inte

ger values. Also, the lack of evidence for spectroscopically identifiable Ni2+ 

and Ni4+ sites in the electrode leads to the belief th a t  the bulk valency of 

nickel sites (generally agreed to change according to a one electron transfer 

during  (dis)charge of the film) may vary from a value between + 3  to + 4  a t 

overcharge to one between + 2  and + 3  a t discharge.

The ins trum ental capability for carrying out XAS on electrochemically 

modified films has been proven using the in situ spectroelectrochemical cell. 

Energy dispersive EXAFS was successfully applied to reveal the s truc tu ra l  

evolution taking place during electrode discharge, in real time. The results 

obtained have been used to clarify the connection between electrode charge, 

Ni valency, interatom ic distance, distortion of coordination shells and s truc

tural disorder. In essence, from fitting these d a ta  it has been shown th a t  

Ni valency, and hence the bulk s tructura l form adopted by nickel hydroxide 

films is dependent upon electrode charge. A mechanism for the full s truc tu ra l
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behaviour of nickel (hydr)oxide electrodes will be achieved by extending this 

work to a real tim e study of overcharge; this would help to identify the onset 

of s truc tu ra l change, and therefore investigate the possibility of hysteresis 

with regard to the s truc tu ra l pathway for this evolution.

The results derived from spectra recorded in different configurations 

agree, and bo th  spectroscopic and electrochemical results correlate. The un

ders tand ing  provided by this work will be beneficial to optoelectronic technol

ogy. whose main challenges include reproducing these structura l changes over 

large working areas and stabilising high-valent nickel in nickel (hvdr)oxide 

electrodes. These results, and any future developments thereof, may also 

prove useful to ba t te ry  technology, whose use of nickel hydroxide electrodes 

is long established.

I l l



C hapter 4

T he N iobium  Oxide E lectrode

Since the late 1980s, niobium oxides, and principally N b20 5 have a t 

trac ted  great a t ten tion  due to the catalytic activity of the hydrated form 

N b205 • .rH20 ,  (commonly term ed niobic acid) for diverse liquid and  gas 

phase dehydration, dehvdrogenation and selective oxidation reactions. These 

include the  dehydration  of ethanol to  ethene [76] (or the reverse hydration 

[77]), the esterification of ethanol with acetic acid [77, 78] and m ethanol ox

idation [79] for application to pollution reduction and hydrocarbon conver

sion industries. The origins of the wide-ranging catalytic activity  have been 

researched extensively and is a t tr ibu ted  mainly to the protonic and Lewis 

(electron accep ting /donating) acid /base properties of the hydrated surface 

oxide, where the pH varies greatly with surface coverage [80] (i.e. surface 

loading) or p re trea tm en t tem pera tu re  [77, 79], ranging from highly acidic 

(~  pH 1) a t low coverage [80] or low pretreatm ent tem pera tu re  (<  100 °C 

[77]) where the oxide is a solid protonic acid, to moderately acidic ( ~  pH 

5) a t  higher loadings [80, 81] or higher tem peratures (200 300 °C [77, 80]). 

Many of these publications also assessed Nb2Or) -.rH20  activity as a function 

of tem perature , showing th a t  films calcined at tem peratu res  >  500 °C are 

inactivated due to the eradication of all traces of water and a consequent 

reduction of surface' area.

The relevance of hydrated Nb2Q 5 to catalysis has stim ulated  a w ealth  of
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s truc tu ra l investigations, most commonly using R am an and infrared spec

troscopies [81, 82] and EXAFS, where the prim ary focus (where possible) 

has been the active surface region where the adsorption of reagents occurs. 

S truc tu ra l assignments were m ade difficult bv the am orphous s truc tu re  of 

the active hydrated  form [78], exemplified by its broad and weak R am an 

and IR bands [81], inevitably leading to confusion when seeking a defini

tive s tructu re .  In fact, it is s ta ted  th a t  acidic catalytic activity persists 

as long as the hydrated  oxide remains X-ray amorphous [79]. Despite' the 

lack of agreement in the literature, it has been widely reported tha t mainly 

te trahed ra l environm ents exist at the uppermost layer of the hydrated  ox

ide surface [76, 78, 80, 82]. These differ markedly from bulk regions where 

oxygens occupy a predom inantly  octahedral arrangement, and it has been 

suggested th a t  a 5-fold s truc tu re  is present a t the intermediate, sub-surface 

region [82], though even the te trahedra l surface structure has been disputed 

in favour of an octahedral configuration throughout [81]. Pre-edge XANES 

of the bulk oxide has been analysed to identify the presence of te trahedra l 

vs. oc tahedra l coordination spheres (section 2.2.3) [76, 80, 83]. It is also 

generally accepted th a t  each surface N b 0 4 or NbOg unit contains a term inal 

X b—() bond, which d istorts  these environments, and which is responsible for 

its s trong  Lewis acidity. Beyond this scant description, the overall p ic ture  

becomes decidedly unclear.

In term s of EXAFS, there is little consensus in reported values of bond 

lengths and coordination numbers. On all accounts, analysis of EX A FS d a ta  

has proven very difficult, bu t it is generally agreed th a t  the N b = 0  bond 

length in niobic acid is 1.73-1.91 A and the N b -0  single bond ranges from 

1.90 2.28 A, depending on w hether they constitute monomeric N b()r species 

or Nb-O-Nb bridges in dimeric, oligomeric or polymeric s tructures. Nb-O 

distances can also vary if they are bridging O-Nb-reagent bonds, forming 

links to the support or to oxygen-containing reagent molecules [78, 83, 84]. 

Also, the num ber of oxygen neighbours is affected by coordination to w ater
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or the adsorption of reagents during activity. To complicate m a tte rs  further, 

the distortion of N b 0 6 oc tahedra  (i.e. the difference between single and 

double bond distances) increases as surface acidity decreases, i.e. w ith loss 

of water or increasing surface coverage [81]. Nb-Nb distances range from 

2.95 3.G8 A, depending on the extent of the dimeric to polymeric network. 

Nb-Nb coordination numbers may change if monomeric units link during 

cata ly tic  activ ity  [76, 84] or after calcination [83], though the num ber of 

relatively d is tan t Nb neighbours in this amorphous solid has proven difficult 

to evaluate w ith certainty.

To this point, the description has centred about amorphous, supported  

niobium oxide catalysts  with low water content, (Nb205 • .tH20  or niobic 

acid) hereafter referred to as niobium oxide. The other m ajor body of work, 

more relevant to this thesis, investigated niobium oxide for its electrochemical 

and  electrochromic properties for which niobium oxide has functioned as a 

secondary electrode in electro-optic displays and energy efficient windows 

which reduce heating, cooling and lighting costs in large buildings (see section

1.2.4) [30]. Electrochromic N b205 films have been prepared using a range 

of m ethods such as spu tte ring  [29, 85, 86, 87, 88], therm al oxidation [89], 

chemical vapour deposition [90], anodisation [91] and the sol-gel process [28, 

92, 93, 94, 95, 96, 97, 98, 99, 100, 101, 102], the technique used in this chapter. 

As with nickel (hydr)oxide, the diverse range of preparative conditions leads 

to numerous morphological variations, which in tu rn  strongly influence the 

electro-optical properties of the films.

A variety of techniques has been used to assess electrochemical and elec- 

trochrom ic performance in term s of response times, colouration efficiency, 

diffusion coefficients and cycling durability (section 1.2.4). These include 

scanning electron microscopy [29, 97, 99, 101], UV-vis spec trophotom etry  

[87, 93, 94, 97, 98, 99, 101, 102], IR spectroscopy [28, 92, 97], often in com

bination with electrochemical techniques such as cyclic vo ltam m etry  and 

chronoam perom etry  in operating  conditions comparable to those of a working
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electrochromic device. These studies have dem onstrated  far more agreement 

over the electro-optical properties of niobium oxide than  with s truc tu ra l char

acterisation. This is because, regardless of preparation m ethod or thickness, 

films pro-treated at tem pera tu res  <  300 °C are am orphous [28, 87, 92]. A m or

phous niobium oxide films undergo reversible colouration from transparen t 

when fresh or oxidised to dark  brown during Li+ insertion when electrore

duced at cathodic potentials  in non-aqueous lithiated electrolyte. A lthough 

m any details of the electrochromic mechanism are still not fully understood, 

it is thought th a t  equations 4.1 and 4.2 are most representative of the am or

phous and crystalline systems [30, 34, 87, 89, 99, 101, 102], where the coloured 

form is commonly referred to as a ‘niobium bronze’.

In term s of li th ium  exchange:

N b20 5 +  x L i + +  xe~  Ja  LixNb20$  (4-1)
BLEACHED ° X COLOURED

or pro ton  (de)intercalation:

Nb2(h +  x.H* + xe~ ^  Nb?Os-z (OH)z or HxNb20 5 (4.2)
BLEACHED ° X COLOURED

In most publications, an aprotic, lithium-containing, non-aqueous elec

tro ly te  is preferred because the potential at which the onset of coloura

tion occurs in protonic electrolyte (usually dilute H2SO4) coincides w ith the 

more favourable proton reduction process, resulting in hydrogen evolution 

(2H + +  2e~ H 2 t ,  +0.24 V vs. SCE, see section 1.2.1). The oxidation 

of hydroxide ions may also act as a parasitic side-reaction during bleaching 

(2( )H ~  ^  \  0 2 T +  H 20  +  2c~, +0.64 V vs. SCE). The unfortunate  overlap 

of both  N br,+ and H + reduction potentials drastically reduces the coloura

tion efficiency of the electrode (section 1.2.4) so th a t  only abou t a seventh 

of the charge passed achieves a colour change [103]. Also, hydrogen and 

oxygen production is undesirable in most electrochemical reactions because 

bubble evolution causes the film (and the W E, if a metal film W E  is used) to
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crack and peel, affecting the overall durability of the electrode and eventually 

leading to electrode failure [101]. Furthermore, gas production is extremely 

undesirable in sealed electrochromic devices. Therefore, the exclusion of pro

tonic solutes and water as a solvent is preferable. Nevertheless, w ater is a 

universal con tam inan t,  since it is difficult to remove all traces a t  am bient 

conditions.

The mobility of the cationic counter ion should be high because the elec

trochemical reaction kinetics are controlled by the simultaneous exchange of 

ionic pairs (Li+ , e~) to /f rom  the film at opposite interfaces [91]. Accordingly, 

diffusion limits the colouration and bleaching times, which, as dem onstra ted  

for the N i(O H )2 electrode (section 3.5.2), are affected by film thickness. De

spite the increase in colouration and bleaching times imposed by thick films 

(where diffusion lengths are greater), a trade-off between low response times 

and  a large num ber of electrochromic centres must be achieved in ECDs.

Electrochrom ic activity  is also affected by the conductivity of the ox

ide (section 1.2.3). It has been shown th a t  niobium oxide is an extrinsic 

/;-type sem iconductor with a bandgap of 3.2-3.9 eV according to p reparation  

m ethod , where the most disordered films seem to have the widest bandgap  

[34, 85, 90]. B andgap widening was reported to follow ion insertion into 

undoped N b2Os [34] (i.e. after the formation of LixNb2Os) implying th a t ,  

no tw ithstand ing  o ther factors, s tructu ra l changes a n d /o r  an increase in dis

order take place upon formation of the lithiated oxide. A nother effect of 

b andgap  widening may be the incomplete reversal of colouration, which is 

repeated ly  observed, exemplified by an integrated transm ittance  of ~  75% for 

a bleached film [85, 87], which is ~  10 % less than  an as-deposited him in the 

UV-visible region [88]. Macek and co-authors [28, 92] reported an increase in 

conductivity, levelling of colouration and bleaching times and improved re

versibility in thick sol-gel-derived films by pre-doping the sol precursor w ith 

Li+ acceptor impurities, in the form of LiCF.jSO;}. An im provement in the 

conductivity  of doped N b2Q 5 films has also been reported by Rosario et al.
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[104] and Hirai et al. [105]. This behaviour is consistent w ith p-tvpe semi- 

conduction.

At the beginning of this introduction, it was s ta ted  th a t  dehydrated  

Nl^Of) dem onstra ted  poor cataly tic activity; in general, the l i tera tu re  shows 

tha t crystalline films, calcined a t tem peratures  exceeding 500° C perform best 

electrochromically [29]. For instance, the optical modulation range (i.e. the 

difference in tran sm ittan ce  between coloured and bleached states) is wider 

th an  in unheated  films [85, 87]. A more appealing colour change is displayed 

by crystalline films in the same electrolyte i.e. transparent dark blue (in

s tead  of dark  brown for the am orphous form); colouration efficiency is better,  

and stability  and durability  are greatly improved by hea t- trea tm ent [86, 92]. 

SEM studies indicate th a t  hea t- trea ted  films have a denser, less porous s truc

tu re  than  am orphous films, bu t this does not appear to adversely affect ionic 

mobility [29], which is affected by thickness [34]. A possible reason for the 

improved performance of calcined films is the absence of water, which d im in

ishes the niobium oxide redox reaction.

T he s truc tu re  of electrochemically-modified films have been analysed us

ing IR and  R am an  [105, 106] spectroscopies, and changes to the oxidation 

s ta te  of Nb were often monitored using XPS [34, 90, 99, 102]. X-ray diffrac

tion was frequently used to distinguish amorphous from crystalline forms 

[29, 28, 87, 88, 92, 93, 94, 97, 98, 99], bu t EXAFS investigations have not 

to our knowledge been published to provide direct evaluation of short-range 

s truc tu ra l  param eters  of electroactive films. Existing (IR and R am an) s truc

tu ra l studies have provided information regarding morphology and bonding 

within niobium oxide films. For instance, it was sta ted  th a t  the v ibrational 

modes representing Nb-O, Nb-O-Nb and Nb:iO units in the fully-developed 

oxy-polymer network, present in both calcined films and niobium oxide pow

ders, cannot be identified in unheated and relatively low -tem perature  films 

[28]. It was also suggested th a t  a modification, in which the double bond 

character of Nb4+- 0  increases, occurs upon colouration, as evidenced by a
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blue frequency shift of the N b -0  band. This change reverses upon anodic po

larisation [92]. B oth  IR  and R am an  studies concluded tha t the form ation of 

the N b0 6 oc tahedral network is unaffected by the introduction of m etal ion 

im purities as dopan ts  to improve conductivity [105]. This assertion implies 

th a t  the foreign cations occupy in terstitial positions. The only o ther EX A FS 

studies (apart  from catalyticallv-m otivated works) have investigated the for

m ation  of NbaOr, prior to and following the sol-to-gel transform ation. Bv 

v irtue of its name, the sol-gel process implies extensive rheological changes; 

those m otivated  the work described in this chapter.

4.1 The Sol-Gel Process

Sol-gel chemistry is based on inorganic polycondensation reactions and in 

this case, the m ethod  involves the controlled hydrolysis of a high purity  

niobium  alkoxide (niobium ethoxide N b(O C 2H5)5, shortened to N b (O E t)5). 

T he m ethod  has the advantages of control of porosity and m icrostructure , 

good chemical and mechanical stability  and the ability to coat objects of any 

size or shape with adherent, homogeneous films. An added advantage of the 

process is convenience; p reparation  is w ithout the use of specialised in s tru 

m ents  such as a vacuum chamber. The goal of sol-gel processing is to control 

the morphology of m ateria ls  during the earliest stages of production to  yield 

m ateria ls  of very high purity  and homogeneity with minimised processing 

tem pera tu res  and times.

Over the past two decades, much effort has been given to the develop

m ent and application of alkoxide sol-gel processes [107, 108]. The rheological 

properties of sols and gels make these processes well-suited to the synthesis 

of thin films and fibres by techniques such as spin-drawing and dip-coating. 

The sol-gel process has already been used extensively by industry  for the 

fabrication of ceramics and coatings for glass e.g. anti-reflective layers on 

spectacles or conductive layers on glass for optoelectronic applications, where
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controlled chemical composition, purity  and homogeneity are very im p o rtan t  

[109]. More recently, there has been interest in the sol-gel synthesis of t r a n 

sition m etal oxide films for electrochromic devices. The m ethod  has already 

been employed successfully in the synthesis of Nb2()5, V2O 5, TiO«2, W O 3 and 

N i(()H )2 films for various optoelectronic applications [30].

Uncontrolled hydrolysis: 2 N b ( O E t )s +  5 H 20  — > Nb20^  +  10 H 2Q

Controlled hydrolysis: N b ( O E t )5 +  H 2 O N b {O E t )4O H  +  E t O H

Condensation: N b ( O E t ) 4O H  +  N b ( O E t )5 — > Nb20 ( 0 E t )8 +  E t O H

Polycondensation: Various condensation reactions N b 2 0 5 +  x E t O H
ca ta ly s t

(4.3)

Transition m etal alkoxides are very reactive with water (hydrolysis), and 

the presence of water in such alkoxide solutions leads to precip ita tes th a t  

are not suitable for the production of thin oxide films and fibres. Sols and 

gels must therefore be stabilised in order to prevent the bulk precipita tion 

of inhomogeneous oxide. One way to control hydrolysis is to use an alcohol 

as the  m ain  solvent, instead of water. The alcohol decouples hydrolysis and 

condensation reactions, hence preventing bulk precipitation and  prom oting  

the form ation  of homogeneous sols and gels via alcholysis. Hydrolysis and 

condensation reactions occur a t  numerous sites in the solution and when suf

ficient interconnection of metal-oxygen bonds occurs in a mixture, they  exist 

as a colloidal dispersion of sub-micron particles or a sol. A gel is formed 

by the interconnection of an extensive three-dimensional metal-oxygen n e t

work via the sim ultaneous hydrolysis, condensation and polyeondensation 

of the sol. An increase in the cross-linking of metal-oxygen bonds in itia tes  

the s truc tura l evolution of colloidal particles, resulting in the form ation of a 

homogeneous inorganic polymer network through aggregation, which causes 

gelation [100, 109].
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T he main chemical steps involved in the sol-gel conversion of niobium 

oxide are given in the schematic equation 4.3 [99]. E tO H  represents ethanol 

which remains in the pores of the film during hydrolysis, and is expelled from 

the* s tru c tu re  toward the final stages of (poly)condensation (gelation). A gel 

is a continuous, interconnected, ‘solid’ skeletal framework with liquid-filled 

pore's (<  1 //m across) and polymeric chains (average length > 1 //in). All 

gels have viscoelastic properties due to the continuity of the solid and liquid 

phases. T he point of gelation is typified by a sharp increase in viscosity, from 

a free-flowing viscous liquid to a solid material, perhaps eventually rigid and 

elastic, whilst re ta in ing  homogeneity and usually an unchanged appearance. 

The precise evaluation of the point of gelation can therefore be difficult.

EX A FS studies by V andenborre et al. [95, 96] have revealed th a t  oxy

gen coord ina tion  around  first shell Nb atoms is almost the same in the sol 

precursor as in the  gel i.e. d is torted  octahedra  with four short and two long 

Nb-O bonds, which provide the links between environments in the network of 

edge-sharing dimeric oc tahedra  with an Nb-Nb separation of ~  3.14 A. The 

only identifiable difference between sol and gel was the presence of a second 

Nb neighbour a t ~  3.75 A after hydrolysis and gelation, which was in itia ted  

by the  in troduction  of water. This was said to signify the coordination of one 

corner-sharing octahedron , in addition to the existing edge-sharing dimeric 

network (fig. ??). Also, an increase in disorder was reported after gelation; 

this dim inished upon therm al trea tm ent. Once gelation has taken place, no 

fu rther  s truc tu ra l modifications occur. It was also found th a t  gels possess 

a ra th e r  open s truc tu re  and th a t  dried gels have a polymeric ra the r  th a n  a 

crystalline la ttice form. A nother structura l study used *H and 13C N M R and 

infrared spectroscopy of the ethoxide, sol and gels dried a t  various tem p era 

tures [110]. By assessing the placement of the organic functional groups at 

each of these stages, the study  essentially confirmed the reactions shown in 

equation 4.3.

The description of niobium oxide gelation given here is incomplete, and

120



I

F igure 4.1: Schematic diagram of edge and corner-sharing octahedra in a 

Nl^Os gel.

the  boundary  between each stage is blurred due to the lack of dynam ic in 

situ investigations. T he  prime objective of this s tudy is to com plete the 

descrip tion by producing  precise rheological and s tructu ra l models for the 

sol-gel conversion. This was achieved by measuring changes to viscoelasticity 

and  short-range structure .

4.2 O bjectives

From a s truc tu ra l point of view, niobium oxide is one of the least studied 

sol-gel systems. This s itua tion  is probably a result of its am orphous form. 

Despite the an tic ipa ted  difficulties with assigning s tructures for the sol-gel 

transform ation  of niobium oxide, the inherent rheological development pro

vided a good s ta rt ing  point from which to build a detailed rheological and 

s truc tu ra l description of the phase transition.

As s ta ted  in section 4.1, the entire sol-gel process occurs w ith little change
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in appearance and  its dura tion  is affected by a variety of factors, m aking crys

tal im pedance an ideal diagnostic technique to m onitor the progress of gela

tion, since changes in the position and shape of adm ittance  vs. frequency 

curves (section 1.3.2 and figure 1.24) identify the rheological development 

tak ing  place. In a quan tita t ive  sense, equivalent circuit param eters  and shear 

moduli provide precise inform ation regarding the changing viscoelastic char

acteristics of the film (section 1.3.2). Crystal impedance has already been 

used to m onitor sol-gel conversions and electropolymerisation reactions of 

o ther  system s [48, 49]. The use of crystal impedance for the former purpose 

on niobium  oxide films is completely novel.

T he  theory of gelation (especially with respect to silica) is well docu

m ented  [109], and  it is known th a t  the microstructure of a m ateria l becomes 

set at the  point of gelation. Since the physical properties of the m ateria l can 

be m an ipu la ted  up to the point of gelation, its identification and the con

d itions affecting its occurrence are vital knowledge to industries seeking to 

control the  s truc tu re  for specific applications. Previously, the gelation point 

of sol-gel m ateria ls  was difficult to predict, m onitor and identify [109]. The 

relatively new crystal im pedance technique is a perfectly suited and  novel 

approach  to  deriving the gelation point of niobium oxide films as rheological 

changes appea r  to  be the greatest indication of the onset of gelation [49].

In add ition  to deriving the gelation point from rheology and viscoelastic 

param eters ,  a s truc tu ra l characterisation of the material a t this po in t and 

th ro u g h o u t the full sol-gel transform ation are a m ajor goal of this work. In 

si tu , time-resolved energy dispersive EXAFS is a prime candidate  for m ak

ing such s truc tu ra l determ inations. For instance, the technique can reveal 

w hether a sudden increase in Nb-Nb coordination, an ab rup t change in s truc

tu ra l disorder or the cessation of s tructura l changes signify the point of gela

tion. This is yet ano ther  new and dynamic application of energy dispersive 

EXAFS, as previous studies have only derived s tructures before and  after 

gelation.
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T he short-range s tructures  of gelled electrochemically-modified niobium 

oxide films have been neglected in the literature. X-ray diffraction has shown 

th a t  a la ttice  expansion occurs upon lithium insertion, which accompanies the 

reduction of niobium ions [34], and it is generally known th a t  bond lengths 

respond to changes in oxidation state. As with the nickel hydroxide electrode, 

changes in s truc tu re  and  valency imposed by electrochemical m anipula tions 

such as cyclic voltam m etry , overcharge and discharge will be derived using 

in situ X-ray absorp tion  spectroscopy.

In sum m ary, two m a jo r  techniques are used to monitor the rheological and 

s tru c tu ra l  evolutions tak ing  place during the sol-to-gel transformation: The 

dynam ic crystal im pedance technique is used to measure rheological changes 

via qualita t ive  and  quan tita t ive  routes, by means of adm ittance curves and 

equivalent circuits, respectively. X-ray absorption spectroscopy is used to 

de term ine  s tru c tu ra l  changes affecting XANES a n d /o r  EXAFS regions of 

spec tra  during sol-gel conversion. In particular, the quEXAFS, flEXAFS 

and fast energy dispersive modes record this d a ta  in situ. Once gelation is 

complete, XAS is performed in conjunction with common electrochemical 

m an ipu la t ions  to  identify electrochemically-induced modifications to  s truc

tu re  and  valency, which coincide with electrochromic action.

4.3 Experim ental

Most, of the X-ray and electrochemical techniques used in this chapter are 

s tandard ,  so their use was essentially as described in chapter 2, w ith the 

exception of the quEX A FS and energy dispersive modes, which are outlined 

in section 3.2.3 parts  i and n, respectively. The crystal im pedance tech

nique and associated analyses were only used for the niobium oxide system, 

so a thorough description of the m ethod will be given in this chapter. The 

equipm ent and procedures utilised for the preparation  of the films were also 

unique to this system e.g. gelation conditions and the spectroelectrochemi-
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cal cell; these will also be detailed in full. Finally, before proceeding, it may 

be useful to note th a t  this experimental section is s tructu red  in an approx

im ately  chronological sequence in order to convey the logical progression of 

experiments.

4.3.1 P re p a ra t io n  of NbOT Sols

T he synthesis described here is based on procedures reported by O htan i et 

<il. [93] and  Macek et al. [28, 92]. Acid-catalysed, lithium-doped N b O r sols 

were prepared  using niobium ethoxide (N b(OEt)s, 99.95 %, Aldrich) as the 

main precursor. It is well known th a t  N b(O E t)5 is very reactive, prim arily  

w ith m oisture; it was therefore trea ted  with extreme care and its use was 

restric ted  to  a sealed, dry, steel glove box flushed with dry cylinder N2 (BOC 

Gases). Also, as described in equation 4.3, the am ount of water present in 

the sol itself had to be controlled to prevent bulk precipitation of the oxide. 

Every piece of equipm ent was thoroughly cleaned in an ultrasonic b a th  and 

dried in an oven before use. Cleanliness was vital for items re-used to make 

several batches of sol because traces of sol would gel and precipita te  when the 

item s were removed from the dry box. These crystals proved very difficult to 

remove, and  if the equipm ent was not completely clean, the subsequent batch  

of sol was con tam ina ted  by the introduction of a nucleation site from which 

oxide particles would crystallise, rapidly spoiling the sol. The stock supply  of 

spectroscopic grade ethanol (E tO H , 99.5 %, 0.4 % H20 ,  Aldrich) was stored 

overnight with oven-dried molecular sieves prior to use. Also, the glove box 

was evacuated using a d iaphragm  pum p before flushing with nitrogen.

In the dry box, 4.67 inL of ethanol was p ipetted  into a large glass sample 

tube. 250 //L of niobium ethoxide was added using a Gilson m icropipette . 

T he  tube  was sealed to prevent spillage, then the m ixture was swirled and 

cook'd over in insulated flask of liquid nitrogen (to prevent condensation of 

water on the outside surface before transferral to the dry box). 0.03 g of
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li th ium  triflate (L iC F3S 0 3, 99.995 %, Aldrich) was added to the cooled mix

ture; 40 pL of HC4 (12 M, Fluka) was then added in a dropwise m anner, 

swirling the tube  after every drop. A small magnetic bead was placed in

side the tube, which was stoppered with a tight-fitting rubber Suba seal, 

sealed with parafilm and removed from the glove box. The m ixture  was

stirred  overnight a t room  tem pera tu re  using a magnetic stirrer to yield a

4.9G mL batch of clear, homogeneous and slightly yellow sol, containing 0.2 

M Nb(()Et)r, and  a L i /N b  molar ratio  of 0.1 [92].

4.3.2 P re p a ra t io n  of Q u ar tz  C rystals

A highly polished 10 MHz quartz  crystal (roughness <  1 pm , In ternational 

C rysta l M anufactu ring  Co Ltd, O klahom a City, OK, USA) coated with an 

adhesion layer of (3-m ercaptopropyl)trim ethoxv silane (98 %, Aldrich) [111], 

w ith evapora ted  gold electrodes (fig. 1.19), was mounted onto an up tu rned  

glass cell (fig. 4.2) by applying a small am ount of silicone sealant (Farnell, 

D ow-Corning 3145 RTV MIL-A silastic adhesive) around the rim of the cell’s 

apertu re .  The crystal was carefully placed on the aperture and tap p ed  gently 

into place, m aking sure th a t  neither glue or fingerprints came into contact 

w ith the  exposed gold electrodes. Care was also taken to  ensure th a t  air 

bubbles were not caught w ithin the seal between the glass and the quartz . 

T he  cell was left overnight for the sealant to cure a t room tem pera ture .  After 

this, the cell with a t tached  QCM  was ready to use for crystal im pedance 

experiments.

4.3.3 C ry s ta l  Im p ed an ce  M easurem ents

A crystal im pedance experim ent was performed to determine an approx im ate  

timescale for the sol-to-gel conversion, in particular the point of gelation. 

This  information was necessary for planning the subsequent series of EX A FS 

experiments.
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Figure 4.2: Glass cell for conducting crystal impedance experiments.

The cell was clam ped into position, as shown in figure 4.2. Crystal 

im pedance measurements were made using a Hewlett Packard HP8751A fre

quency response analyser (network analyser) in reflectance mode, connected 

to  a HP8512A transmission/reflection unit via 50 Q coaxial cables. The bare, 

unloaded crystal (with a  piezoelectrically active area of 0.21 cm2), was oscil

la ted  a t  its first harmonic resonant frequency (fig. 1.20) by the application 

of a voltage with controlled amplitude. For th a t  particular cut of quartz, 

the  resonant frequency of the bare crystal was always close to  10 MHz. The 

voltage ou tpu t  (reflected signal) was then recorded and the adm ittance (and 

impedance) of the system was calculated from the ratio of the incident and 

reflected voltages (both magnitude and phase). Thus the adm ittance vs. 

frequency curve of the bare, unloaded crystal was recorded.

A dry nitrogen-filled balloon, attached to a syringe was then  pierced 

through the suba seal of the sample tube of sol. This enabled the extraction 

of 0.03 mL of the sol, using a glass syringe, whilst preserving the sealed inert 

a tmosphere within the sample tube. The sol was quickly dropped onto the
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inside surface of the QCM  (fig. 4.2). The flow was centred so th a t  sol evenly 

spread over the entire exposed area of gold and quartz  (0.38 cm 2). T he  cell 

was then sealed w ith parafilm in order to suppress solvent evaporation. The 

network analyser continued to record adm ittance  curves at regular intervals 

of 30 seconds th roughou t the loading of the crystal and for the following G 

hours, tracking the full sol-to-gel conversion. D ata  acquisition was halted 

overnight: the final ad m ittance  curve was measured the following day to 

record the final rheological s ta te  of the film.

All of the ad m ittan ce  d a ta  was initially recorded in HP basic: the d a ta  

was then  converted to a more versatile form (ASCII) using a conversion 

program , in readiness for p lo tting  and subsequent fitting procedures (section

4.4). Finally, a prelim inary  qualita tive analysis was undertaken to derive 

an approx im ate  gelation point from which to plan the duration  of EX A FS 

experim ents. T he  adm ittance  vs. frequency curves were plotted  as a function 

of tim e in order to observe an ab rup t change in their shape; this was taken to 

signify the  point of gelation (section 4.1). From this analysis, a conservative 

approx im ation  of the gelation point was 90 minutes.

4.3.4 D u al in s itu  Spectroe lec trochem ica l /  G ela tion  

Cell

A cell was designed prim arily  to facilitate the simultaneous in situ opera

tion of X-ray absorption spectroscopy and electrochemistry in non-aqueous 

electrolyte. The cell described in section 3.2.1 was not suitable for this p u r

pose because its m ajor com ponents (i.e. the front and back plates) were 

constructed from perspex, which cracks when in contact with m any organic 

solvents. This new cell conforms with all of the design criteria detailed in 

section 2.1.3. This cell served an added function of allowing most of the 

sol-gel process to be m onitored in situ using X-ray absorption spectroscopy.

The main features of this design are similar to those displayed by the
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F ig u re  4.3: Exploded back-to-front view of in situ X-ray absorption spec- 

troelectrochemical cell.

nickel hydroxide cell. For instance, its sloping windows facilitate operation 

in bo th  transmission and fluorescence modes, without the need for realign

ment. The cell may also be used in the energy dispersive mode for the rapid 

acquisition of time-resolved spectra. This thin-layer X-ray absorption spec- 

troelectrochemical cell (fig. 4.3) consists of a P T F E  block (8 x 5 x 1.6 cm 3) 

with a central cylindrical cavity (3.5 cm diameter, 0.8 cm depth) th a t  housed 

loose components such as electrodes, windows and gaskets. A hole passing 

through the full depth  of the cell provided the window openings through
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which the beam  traversed the cell. From the front view (not visible on fig

ure 4.3), the window opening slanted inward a t an angle of 45 °, tapering  

toward the window hole from an outside diam eter of 3.2 cm. This feature is 

a circular version of the slanted front window shown in figure 3.1, which also 

enabled dual operation  in the transmission and fluorescence modes. Three 

channels, which led from the top of the cell to the cavity accom m odated  

the elongated probe of the reference electrode, wires from both  working and 

counter electrodes and inlets through which electrolyte or purging N2 could 

be in troduced  via syringes.

T he  cell com ponents were shaped to fit tightly within the cavity of the 

assembled cell. From front to back, the first of these components was a 

mylar window (area 9 cm 2, 0.25 mm thick, Goodfellow) with a ~  2000 A 

thick evaporated layer of gold on its inside surface (electroactive area 6.2 

cm 2). This disc was held into place with a thin layer of silicone grease (Dow- 

Corning, Farnell) around the rim of the window, forming a leak-proof seal 

between the mylar and the cell. The second component was a fine gold mesh 

(0.06 m m  wire d iam eter, Goodfellow) working electrode, which connected to 

the gold-covered mylar disc in order to deliver an even current density across 

the thick, large area film held between the gold layers. The only break in this 

mesh was a le tterbox-shaped hole, which was necessary as the mesh would 

have obstruc ted  the  passage of the beam through the cell. Gold wire (0.5 m m  

diam eter, Goodfellow), th a t  encircled both  outer and ‘le tterbox’ edges of the 

mesh, provided a good contact to the w indow /W E and prevented the delicate 

mesh from fraying with repeated  use. This wire led out of the cell via one 

of the aforementioned channels. The next feature was a silicone o-ring (RS 

Components) with a small section cut out to avoid blocking the reference 

electrode channel. This o-ring separated working and reference electrodes 

and acted as a gasket to create a cavity for containing the electrolyte. A 

filter paper spacer (not shown in figure 4.3) lay against the o-ring to prevent 

contact between working and counter electrodes. The counter electrode was
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a ring of gold mesh, again edged with gold wire; this wire also extended 

through one of the drilled channels. A silicone gasket (1 m m  thick, cut from 

sheets, BD H /M erck) protected the counter electrode during compression of 

the main cell cavity to form a seal. Compression was achieved by gradually  

pushing in the detachable back window of the cell using a ring of plastic 

screws. The back window was constructed from P T F E  and the window hole 

(2.2 cm diam eter) was wider than  th a t  in the front window (as featured in 

the nickel hydroxide cell) to reduce scatter of the outgoing, divergent beam. 

A nother common feature with the previous cell was a sloping back window 

opening, which allowed the fluorescent mode beam to exit w ithout clipping 

the  window edges.

The projecting wires were sleeved to ensure effective sealing of the chan

nels through which they passed. The reference electrode port was sealed with 

a rubber gasket. An electrolyte volume of about 1 mL was contained within 

the  cell cavity, with a thin-laver width of ~  4 mm, once fully compressed. 

T he  assembled cell slotted neatly into a P T F E  mounting tray  and was held 

rigidly in place using a pair of long plastic screws (not shown in figure 4.3). 

T he  m ounting  tray  was attached  to an L-shaped metal bracket, which re

m ained  fixed to  the sample stage. These allowed the cell to be removed and 

replaced precisely to  its previous position. W ith  practice, the to ta l assem

bly tim e was approxim ately 10 minutes. A duplicate cell was constructed so 

th a t  experiments could be staggered over long timescales i. e. a film could be 

left to gel in one cell for several hours in preparation for an electrochemical 

experim ent while the o ther cell was being used for in situ XAS.

4.3.5 E X A FS M easurem ents

i) Standard Transmission EXAFS

Standard  transmission experiments generally followed the form at o u t

lined in section 2.1.4z. Three stable, high purity, powdered niobium oxycom-
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pounds, w ith varying Nb oxidation states, were used as reference samples: 

NbO (99.9 %, Aldrich), N b 0 2 (Aldrich) and Nb2Os (99.99 %, Aldrich). These 

reference samples were prepared as sta ted  in section 2.1.2. Each of the three 

ion chambers was filled with the appropriate Ar-Kr-He m ixture  for m easur

ing the Nb K-edge. Absorption spectra of a 15 //m thick niobium foil and 

the three reference com pounds were recorded on station 9.2 a t Daresbury, at 

the Nb K-edge (18986 eV) utilising a Si(220) double crystal monochrom ator, 

recording as a function of angle, with a step size of ~1  mdeg in the pre-edge 

and XANES regions, and in k-space, with a step size of 0.05 A -1 in the EX 

AFS region, to talling abou t 20 minutes per spectrum. The EXAFS of these 

spec tra  ranged from abou t 3 to 15 A -1 .

fill holes

mylar
window

cell
cavity

F ig u re  4.4: Plastic cell for EXAFS measurements of sol.

XAS spectra  of the sol were also recorded in the s tandard  transm ission 

mode. The sol was contained in a sealed plastic cell, commonly used to 

hold liquid samples (fig. 4.4). This cell had mylar windows a ttached  with 

silicone sealant. The cavity of the cell was 1 mm thick and contained 0.7 inL 

of sol. The original beam width of 1 cm was reduced by a few millimetres 

to give adequate clearance to the beam at the edges of the window (10 x
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7 m m 2). After an initial series of 5 spectra, the seal on the fill holes was 

removed and one spectrum  was recorded every 15 minutes for the  next three 

hours. It was though t th a t  opening the cell would have introduced enough 

m oisture to in itia te  gelation. However, the fill holes were small, reducing the 

exposed area of sol; this may have been advantageous in slowing the ra te  of 

hydrolysis to  a timescale more compatible with transmission measurements. 

These m easurem ents  were m ade in order to account for slowly-developing 

changes occurring during the early stages of the sol-gel process. Also, in 

order to  take full advantage of the low noise level offered by this configuration 

(resulting from relatively long acquisition times), the gelation of a partia lly  

gelled niobium oxide film was monitored over 6.5 hours. A longer version 

of this experim ent was performed in the energy dispersive mode, so a more 

detailed description of the procedure is given the following part.

ii) Energy Dispersive EXAFS

T he  samples used for these X-ray absorption measurements were essen

tially scaled-up versions of those used during crystal impedance experiments; 

this is because a greater sample area was required by XAS. In order to 

achieve an equivalent film thickness on a larger scale, the same ratio  of elec

trode  area to sol volume used for crystal impedance (Cl) experiments was 

applied here (i.e. A(ci) =  0.38 cm 2 and VJci) =  0.03 mL, so X(Ci) =  0.08 cm; 

^ (e x a fs )  =  9 cm2 and C (EX a f s ) =  0.7 m L,so x (EXa f s ) =  0.08 cm). F irst, an 

up tu rned  gold-covered mylar disc W E, placed horizontally onto the sample 

m ount of a C am m ax Precim a spin coater, was held in place by the suction 

provided by a d iaphragm  pump. 0.7 mL of lithiated, acid-catalysed sol was 

ex tracted  from the sample tube using a 1 mL syringe, as described in sec

tion 4.3.3. The sol was then quickly deposited onto the disc. A large beaker 

was placed over the sample in order to recreate the sealed, humidified envi

ronm ent of the QCM cell (fig. 4.2), and the film was left to gel partia lly  for 

15 20 minutes; this is the main difference between the crystal im pedance and
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EX A FS experiments. Slight solidification of the film was necessary for it to 

be adherent enough for placement in a vertical position for energy dispersive 

EXAFS. However, it was shown in part i th a t  the initial stages of gelation 

were indeed m onitored in transmission mode. After about 15 minutes, the 

reasonably solid, even, gel-like, translucent film was placed into the spectro- 

electrochemical cell, which was assembled w ithout the other electrodes and 

other  com ponents  to save time (< 5 minutes). The duration for initial so

lidification and cell assembly was well within the approxim ate gelation time 

of an equivalent film, which was 90 minutes (derived in section 4.3.3). The 

electrode channels were sealed using parafilm and the cell was fixed to its 

m ounting  trav  on the sample stage.

Energy dispersive spectra  were recorded on station 9.3 at D aresbury Lab

oratory, using the ins trum entation  detailed in section 3.2.3Hi. A 15 pm  

thick Nb foil was used to calibrate the energy scale between experiments. A 

sum m ed set of 5(5000 x 2.5 ms) scans comprised each raw spectrum  (5000 x 

2.5 ms per scan, 5 scans per spectrum ), totalling an acquisition time of under 

2 m inutes per spectrum , including dead-time. A shorter integration tim e was 

necessary for these measurements, compared to the nickel hydroxide scans, 

because the  photon  energy was greater; any longer than  2.5 ms sa tu ra ted  

the detector. The energy range of the white beam was typically abou t 18800 

to  20000 eV, resulting in EXAFS th a t  ranged from about 3 to 13 A - 1 . One 

spec trum  was recorded approxim ately every 2 minutes for the first 2 hours, 

then  a t  increasing intervals for the next 8 hours. This sequence of m easure

ments provided time-resolved coverage of the sol-to-gel transform ation  and 

any subsequent changes associated with ageing of the gelled film. This  rel

atively fast technique was especially suited to recording the ab ru p t changes 

associated with the point of gelation. The complete' sol-to-gel conversion was 

therefore monitored by recording good quality XAS spectra  in both  energy 

dispersive and s tandard  transmission modes.

After over 8 hours, the film was assumed to have gelled; th a t  film was 

then used for electrochemical experiments. All of the electrodes and other
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com ponents were arranged in the cell and the cavity was filled w ith  a degassed 

solution of 0.1 M lith ium  perchlorate (LiClCb, >  99%, Fluka) in anhydrous 

propylene carbona te  (99.7 %, Aldrich). All po tentials s ta ted  in th is chap ter 

are given w ith respect to  a sa tu ra ted  calomel electrode (SCE). T he film was 

overcharged at, the negative lim it of its CV i.e. a t -1.2 V for 1 hour, during  

which the cu rren t increased slowly toward zero. The film was then  discharged 

at the  positive CV lim it of +0.5  V. EDE spectra were taken th roughou t bo th  

overcharge and the subsequent discharge in order to record sim ilar changes 

to  Nb environm ents and valency to those displayed by the nickel hydroxide 

electrode.

Hi) Quick and Fluorescence EXAFS

No colour change was observed during the one hour overcharge under

taken for energy dispersive m easurem ents, so overcharge was repeated  over 

a longer tim escale and spectra  were recorded using the quick-scanning tra n s 

m ission m ode (quEX A FS). The acquisition tim e for quEX A FS was longer 

th a n  ED E, a t 5 m inutes per spectrum . As w ith s tandard  transm ission m ea

surem ents, quEX A FS spectra  were also recorded on beam line 9.2 a t Dares- 

burv. P reviously gelled films (over 3 hours old) were overcharged a t various 

negative po ten tia ls  i.e. -1.5, -1.2 and -0.5 V vs. SCE for several hours, in

ducing colour changes (observed by eye). The films were then  discharged a t 

e ither + 0 .5  or 0 V. Q uEX A FS spectra  were recorded continually in order 

to  m onitor the s tru c tu ra l evolution accom panying the reduction of niobium  

ions th a t was signalled by the colour change. P rior experience of com bined in 

situ EXAFS and cyclic voltam m etry  of nickel hydroxide films (section 3.5.2) 

dim inished expectations of s truc tu ra l changes w ithin a voltam m etric  cycle. 

As a result, experim ents such as those described in section 3.2.3ii, w here the 

po ten tial was held (for spectral acquisition) a t several points around a CV, 

were not a ttem p ted  for th is system . Instead, spectra  were recorded while 

films were repeatedly cycled between either lower lim its of -1.5, -1.2 and -0.5
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V and upper lim its of +0.5  and 0 V a t various scan rates for several hours, in 

order to  investigate the s tru c tu ra l im plications of the poor cycling durab ility  

often reported  for am orphous films w ithout heat trea tm en t.

The fluorescence mode, being more sensitive than  transm ission, was used 

to record in situ spec tra  of sim ilar electrochem ically-m odified sam ples for 

com parative reasons. Also, fluorescence m easurem ents were necessary when 

m onitoring  th in  electrochem ically-m odified films (deposited from 0.35 mL 

of sol). T h in  films were used in order to  increase the likelihood of reduc

ing all Nb ions present. All fluorescence spectra were recorded in the dual 

transm ission/fluorescence m ode (w ith the additional m onitor spectrum ).

An experim ent, in which a film was overcharged for over 12 hours, was 

also perform ed, inducing a deep colour change. Ex situ fluorescence spec tra  

of th is and o ther highly coloured films were measured to m axim ise the signal 

from  the film and m inim ise background absorption by the dense, viscous elec

tro ly te . The electro lyte-dam p films (still attached  to their A u /m y lar W Es) 

were removed from the cell and sandwiched between m ylar discs; the edges 

were sealed w ith sellotape to  preserve the dam p environm ent, and each film 

was positioned in a sam ple clam p so th a t the beam  im pinged on the  darkest 

region of the  film. It was thought th a t the identification of slight s tru c tu ra l 

changes in am orphous sam ples was likely to be difficult, so the beam  was 

d irected  a t the region m ost obviously affected by electrochem ical reduction. 

T he fifteen m inute long fluorescence spectra were also recorded on s ta tio n

9.2, m aking use of a C anberra  m ulti-elem ent solid s ta te  detector. Each series 

of fluorescence spectra  was punctuated  by the m easurem ent of short 2 m inute 

transm ission spectra  recording the XANES region only, specifically for the 

precise identification of edge shifts, which could be confirmed by th e  Nb foil 

calib ran t and the th ird  ion cham ber. Therefore, these sam ples were always 

placed in the dual transm ission/fluorescence position.
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4.4 D ata Analysis

4.4.1 A nalysis of XAS S p ectra

S pectra  of the reference com pounds, Nb foil and niobium  oxide films were 

calib rated , background sub trac ted  and normalised using the s tan d ard  proce

dures detailed  in section 2.2. Energy dispersive spectra were calib rated  using 

the D aresburv program  P roclS . W hen possible, successive spec tra  from an 

otherw ise s ta tic  sam ple were sum m ed to  improve the signal-to-noise ratio . 

As usual, the absorp tion  edges of all spectra (apart from Nb foil) were nor

m alised to  half way up the first post-edge oscillation (i.e. to  the top  of the 

edge, excluding the w hite line). As the m etal foil has no appreciable w hite 

line, these were norm alised to  the apex of the absorption edge. Edge po

sitions of bo th  sam ples and m onitors (recorded sim ultaneously w ith m ost 

sam ple spectra) were then  determ ined from the energy corresponding pre

cisely to  a norm alised absorbance of 0.5 (section 2.2.3). Edge shifts (sam ple 

edge m inus corresponding m onitor edge) were then calculated to account for 

errors caused by slippage of the m onochrom ator stepper m otors. This cor

rection  was achieved by sub tracting  the edge position of the corresponding 

m onito r spectrum  from th a t of the sample, as detailed in section 2.2.3. The 

use of each sp ec tru m ’s corresponding m onitor was v ital to  the  accurate  de

te rm in a tio n  of edge shifts because successive m onitors were always in slightly 

different positions (usually ± 0 .1  eV).

All of the d a ta  for this system  was collected over four 2 or 3 day sessions, 

spread over five m onths; an additional energy correction was therefore nec

essary to  enable the com parison of normalised spectra  recorded on different 

beam lines or sessions (see section 2.2.3). The energy difference between the 

position of a m onitor and the principal reference Nb foil (m easured in the 

s tandard  transm ission mode as a reference sam ple), was a d d ed /su b trac ted  

from the energy scale of the m on ito r’s corresponding sam ple spectrum , so 

th a t the sam ple edge corresponded to aligned foil edges. This ad ju stm en t
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ensured th a t  figures such as 4.12 and 4.13 portrayed true  edge positions and 

shifts, regardless of the  sta tion , beam  position or experim ental configuration.

D aresbu rv ’s EXCURV98 program  was then used to  fit the spectra . D ur

ing d a ta  fitting, the  EX A FS from films was trunca ted  a t krnax =  13 A -1 

because the  EX A FS oscillations produced by m ost sam ples (even some s ta n 

dards) ceased relatively soon after the XANES. As a result, the far EX A FS 

region (>  400 eV past the  edge) of film spectra (especially th in  films) were 

dom inated  bv noise when k3 weighting was applied. Instead, only k2 w eight

ing was ap p ro p ria te  for these spectra. Such a lack of fine s truc tu re  is usually 

displayed by m ateria ls  th a t are am orphous beyond the closest coordination  

shells. Consequently, only the first two N b -0  and Nb-Nb distances (up to 

2 split shells, < 4  A) could be reliably fit. E x tracted  coordination num bers 

having errors g reater th an  the fitted  value were considered insignificant, so 

the  fit was repea ted  w ithou t inclusion of th a t shell. F its to m any com bi

nations of d is to rted  and regular shells, w ith varying coordination num bers 

were a ttem p ted  for each spectrum . Only the best fits, w ith  the  lowest fit 

index, and  m ore im portan tly  the m ost physically sound struc tu res are pre

sented in section 4.5. Also, once certain  shells were deemed significant, the 

coord ina tion  num bers from ex situ dual quEX A FS/flEX A FS sp ec tra  of th in  

films were set to  integer values to  aid reproducibility of fitting  because the 

signal-to-noise ra tio  of single spectra  was relatively low (as w ith the nickel 

hydroxide system , section 3.3).

4.4.2 A nalysis of A d m ittan ce  D ata

A sim ple qualita tive analysis of the adm ittance vs. frequency curves (section 

1.3.3), m easured during  the niobium  oxide sol-gel process, was ou tlined  in 

section 4.3.3, and will be expanded in the Results section. As s ta ted  in section 

1.3.2, quan tita tive  analysis of the adm ittance d a ta  enables the evaluation of 

bo th  equivalent circuit and physical param eters, which provide inform ation
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ab o u t the rheological s ta te  of the film.

Referring to  th e  equivalent circuit model shown in section 1.3.4, the  first 

of the  unknown circu it elem ents (relating to the film) are its resistance R x 

and inductance L x. These were evaluated com putationally  using the  ite ra 

tive program  Newqcm [45], which separated  and modelled real and im aginary  

con tribu tions to th e  com plex electrical load im pedance of the crystal w ith  an 

a ttach ed  layer Z e (eqn. 1.28). This procedure modelled the circuit elem ents 

perta in in g  to  the  film i.e. R x and Lx (equations 1.34, 1.35 and 1.37), so 

the  con tribu tions m ade by the  bare, unloaded crystal i.e. R 0, L0 and  Co, 

recorded during  the in itia l stages of d a ta  acquisition, were sub trac ted  from 

Z e - These values were also used to  calculate the electrical load im pedance 

of the  bare crystal Z eo, which relates to the measured adm ittance  via Z E in 

equations 1.28 and 1.31. The d a ta  from each consecutive adm ittance  curve 

was m odelled in th is way, so the energy loss and mass change characteris

tics (via R x and L x, respectively) th roughout the full sol-gel transfo rm ation  

were p lo tted  as a function of tim e, thereby m apping the changing rheological 

behaviour of the film.

As w ith  all fitting  program s, the difference between experim ental and re

construc ted  d a ta  was m inim ised. For the purpose of ex tracting  these equiv

alen t c ircu it param eters, the rheological natu re of the film i.e. the value of 

* [i.e. the  type of film, see pages 43-44) was irrelevant, only the  d istinction  

betw een the  layer and the quartz  was im portan t. The classification of the 

film type was the purpose of the  next stage in d a ta  analysis.

The layer type was determ ined using another iterative program , w ritten  

by H. B andey called A sciil4  or M iracle [45]. This program  m odelled values 

for the  physical param eters appropria te  to the type of layer(s). These phys

ical quan tities constitu te  the surface mechanical im pedance of the layer, Z x, 

which contribu tes to  the m easured adm ittance via equations 1.30, 1.28 and 

1.31. For exam ple, figure 1.21 shows th a t the relevant param eter for a single 

finite ideal mass layer is its areal density m i, the product of its thickness x\

138



and density  p x (equation 1.33). W hen the model considered consists of an 

ideal mass layer plus a semi-infinite Newtonian fluid (fig. 1.22), the  thickness 

of the  liquid layer is un im portan t, bu t the areal density of the ‘so lid’ layer, 

together w ith the density  and viscosity of the fluid (p2 and r;2, respectively) 

are fitted  (eqn. 1.36). For the model consisting of an ideal mass layer plus a 

finite viscoelastic film, again the  areal mass of the ideal mass layer and the 

density, thickness and  shear m oduli (both  storage, G' and loss, G") of the 

viscoelastic overlaver are ex tractab le  quantities (equations 1.38 to 1.41). It 

follows th a t the thickness of any ‘sem i-infinite’ layer is not m easurable.

Several perm utations to the kind of model applied were perm itted , i.e. 

finite and sem i-infinite versions of up to three types of layer, in series, w ithin 

one model. A p articu la r model was chosen and the phase and am plitude of 

the  adm ittance  d a ta  was reconstructed  according to  the appropria te  term s for 

th a t  model. If the m odel chosen was incorrect, no convergence of experim ent 

and  theory  was achieved. Only fits displaying the lowest fitting  error after 

5000 ite ra tions are presented in the Results section.

4.5 Results

4.5.1 C h arac te risa tio n  of N iobium  Oxide F ilm s

T he shape and peak position of in situ cyclic voltam m ogram s (fig. 

4.5), recorded during  XAS experim ents were highly characteristic  of the 

w ell-docum ented N b5+ ^  Nb4+ redox conversion of am orphous N b2Os in 

L iC104/p ropylene carbonate  electrolyte. D istortion of in situ CVs, as a 

result of non-ideal film thickness and electrode placem ent was slight; th is 

dem onstrates the success of the electrode configuration in th is cell design. 

O nly a pale reversible colour change was observed during a vo ltam m etric  cy

cle, bu t prolonged cathodic charging (overcharge) for over 90 m inutes (Q >  

3.0 C) resulted in colouration where the film appeared dark  brown, alm ost
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black. This co louration did not reverse upon discharge (at an anodic p o ten 

tia l), b u t persisted  for over 12 hours, even when the film was removed from 

the  electrolyte. Features characterising the CVs becam e less d is tinct and the 

overall charge w ith in  each CV fell slightly w ith each successive cycle, im 

plying poor sh o rt-te rm  cycling durability, frequently reported for am orphous 

films [93].
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Figure 4.5: Typical cyclic voltammogram of a gelled niobium oxide film 

(on Au/m ylar substrate) exposed to 0.1 M LiClCV in propylene 

carbonate. Potential scan rate 20 mV s-1 .

F igure 4.5 shows th a t typical cyclic voltam m ogram s display a characteris

tically  asym m etric form, in which the m agnitude and position of the  cathod ic 

peak are not m atched by the anodic feature. This asym m etry  resu lted  from 

the unfo rtunate  reduction of traces of water, as m entioned on page 115. 

M oisture could not be elim inated from the films as its in troduction  was es

sential to  in itia te  gelation. Consequently, any residual w ater would have been
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reduced alongside niobium  ions. Following gelation, it was not possible to 

elim inate m oisture from the films by heat trea tm en t because the  m ylar sub

s tra te  could not w ith stand  the high tem peratu res necessary for calcination. 

Also, such electrochem ically thick films (necessary to produce a good edge 

step) would have cracked and fragm ented a t high tem peratu res. In any case, 

electrochem ical and X-ray investigations resulted from the viscoelastic study, 

which took place a t room  tem peratu re , so a viable com parison of sam ples 

could no t be m ade if some were heat treated.

T he calcu la ted  Nb edge step  for a 15 /rm thick Nb foil (A/z =  1.0, equation  

1.21), where A o  — 6 .8 x l0 3 cm 2 m ol-1 [7] and C  =  0.1 mol cm -3 , resulted 

in an edge step  th a t was consistent w ith the observed edge steps of Nb foil 

m onitors m easured in transm ission modes (standard  and quick, A fi ~  1.3). 

For the  reasons s ta ted  in section 2.2.6, this calculation was unsuccessful when 

applied  to  foils m easured in the energy dispersive mode, so no fu rther edge 

step  calculations were a ttem p ted  using ED E spectra. W ith  respect to  gelled 

n iobium  oxide films, w ith transm ission edge steps of In =  0.2 (figure 

4.6a), film thickness could not be calculated using the cathodic charge passed 

du ring  a vo ltam m etric  cycle (equation 1.21) because only a fraction of the 

available sites were reduced during a cycle, either due to the thickness of the 

film (as w ith  nickel hydroxide) or to  parasitic side reactions. T he calculation 

was a ttem p ted  using the cathodic charge passed during the 90 m inute over

charge of a film a t -1.5 V (Q =  3.0 C, T =  5.0 /zm olcm -3), wrhich resulted  in 

a deep colour change (im plying the redox conversion of a t least a significant 

p roportion  of available Nb sites). This calculation also was unsuccessful i.e. 

calculated  and m easured edge steps were not consistent, probably  because all 

of the  charge passed is not a ttr ib u tab le  to the reduction of Nb ions; therefore, 

no fu rther characterisa tion  of the films using electrochem ically-derived term s 

such as Q  or T will be made.

Instead, the thickness of a gelled niobium  oxide film was estim ated  by as

sum ing its density of niobium  sites is half way between th a t of the  sol and  the
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crystalline solid. Using equation 1.21, the m easured edge step (A /i  =  0 .3) and 

the known sam ple thickness of the sol in the solution cell (1 m m ) were used to  

calculate the concentration  of Nb sites in the sol (C  =  4.4 x 10-4 mol cm -3 ). 

Using the relative atom ic mass of Nb, a Nb density of 0.04 g e m -3 was cal

culated . T he density  of N b205 powder is 4.5 g e m -3 , w ith a Nb density  of

3.2 g e m -3 , so a p a rtia l density of 1.6 g e m -3 was derived for the gel. Using 

equation  1.21, where C  =  0.02 mol cm -3 and the m easured edge step  was 

A fi =  0.2, a film thickness of x  =  14.7 //m was calculated. This thickness 

m ust be equivalent to  x x for the crystal im pedance experim ent because the 

sam e area-to-volum e ra tio  of sol was applied to both  experim ents, bu t the 

thickness quoted on page 132 is abou t 50 tim es greater than  th is estim ate. 

T he discrepancy arises from the fact th a t the thickness calculated using the 

edge step  accounts solely for the am ount of niobium  present in the  film, 

w hereas the values given on page 132 were calculated using the to ta l volume 

of sol applied to  the Q C M /m ylar disc. This factor accounts for the discrep

ancy between thickness values. These calculations com pensate for the  lack 

of reliable d a ta  from electrochem ical m easurem ents.

4.5.2 M on ito ring  th e  Sol-Gel C onversion of N iob ium  

O xide F ilm s using C rysta l Im pedance

As explained in section 4.3, the  conversion of a layer of sol to  a gel and  per

haps a rigid solid was m onitored using both  crystal im pedance, focussing on 

rheological changes, and EXAFS, identifying short-range s tru c tu ra l changes. 

The form er technique was the initial stim ulus for subsequent s tru c tu ra l in

vestigations, so these results are presented first.

F igure 4.7 shows the adm ittance  curves as a function of tim e for the 

com plete liqu id-to-‘solid’ conversion. Even though a curve was recorded every 

30 seconds, the curves in figure 4.7 are p lo tted  a t 5 m inute intervals for clarity. 

A change to bo th  the position and am plitude of the peaks are evident as
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F igure 4.7: Admittance vs. frequency curves as a function of time for the 

sol-to-gel transformation. Circles indicate the point of gelation.

gelation  proceeds.

T he unloaded crystal displays the sharp adm ittance curve th a t is charac

te ristic  of a rigid solid. Once the crystal was loaded w ith sol, the resonant 

frequency decreased slightly (but significantly) in response to  the m ass and  

viscosity of the liquid, im plying either a liquid th a t is not fully d issipative 

(i.e. a Maxwell as opposed to a N ew tonian fluid), or perhaps a sm all q u an tity  

of the  sol was en trapped  w ithin rough features a t the surface of the  crystal, 

creating  a pseudo ideal mass layer, the rest of the liquid (if a N ew tonian 

fluid) being effectively ‘invisible’ to  the m icrobalance. The frequency then
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F ig u re  4.8: a) Inductive reactance and b) film resistance as a function of 

time for the sol-to-gel transformation. Dashed lines indicate 

the point of gelation.
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continued  to  decrease and the curves to broaden w ith tim e. T he negative fre

quency shift reflects the  increasing mass exerted on the  resonator as a resu lt 

of increasing film viscosity. The concurrent loss of am plitude and increase in 

peak  w id th  are characteristics of a viscoelastic m aterial, in which the  pene

tra tio n  d ep th  of the  shear oscillations is greater than  in the liquid, resu lting  

in m ore extensive dissipation  of the waves. These trends reverse a t ab o u t 100 

m inutes, as ind icated  in figure 4.7, where the m agnitude of the adm ittan ce  

begins to  rise s tead ily  and the frequency shifts in a positive direction. T he 

in s tan t corresponding  to  th is reversal indicates the point of gelation, where 

th e  film transfo rm s from a liquid-like m aterial to  one w ith elastic properties. 

B eyond the  po in t of gelation, the decrease in mass is probably due to the 

expulsion of solvent from the  pores as the film hardened (equation 4.3). Af

te r 4085 m inutes, the  am plitude of the final adm ittance curve was roughly 

a q u a rte r  of the  original value (i.e. the reference peak of the bare crystal), 

suggesting  the  film did not become a rigid solid, bu t ra th e r a viscoelastic 

solid; th is  m ust be confirm ed by m odelling the layer type.

T he resu lts  derived from the adm ittance  curves are corroborated  by the 

m odelled inductive and resistive circuit elements p lo tted  in figures 4.8a and 

b, respectively. In figure 4.8a, the inductive com ponent of Z el is p lo tted  as 

inductive reactance ujL x (in kf7, as opposed to Lx in /rH) for com parison w ith  

th e  un its  of the  resistive com ponent R x. This plot resembles the inverse of 

th e  frequency shift as a function of tim e (fig. 4.9). This is not surprising since 

inductance as well as frequency are affected by the kinetic energy associated  

w ith  the  synchronous movem ent (i.e. coupling) between film and quartz , thus 

representing changes in the inertial mass of the film as gelation proceeds. 

T he inertial mass of the film rises rapidly w ith increasing liquid viscosity 

and reaches an ab ru p t peak a t 101 minutes, signifying the poin t of gelation. 

Beyond th is point, the mass drops steadily  as the film dries, before levelling 

out.

A very sim ilar gelation point is also indicated by film resistance in figure
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F ig u re  4.9: Resonant frequency shift as a function of time after loading 

crystal, where the resonant frequency corresponds to maxi

mum adm ittance of each admittance curve displayed in fig.

4.7 (A / =  / Am -  /o, eqn. 1.23).

4.8b, which dem onstra tes energy loss as a function of time. For the  first 50 

m inutes, the  energy dissipation of the film fluctuates abou t the in itia l region, 

followed by a steep increase, which slows for about 20 m inutes before again

rising sharp ly  a t abou t 90 m inutes and peaking a t the gelation po in t (99.5

m ins). This sharp  increase in resistance coincides w ith the increase in inertia l 

m ass and the concurrent decrease in bo th  resonant frequency and ad m ittance , 

reinforcing the viscoelastic behaviour in terpreted  from the previous plots i.e. 

th a t  more extensive shear wave deform ation takes place in th is region, as the 

crystal ‘experiences’ more of the film due to the increase in coupling w ith  

rising film viscosity. A sudden, steep drop in resistance subsequently  occurs 

after the  gelation point, as the film solidifies and becomes m ore elastic {i.e.
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increasing energy storage as opposed to  loss), rem aining constan t a t its lowest 

value for the rem aining tim e. The precise point of gelation is not im m ediately  

obvious sim ply by observing the adm ittance curves and frequency shifts; 

the  ex trac tion  of equivalent circuit param eters was therefore essential to  the 

accu ra te  evaluation  of th is transition  point.

T im e

(m ins)

M easured

A /

(MHz)

Sauerbrey 

Derived A /  

(M Hz)a

A /  Derived 

from eqns. 

1.43 & 1.44 

(MHz)

A /  Derived 

from eqn. 

1.45 (MHz)

5 -0.0026 -0.52 -0.0027 -0.0017

50 -0.0141 -0.52 -0.0142 -

100 -0.0157 -0.52 -0.0158 -

125 -0.0124 -0.52 -0.0124 -

160 -0.0113 -0.52 -0.0114 -

320 -0.0103 -0.52 -0.0104 -

4085 -0.0095 -0.52 -0.0097 -

a Using estimated Am x

T ab le  4.1: Measured and calculated values for frequency shift A /  at sig

nificant times during gelation.

Table 4.1 shows m easured frequency shifts and the value calculated by 

apply ing  the  Sauerbrey equation (eqn. 1.23) to the difference between the 

estim ated  areal m ass of sol and gel, assum ing th a t niobium  contribu tes 

m ost to  the areal density, where p2 =  0.04 g e m -3 , p3 =  1.6 g e m -3 , x x =

14.7 /zm, A m x =  2 .29x lO -3 g e m -2 and f 0 =  9.9976 MHz. As expected, the 

Sauerbrey-derived value for A /  is much greater than  the m easured values 

because much of the kinetic energy of the shear oscillations is lost to  the 

thick, non-rigid film; so only the mass exerted by the film caught w ith in  the 

short penetra tion  dep th  of the waves actually  produces a frequency shift. 

Table 4.1 also shows the frequency shifts calculated by applying equations
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1.44 and  1.45 to  fitted  values of L x and p2p2, where L0 =  9.09 mH. It is 

ev ident th a t  the  sim ilarity  between all m easured frequency shifts and those 

calcu la ted  using equations 1.43 and 1.44 (which apply to all types of layer 

and  all except for pure N ew tonian fluids, respectively) is far g reater than  

those derived using eqn. 1.45, which applies to  Newtonian fluids only, even 

at / =  5 m ins when the  sol was applied to the crystal. These results th e re 

fore' show th a t  the  film is never a rigid, Sauerbrey-type, ideal solid or a pure 

N ew tonian  fluid, so A /  from the sol is either produced by a pseudo ideal 

m ass layer plus N ew tonian fluid or a Maxwell fluid.

T im e Stage M odel Extracted Param eters

(m ins) G'3 (104 G'i (104 Ps p2r]2 (10 3

dyne cm"~2) dyne cm -2 ) (g em -3 ) g2 cm -4 s-1 )

5 sol added IML +  SINF - - - 7.29

50 pre-gel p t. IML +  SIVL 16.3 28.6 0.80 -

100 gel p t. IML +  SIVL 32.3 20.4 0.82 -

125 post-gel pt. IML +  SIVL 1.34 2.42 1.14 -

160 post-gel pt. IML +  SIVL 2.10 2.11 0.90 -

320 post-gel p t. IML +  SIVL 0.53 6.83 0.93 -

4085 end IML +  SIVL 0.61 9.18 0.83 -

T ab le  4.2: Models applying to niobium oxide film at significant stages dur

ing gelation. Model description IML =  ideal mass layer, SINF 

=  semi-infinite Newtonian fluid and SIVL — semi-infinite vis

coelastic layer.

C onfirm ation th a t the film never behaved as an ideal rigid solid was 

achieved by fitting  the layer type. Figure 4.10 shows the fitted  am plitude 

and phase of sub trac ted  adm ittance curves (minus the con tribu tion  of the 

crystal). G ood correlations between experim ent and theory are evident from 

the overlapped curves, especially a t the am plitude m axim a and the inflection
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po in t of the  phase angle. W hen fitting  the adm ittance d a ta  to  ex trac t val

ues for physical param eters, different models of the layer type applied to  the 

rheological s ta tes  of th e  film. For instance, table 4.2 shows th a t the  m odel 

“ideal m ass layer +  sem i-infinite N ew tonian fluid” fitted the d a ta  a t 5 m in

utes, w hen the crysta l was newly loaded with sol. The m odel “ideal mass 

layer +  sem i-infinite viscoelastic layer” was successfully applied to  the gelling 

him  at 50 m inutes, fitting  to  th a t model until the end. Table 4.2 and  figure 

4.11 show th a t a sharp  decrease to bo th  storage and loss m oduli occur a t the 

gelation  poin t. However, com paring storage to loss m oduli indicates th a t a 

tu rn in g -p o in t, w here the  him  transform s from a m aterial w ith dom inating  

liquid-like characteristics, i.e. g reater energy loss than  storage (G" >  G"), to 

a m ain ly  elastic him  {G" <  G') does not occur a t any stage.

1E7 -=■

1000000

^  CD c d  O

£  8 o° 
•  •  •10000
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F ig u re  4.11: Film storage (filled circles) and loss (open circles) moduli, 

derived from the model “ideal mass layer +  semi-inhnite vis

coelastic layer” .
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4.5.3 M onito ring  th e  Sol-Gel Conversion of N iobium  

O xide Film s using X-ray A bsorption  Spectroscopy
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F ig u re  4.12: Normalised transmission mode Nb K-edge XANES of refer

ence materials, together with those of sol and gelled films.

In term s of X -ray absorption spectroscopy, in particu lar XANES, d a ta  

for the  s tandards (figures 4.12 and 4.13) show th a t the Nb K-edge progres

sively shifts in a positive direction in response to  an increase in valency. In 

fact, an average edge shift of 1.43 eV per unit change in valency is evident. 

However, this value does not suggest the form of the relationship between 

edge position and oxidation state. It can be seen th a t the d a ta  points fit 

to  a curve (second order polynom ial), the steepest gradient (i.e. the g reat

est energy separation) being between Nb4+ and Nb5+, the curren t range of 

interest, where the edge positions differ by 1.8 eV. Also, m ost of the Nb 

edges have a curved shape, bending to  either a negative or positive direction 

around the m id-point (i.e. NbO or N l^O s, respectively). As the  edge posi-
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tion  is m easured a t the  m id-point {i.e. y — 0.5), th is curving accounts for 

the  non-linearity  of the  calibration curve {i.e. the separation  between the 

edges is no t equal).

ref-Nt>20 5

8 —

sol>
CD 6  - - gelled

filmx:co
CD 4 —
CDT3<DI
X3 2 —
Z

overcharged
film

NbO

Nb foil
0 —

2 3 4 510

Formal Nb valency

F ig u re  4.13: Calibration curve defined by 2nd order polynomial fit to Nb 

K-edge shifts of standards (dots) at various integer valences. 

Edge shifts of sol and films (stars) are aligned with the cal

ibration curve. Only transmission mode data is presented. 

Error bars represent 95 % confidence levels.

T he valency of niobium  in bo th  sol and gel was determ ined using a cal

ib ra tion  curve (fig. 4.13), analogous to  th a t used for the nickel hydroxide 

system  (fig. 3.6), where the standards, which were assum ed to  possess a 

known form al integer valency for niobium , were used to  define the ca lib ra

tion curve. The edge shifts of the sol and films were then  aligned w ith  the 

curve in order to determ ine the oxidation s ta te  of niobium  w ithin  these sam 

ples. The precise, corrected edge shifts of bo th  sol and gel are listed in tab le
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4.3. W hen com paring edge shifts, differences less th an  usual m axim um  en

ergy separation  between d a ta  points w ithin a spectrum . A significant edge 

shift was identified between sol and gel; these edge shifts correspond to  Nb 

valences of 4.7 and  4.4, respectively. However, these spectra  were derived 

from  sep ara te  sam ples, i.e. one spectrum  was measured from a liquid-phase 

sam ple contained  w ithin  the appropria te  cell, the other being a pre-gelled 

th in  film (half usual thickness) in the spectroelectrochem ical cell. These 

edge shifts were derived from experim ents not originally intended to  m onitor 

gelation . T he edge shift of the sol is indeed confirmed because preceding 

and  subsequent spec tra  m easured from the same static  sam ple gave identi

cal edge shifts, b u t there were no preceding spectra to the gelled film, and 

subsequent sp ec tra  gave no significant edge shift, so it cannot categorically 

be s ta te d  th a t  a decrease in edge position accompanies gelation, especially 

since the  experim ents specifically designed to m onitor gelation [e.g. ED E 

m easurem ents) failed to  reveal any changes whatsoever.

F igure 4.12 shows th a t bo th  sol and gel edges have sim ilar shapes, 

closely resem bling th a t of ref-N b20s. These edges are broad, stradd ling  

N b4+ and  N b5+ positions, suggesting th a t Nb ions exist in a com bination 

of ox idation  sta tes , the  edge position representing the average valency, which 

is dependen t on the  proportion  of each sta te  in the sample. Therefore, th is 

oxide is very different to  nickel hydroxide (section 3.5.1). No changes to  ei

th e r th e  appearance of pre-edge features or to the height of the edge step  or 

w hite line were evident th roughout gelation, so the point of gelation could 

not be identified from XANES.

A nalysis of the EXA FS derived during energy dispersive experim ents and 

s tan d ard  EXAFS, where a liquid-phase sample and a partia lly  gelled film 

(~  20 m ins old) gelled over several hours (sections 4.3.5i & ii, respectively) 

revealed no significant changes to short-range s tructu re  to accom pany the 

previously described rheological development. In fact, the s tru c tu re  of the 

sol, derived from transm ission mode m easurem ents (section 4.3.5i) was in-
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Sam ple Edge Shift (eV) Formal Nb Valency Derived Nb Valency

From From

edge mean

shift R(Nb-O)

S ta n d a r d s

Nb foil 0 0 - -

NbO +  1.95 2 -

N bO  2 +6.18 4 -

ref-N l^O s +8.87 5 - -

S o l &; F i lm s

sol +8.0 - 4.7 4.9

gelled film +7.2 - 4.4 4.9

overcharged +6.2 - 4.0 4.8

film (ex situ)

T ab le  4.3: Information obtained from Nb K-edge XANES and EXAFS fits 

for standards, sol and films.

d istingu ishab le  from  th a t  of the  gel, even in term s of Debye-W aller factors, 

w hich were expected to  dem onstrate  the m ost significant m odification from 

liquid to  gel. It follows th a t no significant changes to any spectra l features 

or fitted  param eters  occurred during the early stages of gelation, when the 

cell contain ing  sol (fig. 4.4) was opened to  in itia te  gelation. However, the 

filling holes may have been too small to allow the in troduction  of sufficient 

m oisture to in itia te  gelation. A lternatively, a drier atm osphere in the  labo

rato ries in D aresbury (com pared to those in Leicester) may have reduced the 

intake of m oisture. Figures 4.14b and 4.15b show th a t the quality  of these 

s tan d ard  transm ission m ode spectra  and fits was high, so it is unlikely th a t 

slight variations would have been disguised by noise. Finally, no a lte ra tions
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to  any s tru c tu ra l param eters  signalled the point of gelation, 

in sert fig here

4.5.4 E lectrochem ical M odification of Gelled N iobium  

O xide Film s

re f-N baO s

o

-5

10

 e4> erim en t
■  theo ry

5

o

-5 Sol

6 8 10 12 142 4

G elled  film

ex p e rim en t 
theory

O v e rc h a rg e d  film

W a v e  v e c to r  k  ( A 1) W ave  v ec to r Ac (A*1)

F ig u re  4.14: k3 and k2 weighted EXAFS with fits for (a) N l^Os powder, 

(b) the sol, (c) thin gelled film and (d) thin overcharged film 

(ex situ).

R epeated ly  cycling gelled films between various lim its, a t various scan 

ra te s  (up to  200 tim es) failed to produce any significant change to  either 

edge position, w hite line height or pre-edge features, im plying th a t  cyclic 

vo lta inm etry  did no t affect a sufficient proportion of the available niobium  

ions to  a lte r the XANES. This situa tion  was repeated when typical, thick 

films were overcharged for up to  13 hours (fig. 4.16). In m ost cases, even 

directing  the beam  onto the  darkest regions of reduced films (in situ and ex
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F ig u re  4.15: k3 and k2 weighted radial structure functions with fits for (a) 

N l^Os powder, (b) the sol, (c) thin gelled film and (d) thin 

overcharged film (ex situ).

situ)  failed to  record an edge shift g reater th an  7.2 ±  0.5 eV (the significant 

range). T h is outcom e was considered likely since typical films were electro- 

chem ically  th ick  and  com petition  from parasitic reactions was strong. To 

increase th e  likelihood th a t a significant proportion of the film was converted 

(i.e. to  increase the  surface to  bulk ratio), a film of half the  usual th ick

ness (half the  usual volum e of sol, giving half the usual film thickness and 

ab o u t half the  typical edge step) was cycled, overcharged and discharged. As 

s ta te d  in section 4.3.5iii, fluorescence m easurem ents of these th in  films were 

preferable since the  transm ission signal halved.

Ex situ dual transm ission and fluorescence spectra  of a th in  film over

charged a t -0.5 V for 5 hours produced a single significant edge shift (figs. 

4.12, 4.13 and tab le  4.3); th is was revealed by directing the  beam  onto a 

particu la rly  dark  region of the film for the duration  of one set of spectra , be
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F ig u re  4.16: Normalised EDE spectra of a niobium oxide film cathodically 

overcharging at -1.7 V vs. SCE.

fore focussing on o ther dark  regions for successive m easurem ents. This edge 

shift was evident in bo th  the transm ission and fluorescence spectra, recorded 

sim ultaneously. M ore precisely, edge shifts of 6.0 and 6.2 eV were derived 

from  fluorescence and  transm ission mode spectra, respectively. The 0.2 eV 

difference is w ithin  the  system atic error arising from choosing the  norm ali

sa tion  range of bo th  spectra  by hand. It can be seen from figure 4.12 th a t 

th e  overcharged edge is broad; a t the m id-point, where the edge position was 

m easured, the edge overlaps the Nb4+ position of N b02, and a t the tip  the 

edge overlaps th a t of NbO in the Nb2+ position, providing fu rther evidence 

for th e  existence of Nb ions in several oxidation states a t any one tim e.

D espite the lack of change to edge position in these films, deep dark  brown 

colour changes were induced both  by overcharging lithium -doped films (of 

bo th  thicknesses) and repeated cyclic voltam m etry, though colouration was
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Sam ple r (A) Mean R  (A)

N b -O

N 2cr2 (10“4 A2) F it

Index

(%)

S ta n d a r d s

N bO 2.10 ± 0.01 - 3.5 ± 0.5 101 ±  27 29.5

N b ()2 2.05 ± 0.01 . . . 5.8 ± 0.6 206 ±  30 29.7

ref-N b2O r> 1.85 ± 0.02 1.88 ±  0.01 5.1 ±  1.1 296 ±  90 23.6

2.02 ± 0.01 0.9 ±  0.6 6 ± 49

S o l & F ilm s

sol 1.89 ± 0.01 1.91 ±  0.01 6.2 ±  0.6 284 ±  46 30.9

2.11 ± 0.02 0.6 ±  0.4 18 ±  68

gelled film 1.89 ± 0.02 1.92 ±  0.02 6.3 ±  1.2 330 ±  192 29.3

2.12 ± 0.03 1.0 ±  0.9 62 ±  119

overcharged 1.93 ± 0.01 - 6.0 345 ±  34 48.6

film (ex situ)

T ab le  4.4: S tructural parameters for first N b-0 shell, derived from fits to 

EXAFS of standards, sol and gelled films. Uncertainties repre

sent 95 % confidence levels.

no t even. A lthough colouration was even across the illum inated  area, the 

darkest p a r t was always in the area above the ‘le tte rbox ’ shaped slit, de

signed to  accom m odate the  beam . This area was always enclosed beneath  

th e  Au m esh W E, so was only exposed when the film was removed from  the 

cell for ex situ m easurem ents. The current density in th is area m ust have 

been higher th an  the rest of the film because m ost of the gold wires welded 

toge ther to  encircle bo th  inside and outside perim eters of the Au m esh work

ing electrode (fig. 4.3) m et in th is region. The scarcity of significant results 

in electrochem ically modified films, especially since the only edge shift was
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Sam ple r (A) M ean R  (A)

N b -N b

N 2cr2 (10~4 A 2) F it

Index

(%)

S ta n d a r d s

N b foil 2.85 ±  0.003 . . . 8.0 ±  0.8 140 ±  10 26.4

N bO 2.98 ±  0.004 - 4.0 ±  0.6 86 ±  12 29.5

N b ()2 2.70 ±  0.01 3.09 ±  0.01 1.3 ±  0.6 93 ±  48 29.7

3.33 ±  0.01 2.1 ±  1.3 167 ±  67

ref-N b2Or, 3.63 ±  0.01 3.82 ±  0.01 1.6 ±  0.7 36 ±  27 23.6

3.87 ±  0.01 6.7 ±  1.9 135 ±  28

S o l &  F i lm s

sol 3.62 ±  0.01 3.79 ±  0.01 2.1 ±  1.0 88 ±  37 30.9

3.84 ±  0.01 7.3 ±  3.4 313 ±  112

gelled film 2.58 ±  0.03 3.71 ±  0.02 1.1 ±  0.8 263 ±  135 29.3

3.86 ±  0.02 8.1 ±  3.5 299 ±  147

overcharged 3.67 ±  0.01 - 1.1 1 ±  22 48.6

film (ex situ )

T ab le  4.5: S tructural parameters for first Nb-Nb shell, derived from fits to 

EXAFS of standards, sol and gelled films. Uncertainties repre

sent 95 % confidence levels.

from  an ex situ m easurem ent from one dark region (visually indistinguish

able from  o ther dark  regions), may therefore be a ttr ib u te d  (in part) to  the 

g rea t inhom ogeneity caused by uneven current density across the working 

electrode.

D ischarging overcharged films always resulted in a rap id  drop in curren t, 

effectively reaching zero in a m a tte r of seconds, w ith no observed reversal of 

colouration. The colouration persisted for over 12 hours after d isconnecting
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th e  electrodes and  rem oving the film from the cell and electrolyte. Also, no 

significant changes to  XANES or short-range structu re  were m easured after 

th e  cu rren t stab ilised .

2.10
NbO

2 .0 5

overcharged
filmp 2.00

_Q

GC
§  1 .9 5
CD gelled 

film '

1 .9 0
sol

1 .8 5
5 .03 .0 3 .5 4 .0 4 .52 .52.0

Formal Nb valency

F ig u re  4.17: Calibration curve defined by curve fitted to mean first Nb- 

O distances of standards (dots) at various integer valences. 

Mean first N b-0 distances of sol and films (stars) are aligned 

with the calibration curve.

In te rm s of EX A FS, the expected decrease of m ean first N b -0  distance 

w ith  increasing form al valency is displayed by the s tandards in figure 4.17, 

w here the  dependence has a curved form sim ilar to  the edge shift rela tionsh ip  

in figure 4.13. W hen superim posed on the appropria te  calib ra tion  curve, 

the  m ean first N b -0  distances suggest th a t bo th  sol and gel possess the 

sam e Nb valency (table 4.3), contrary  to  the valences im plied by the  edge 

shifts. A very sim ilar, though slightly lower valency was derived for the 

overcharged film. T he N b -0  and Nb-Nb shell structu res listed in tab les 4.4
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and  4.5, respectively. L itera tu re  values for the coordination num bers for 

reference com pounds are not given in the tables because there was such a 

w ide varia tio n  in th e  published structu res th a t a definitive stru c tu re  could 

no t be found. T he fits in figures 4.14 and 4.15 show th a t bo th  sol and  gel 

are m ost closely represented by the structu re  of Nb205 ; d isto rtion  of bo th  

N b-O  and  N b-N b shells, coordination  num bers and Debye-waller factors are 

all ch arac te ris tic  of th is  com pound. On the other hand, the overcharged film 

ap p ea rs  to  have a s tru c tu re  mid-way between Nb205 and N b 0 2, where only 

regu la r o c tah ed ra l first N b -0  and Nb-Nb shells proved significant. T his is a 

novel and  highly significant result, proving th a t the m easured edge shift was 

no t spurious. O riginally, the  octahedrally-arranged first coordination sphere 

of th e  N b205  film consists of 1 long and 5 short N b -0  bonds. E lectrochem ical 

reduction  caused the  d isto rtion  to  cease, resulting in a regular octahedral shell 

w ith  a N b -0  separa tion  sim ilar to  the weighted m ean N b -0  distance of gel- 

N b20 5 . A regular first N b -0  shell was also derived for N b 0 2. Very different 

behav iour was displayed by the  first Nb-Nb shell of the overcharged film. A 

highly  d is to rted  oc tahed ra l Nb-Nb shell was evident in the uncharged film, 

w ith  1 sho rt and  5 long in teratom ic distances. Only a single Nb atom  could 

be d iscerned in the  overcharged film; its position approached the  weighted 

m ean d istance of th e  uncharged d isto rted  shell of the gel. This shell is unlike 

th e  first N b-N b shell of N b 0 2, although it could not be determ ined  w ith 

ce rta in ty  w hether th is a tom  form ed p a rt of a split Nb-Nb shell contain ing 4 

a tom s (as derived for bo th  NbO and N b 0 2) because the o ther atom s were 

too  d is ta n t to  be identified conclusively from a single spectrum .
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4.6 D iscussion

4.6.1 Sol-G el C onversion of N iobium  O xide F ilm s

A considerable  rheological evolution has been identified for the sol-gel conver

sion of n iob ium  oxide using the crystal im pedance technique. The conversion 

will be described  as a m ulti-stage process, beginning w ith the add ition  of sol 

to  th e  c ry sta l a t t =  5 m ins and ending w ith a gel a t t =  4085 mins. A t this 

stage, it is useful to  rem em ber the term inology used in section 1.3, w here the 

su b scrip t 1 refers to  a rigid solid (ideal mass layer), 2 represents a N ew tonian 

fluid and  3 refers to  a viscoelastic layer.

I t has been shown th a t  the  sol is a Newtonian fluid. The relatively well- 

defined in itia l ad m ittan ce  curve and the slight negative frequency shift w ith 

th e  ad d itio n  of sol are a ttr ib u ta b le  to  the pseudo ideal mass layer caused by 

fluid caugh t w ith in  th e  tex tu red  surface of the crystal. As m ainly the  th in  

pseudo ideal m ass layer is recognised, its mass is the m ain con tribu to r to  

ljL\ and  A / ,  b o th  of which therefore are low. It behaves as a rigid layer, 

causing  th e  energy loss te rm  R\  also to  be relatively low. The rem ainder of 

th e  film is a lm ost ‘invisib le’ to  the  resonator because the p enetra tion  depth  

of th e  shear waves is very short (~  200 nm) in a N ew tonian fluid. D espite 

th e  sh o rt p en e tra tio n  dep th , the sm all portion of the film th a t is ‘v isib le’ to  

th e  c ry sta l has a low density-viscosity product, which is characteristic  of a 

N ew tonian  fluid.

By t =  50 m ins, half-way to  the gelation point, the bulk film is now 

described  as a sem i-infinite viscoelastic layer. The con tribution  from the  film 

has risen considerably as a result of its increasing viscosity a n d /o r  density.

rises and the resonant frequency becomes more negative in response to 

the' increase of inertia l mass. As the shear waves travel fu rther into the  film, 

they  experience m ore extensive dissipation, resulting in a lower and b roader 

ad m ittan ce  curve. Energy dissipation is more extensive because the  film 

is still essentially a liquid (albeit a viscous liquid), as shown by bo th  the
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com plex shear m oduli of the film (where G 3 ~  2G 3) and R 3, which begins to  

rise steeply.

By the  po in t of gelation  (t =  100 m ins), the previous trends have reached 

a m axim um , so th e  g rea test possible contribution from the thick, liquid-like 

v iscoelastic  film is recognised by the resonator. As a result, the adm ittance  

curve is a t its b roadest, the  resonant frequency is a t its m ost negative and 

/?3 peaks. From  th is  po in t, the  film no longer behaves as an evenly dispersed 

colloid. Sufficient in terconnection  between oxide particles has resulted  in an 

oxide fram ew ork w ith  a separate  phase of solvent contained w ithin the  in ter

stices. S epara tion  of th e  two phases is evident from the increasing m agnitude 

of G 3 and  G ”. T he  continuing developm ent of the oxide network (i.e. the 

d ensih ca tio n  of th e  solid oxide) subsequently forces the solvent from the  pores 

to  th e  surface, form ing a separate  layer, beyond the penetration  dep th  of the 

shear waves. T h is m ay have caused the sharp increase in inertia l m ass th a t 

m arks th e  po in t of gelation. The point of gelation therefore, in th is case, 

effectively signals th e  end of hom ogeneity and m arks the onset of solvent 

expulsion.

Solvent and  oxide phases continue to  separate beyond the poin t of gela

tion  (t =  125-160 m ins). G's drops after the point of gelation because the 

en tra p p ed  liquid w ith in  the  pores gave an effect sim ilar to a pseudo ideal 

m ass layer, m aking  the  film behave more rigidly. Its subsequent expulsion 

from  th e  pores caused th e  storage m odulus to fall considerably. T he inertia l 

m ass of th e  film drops as solvent moves away from the crysta l/film  interface 

and  eventually  evaporates, as indicated  by the positive frequency shift. Fur

th e r  evidence is given by the decrease in film density. The ad m ittan ce  curves 

sh arp en  and  R 3 drops to  its lowest level as the influence of the  d issipative liq

uid in th is region dim inishes as expulsion proceeds, m aking the  con tribu tion  

from  the  oxide phase layer greater.

Tow ard the end of the  sol-gel process, luL3 stabilised and y ,  A /  and 

R 3 rem ained essentially constan t. G 3 and G" separate, w ith a substan tia l
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increase in loss m odulus as solvent is expelled, leaving a porous viscoelastic 

film, as shown by the  decreasing density. For the purpose of th is investigation, 

it m ay be concluded th a t the Sauerbrey equation was wholly unsu itab le  for 

deriv ing  changes to  the areal mass sol-gel-derived niobium  oxide films, since 

no ideal solid behaviour was displayed by the film at any tim e, therefore 

changes to  areal density  did not transla te  fully to  frequency shifts. Anyway, 

even if the  film solidified completely, a Sauerbrey-type s ta te  could no t be 

a tta in e d  because film thickness was far greater than  ideal (i.e. >  0.5 % 

page 41).

T he good agreem ent between measured and calculated frequency shifts 

using eqns. 1.43 and  1.44 in tab le  4.1 shows th a t the inductive equivalent 

c ircu it p a ram eters  used to calculate A /  were very accurate. A /  derived 

from  equations 1.43 and 1.44 was closer to the m easured frequency shift 

of th e  sol th a n  th e  value derived using eqn. 1.45 (which applies to  New

to n ian  fluids only) because the la tte r  equation does not account for inertia l 

m ass. Therefore, the  con tribu tion  of the pseudo ideal mass layer is neglected, 

m ak ing  th e  sol appear not to  be a N ewtonian fluid. The lack of significant 

changes to  EX A FS-derived short-range structu re  shows th a t gelation occurs 

on a (m id-to-long range) interm olecular (which is beyond the scope of the 

EX A FS technique) ra th e r th an  a (short-range) in tram olecular level. As the 

s tru c tu re  of sol and gel appear identical, short-range N b2Os s tru c tu re  was 

estab lished  in the  early stages of sol form ation, probably soon after the  sol 

was synthesised. However, it is surprising th a t no significant change to  s ta tic  

d isorder distinguished the  sol from the gel, yet alone signalled the  po in t of 

gelation. The original 5-short, 1-long N b -0  shell d isto rtion  im plies the  ex

istence of dim eric N bO x species in bo th  sol and gel. No significant increase 

in N b-Nb coordination took place as the film becam e denser. Such a change 

was difficult to identify w ith certainty  since the coordination a t the short 

N b-N b distance was so small.

The in terpreted  rheological developm ent is supported  by all the  m easured
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and  ex trac ted  inform ation, being consistent w ith the m ain features of the 

known sol-gel conversion of am orphous silica [109] (section 4.1). Even though 

the  use of sol-gel-derived niobium  oxide films is w ell-docum ented, th is  is 

th e  first tim e th a t  a full, dynam ic, in situ rheological investigation of the 

in itia l sol-gel conversion has been reported. This novel approach to  deriving 

a precise m odel of the niobium  oxide sol-gel process has therefore proven 

successful and  can be extended to establish the effects of additives to  either 

re ta rd  or advance the  onset of the  gelation point or alter the tex tu re  of th is 

or any o the r sol-gel-derived m aterial.

4.6.2 E lectrochem ically  M odified N iobium  O xide F ilm s

V irtu a lly  all of the  s tru c tu ra l changes induced by cyclic vo ltam m etrv  and 

overcharge ( th a t were signalled by a colour change) evaded m easurem ent for 

m any reasons. Prim arily , all electrochemical m easurem ents and calculations 

were ham pered  by the  unavoidable and unfortunate overlap of N b5+ and H + 

reduction  po ten tia ls  indicated by occasional bubble evolution. Therefore, 

in m ost cases, a significant proportion of the Nb ions present were never 

reduced. Also, the  curren t density across the film was not even or high 

enough. T he nonaqueous electrolyte may have contributed to  the  high cell 

resistance, though increasing the LiClCb concentration did not appear to 

im prove the  situation .

A nother reason for the  lack of electrochem ically-induced changes m ay be 

a ttr ib u te d  to  low film conductivity. Several studies have s ta ted  th a t am or

phous N b205 has a relatively low conductivity. N otw ithstanding  parasitic  

reactions, the inability  to  reduce Nb5+ ions, where the edge shift per un it 

of valency is sim ilar to N i(O H )2, implies th a t the Fermi level lies w ith in  the 

band  gap, m aking the m olecular (rather than  the solid-state) descrip tion of 

the  oxide likely. In th is model, the oxide consists of separate chem ical bonds, 

each w ith localised electrons of low mobility. The im m obility of the  elec-
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trons (due to  the band  gap) makes conduction across the film difficult; Nb 

ions therefore exist in a range of oxidation states across the film. T his m ix

tu re  of oxidation s ta tes  varies in proportion, giving an overall w eighted m ean 

non-in teger oxidation sta te . This model is supported by the broad, partia lly  

overlapping absorp tion  edges of ref-Nb205 , ref-N b02 and all edges produced 

by the  films. Also, the  im m obility of electrons in reduced films is suggested 

by the  s tab ility  of reduced ions, evident in the persistence of colouration, 

even afte r ox idation a t a positive potential or removing the film from the 

electro ly te  for several hours. The very low discharge current, th a t was al

m ost zero, provides fu rther evidence for the difficulty w ith the tran sp o rt of 

charge. T he fact th a t  observed colour changes rem ained inhom ogeneously 

d ispersed  across the  film, and a definite structu ra l change was only derived 

from  a single location on one overcharged film provides further evidence for 

th is  low conductivity. However, this description is not conclusive since a 

significant change to  s ta tic  disorder was not identified between uncharged, 

overcharged and discharging films. An increase in 2a 2 would have suggested 

th e  uneven transferra l of charge across the film, as electrons pass between 

non-uniform  sites during  discharge.

W hen considering the poor conductivity of the films, N b2Os should not 

be classed as in insulator. In fact, the m aterial behaves as an extrinsic p- 

type  sem iconductor. This was dem onstrated  by the effect of the  Li+ donor 

im purities in troduced during sol synthesis. U ndoped films gave very poor 

electrochem ical perform ance, displaying no more than  a feint colour change, 

w hereas all of the  deep colour changes reported (and the change in s tru c tu re  

after overcharge) were achieved by reducing Li-doped films. Cyclic voltam - 

m ogram s from undoped films were shifted by ~  -0.2 V relative to  CVs from 

doped films. The less negative occurrence of cathodic peak in doped films 

im plies th a t N b5+ is slightly easier to reduce in these films. U nfortunately , 

the reduction po ten tia l is more in line w ith hydrogen evolution, b u t doped 

electrode perform ance still surpassed the undoped films. Therefore, only Li
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doped sols and  gels are considered in this chapter. The short-term  cycling 

d u rab ility  of these films was poor, bu t no s truc tu ra l evidence for th is was 

suggested by the  EX AFS.

D espite th e  difficulties caused by low film conductivity, there was success 

w ith  achieving an even (although low) current density across the illum inated  

a rea  of the  film. P rio r to  EXA FS experim ents, m any m odifications to  cell 

design were undertaken  in order to  improve current density across the  film 

e.g. th e  add itiona l gold mesh working electrode and increased counter elec

tro d e  area. A lthough these im provem ents had lim ited success (and prevented 

to ta l failure), the  problem s associated w ith reducing electrochem ically thick, 

large area  films w ith  low conductivity, in preference to  a com peting parasitic  

reac tion , were difficult to  surm ount.

T he EX A FS-derived structu res are confirmed by the edge shifts. The 

decrease in Nb valency induced by cathodic overcharge was accom panied by 

a oxygen shell s tru c tu re  mid-way between Nb205 and N b02 - It is possible 

th a t  th e  change of sym m etry, where the first N b -0  shell transform s from  a 

d is to rted  to  a regular octahedron  may have affected the shape of the  edge, 

though  th is  is by no m eans definite. Table 4.3 shows th a t the  range of 

valences derived from  bond lengths is sm aller than  those derived from edge 

shifts. As s ta ted  for the nickel hydroxide system, more confidence should be 

placed w ith  the  results derived from edge shifts since edge position  is solely 

affected by the ionic charge of the Nb ions, whereas the influence of ionic 

charge upon in teratom ic distance is affected by the num ber of bonds (i.e. the 

coord ination  num ber). Table 4.4 shows th a t first shell coord ination  num bers 

varied between standards, so the bond length calibration  curve should be 

considered an approxim ate representation of the relationship. As no fu rther 

confirm ation of valency could be m ade using electrode charge, it can only be 

s ta ted  w ith certain ty  th a t the valency of Nb in uncharged and overcharged 

films is between + 5  and + 4 , and the valency of the cathodically  overcharged 

film is closer to  + 4  th an  uncharged films (n.b. anodic overcharge used in the
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previous chap ter).

4.7 Conclusions

A deta iled  rheological m echanism  for the sol-gel transform ation  of niobium  

oxide films was provided by crystal im pedance analyses. A m ulti-stage evolu

tion  was identified from the in situ, time-resolved m easurem ents over several 

hours. T he crysta l im pedance technique therefore proved to  be perfectly 

su ited  to  revealing such developm ents. Conversely, in situ, tim e-resolved 

energy dispersive EX A FS was not suitable for m easuring either subtle  s tru c

tu ra l changes or even for s truc tu ra lly  characterising the ab rup t point of gela

tion . A longer-range s tru c tu ra l technique such as X-ray diffraction m ay be 

m ore su itab le  for identifying these changes, bu t the m ethod m ay have lim 

ited  use since these films have been reported  to produce the characteristically  

b road  d iffraction p a tte rn s  of an am orphous m aterial.

EX A FS was only slightly more successful for recording s tru c tu ra l changes 

in electrochem ically-m odified niobium  oxide electrodes. In th is case, the 

choice of technique was not the m ain problem. Ex situ dual quEX - 

A F S /flE X A F S  m easurem ents from a highly coloured region of a th in , ca- 

thod ica lly  overcharged film revealed a considerable change to  first N b -0  and 

N b-N b shell structu re ; prim arily, upon overcharge, the first N b -0  shell tran s

form s from  a highly d isto rted  dim eric-type structu re  (the bridging N b -0  bond 

being longer th a n  the  rest) to  one consisting of a more uniform , regular oc

ta h ed ra l s tructu re . T he existence of a spectroscopically-identifiable range of 

d is tinc t Nb oxidation sta tes  was only suggested qualitatively  by the  XANES. 

Q u an tita tiv e  analysis of the EXAFS only identified one type of regular Nb- 

O shell, suggesting the presence of a single non-integer oxidation s ta te  a t 

overcharge. A sum m ed set of several spectra, recorded from the  overcharged 

region of the film would have conclusively determ ined w hether Nb ions ex

ist in a gradient of d istinct oxidation states in the reduced film. It would
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also be possible to  determ ine w hether the first Nb-Nb shell is d is to rted  in 

th e  overcharged electrode. A series of EDE spectra, m easured during  suc

cessful overcharge or discharge, would have determ ined w hether a significant 

increase in s ta tic  d isorder accom panies reduction/oxidation . In term s of op

toe lectron ic  technology, the  effect of dopants upon the reproducib ility  and 

un ifo rm ity  of s tru c tu ra l, and hence colour changes is a w orthwhile extension 

of th is  work.
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C hapter 5

T he Tungsten Oxide Electrode

T ungsten  triox ide is one of the m ost im portan t electrochrom ic m aterials. 

It and  its  corresponding redox couples possess both  absorptive and reflec

tive p roperties  and  a range of a ttrac tive  colours w ith good stab ility  and 

electrochem ical reversibility [30, 34, 112]. These im portan t properties have 

m ade tu n g sten  trioxide one of the most extensively studied electrochrom ic 

system s, w ith  num erous investigations into the optical and electrochem ical 

(and  hence electrochrom ic) perform ance being published; therefore much is 

a lready  known ab o u t the  system . The principal au thority  on th is system  is 

C. G. G ranqv ist, whose definitive works encompass all of the topics covered 

in th is  in tro d u c tio n  [34, 112, 113, 114].

I t is known th a t  electrochem ically reducing W O 3 results in the  form ation 

of a tungsten  ‘bronze’, in which a fractional am ount of electrolyte cations are 

bound  to  the  oxide during  th e  following redox reaction [115]:

W 0 3 +  n M + +  n e -  !̂  M nW 0 3 (5.1)
PALE YELLOW ° X DEEP BLUE

w here M  is usually H+ or Li+ . Colouration is independent of th e  cation  

used, bu t insertion is irreversible for larger cations such as N a+ or K + [116]. 

T he value of n affects the optical properties of the oxide, so the  colour of the  

oxide is a function of n, where n is p roportional to the injected charge (eqn. 

1.21). In general, the  relationship  is given in the following scheme [30]:
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n =  0.1 0.2 -  0.4 0.6 0.7 0.8 -  1.0

grey blue purple red golden brown

T his schem e applies to  the  stoichiom etric oxides (i.e. those having 3 oxygens 

per tu n g sten ). Oxygen deficiency in the oxide, where a sub-stoichiom etric 

form  w ith  W O (3_y) exists, shifts the dependence of colour on n.

T he m orphology, physical and optical properties of W 0 3 and its reduction 

p ro d u c ts  vary w ith  the  m ode of preparation. X-ray diffraction has shown th a t 

m icrocrvsta lline  W 0 3 is p repared by reactive sputtering  (in the presence 

of oxygen) [117, 118, 119] while the am orphous form may be prepared by 

th e rm a l evapora tion  [120], the sol-gel m ethod [34], electrodeposition from a 

so lu tion  form ed from  tungsten  powder and H2O2 [34, 121] or anodisation  [34, 

122, 123], the  m ethod  used in th is study. It is thought th a t am orphous films 

show faste r electrochrom ic response tim es (section 1.2.4) as their porosity  and 

w ater con ten t are higher th an  crystalline films [115, 124]. The w ater content 

was m easured  using IR  absorption spectroscopy [125] or SERS [123]. This 

dependence on m orphology was dem onstrated  in studies th a t com pared the 

electrochrom ic perform ance (especially in term s of response tim es and optical 

density) in films prepared  by different m ethods. Also, studies where the 

in itia lly  am orphous film was gradually  heated to  a crystalline form reported  

a leng then ing  of response tim es and a decrease in absorbance w ith  increasing 

c ry sta llin ity  [115, 126], b u t th is loss of perform ance may be due to  reduced 

w ater content. D epending on the  p reparation  m ethod, the band  gap of W 0 3 

and  its reduction p roducts range from 2.5 to 4.0 eV [120, 127], where the 

band  gap decreases w ith increasing crystallinity  [125].

T he injected electrons in the relatively electron-rich reduced form  are 

responsible for m etallic (and hence reflective) properties displayed by the 

oxide when n is above a critical com position of nc =  0.3 [30, 114]. C onduc

tiv ity  m easurem ents have shown th a t th is value m arks the boundary  between 

non-m etal and m etallic properties [119]. If n >  n c, the conductiv ity  is char
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acteris tic  of a m etal, and vice versa for n <  0.3. It is accepted th a t  the  oxide 

exists in a m ixed-valent form when a non-m etal. Tungsten is present in two 

ox idation  sta tes  in the  m ixed-valent form, MnW^!_njW „ O 3, where the  Ro

m an num erals represent the  oxidation sta te  of W; this makes sense since the 

valence electrons are m ore likely to  be localised to  individual integer-valent 

sites in a non-m etal. T he origin of the blue colouration in the  ‘m etallic’ 

oxide w here n «  0.2 is no t fully understood, though the strongest evidence 

su p p o rts  the  idea th a t  electron transfer between 5+  and 6+  sites causes the 

co loura tion  [115].

Figure 5.1: Unit cells for cubic (Li,Na)W03 (a) and HWO3 (b). W atoms 

are large black dots, oxygen atoms are open circles, Li or Na is 

the grey dot, and H atoms are small black dots. Reproduced 

from ref. [112].

S truc tu ra l aspects of electrochrom ic perform ance are less well investi

gated. The tungsten  trioxide la ttice is known to consist of a d is to rted  o c ta 

hedral s truc tu re  w ith injected cations occupying the central position in the 

u n it cell [112, 127] (fig. 5.1). A SERS study  of anodically-grown oxides has
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derived app rox im ate  W -0  bond lengths ranging from 1.83-2.34 A for the 

long d istances in the  d isto rted  octahedron and ca. 1.69 A for the  short [123]. 

An E X A FS and  X R D  study  of the crystalline oxide has shown th a t  a la ttice  

expansion  of 6 % takes place upon reduction to accom m odate the  inserted  

cations [128]. T his publication  derived a 2-component model of the coloured 

film, consisting  of W 5+ and W 6+ contributions w ith a to ta l 1st shell coordi

n a tio n  num ber of 6.0. From  this model, the W -0  bond lengths corresponding 

to  b o th  ox ida tion  s ta te s  were extracted. The first shell from the W 6+ ions of 

th e  coloured film had  4 W -0  distances ranging from 1.74 to  2.05 A, w ith  a 

w eighted m ean bond  length  of 1.88 A; the 4 first shell W 5+ ion bond lengths 

ranged  from  1.82 to  2.19 A, w ith a m ean value of 1.99 A. C olouration was 

also accom panied  by an increase of Debye-W aller factors. A nother s tudy  by 

th e  sam e au th o rs  exam ined the  L\  and L2-edge spectra of a series of sub- 

sto ich iom etric  oxides of W O3, i.e. W O(3_y) (fabrication m ethod not s ta ted ), 

w here y  varied by several fractional am ounts between 0.10 and 0.30, in order 

to  in te rp re t th e  effect of m ultiple scattering  shells on XANES and EXA FS 

[129].

In frared  and  R am an  spectroscopies by Daniel et al. characterised coloura

tio n  and  bleaching in term s of injection and ejection of w ater, respectively, 

and  th e  fo rm ation  and  destruction  of a term inal W = 0  bond a t the  surface 

[119, 127]. A long-range X RD  and R am an study by N anba et al. [130] dis

p u te d  th e  previously m entioned rem arks regarding the effects of crystallin ity  

u pon  electrochrom ic perform ance. They s ta ted  th a t am orphous W 0 3 films 

ex ist as networks of edge and corner-sharing octahedra form ing 3, 4, and 

6-m em bered rings of oc tahedra  (see fig. 4.1); electrochrom ic perform ance 

(in te rm s of cation  diffusion coefficients) increased w ith the num ber of 6- 

m em bered rings facing the electrode-electrolyte interface, i.e. w ith  increasing 

crystallinity .
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5.1 O bjectives

Several short-range s tru c tu ra l determ inations for ‘coloured’ and  ‘bleached’ 

s ta te s  are docum ented , bu t from reading the in troduction, it is clear th a t 

th e  coloured s ta te  encom passes a range of colours and com positions. The 

m ain  aim  of th is investigation is to  characterise the evolution of struc tu re , 

com position  and  physical characteristics as an oxide layer grows on a tungsten  

surface. T his s tudy  will not use the cathodic reduction route followed in 

m ost pub lica tions, b u t the  approach will be from the other d irection, i.e. 

anod ic form ation . T he surface sensitive reflection mode EXAFS technique 

will be used to  m on ito r changes in surface structu re as a function of tim e 

or thickness. T his is a novel application of the reflEXAFS technique. It is 

hoped  th a t  the  low probing dep th  of the beam , tuned by using a very sm all 

g razing  angle, will sam ple the growing oxide film, bu t not the th in  tungsten  

electrode below as it is progressively converted to  oxide. I t is also hoped to 

de te rm in e  film thickness from varying the probing depth  of the beam , then 

in te rp re tin g  the  s tru c tu re  as it changes from oxide to m etal.

I t is understood  th a t an in situ investigation in this configuration is am 

bitious, b u t it is an u ltim a te  goal w orth try ing to  achieve. An in -dep th  s tru c

tu ra l s tudy  of anodically-grow n, electrochrom ic tungsten  oxide films would 

be of benefit, of course, to  the optoelectronic device industry. The work may 

also be useful to  those wishing to  understand  corrosion, because these oxide 

films are known to  form a (passive) protective barrier against corrosion.

5.2 Experimental

5.2.1 S p u tte r-D ep o sitio n  of T h in  T ungsten  F ilm s

Highly reflective tungsten  oxide films were grown by anodically  oxidising 

th in , dense, uniform  tungsten  films. The tungsten  films were prepared  by 

spu tte r-deposition  using the radio frequency (RF) spu tte ring  technique. R F
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sp u tte rin g  involved the  bom bardm ent of a tungsten  spu tte ring  ta rg e t (12 cm 

d iam eter, exposed area 78.5 cm 2, 6 mm thick, 99.95 %, Goodfellow) w ith 

high energy ionised argon to  displace W  atom s from the ta rg e t surface. The 

d isplaced a tom s subsequently  deposited onto the substrates.

T he su b stra te s  were either polished float glass slides (7 5 x 2 5 x 0 .7  m m 3) 

pre-coated  on one side w ith a th in , transparen t conductive layer of sp u tte red  

ind ium -doped  tin  oxide (ITO , surface resistance 4-8 O cm -2 , ITO  thickness 

~  2000 A, D elta  Technologies L td., MN, USA) or plain float glass slides 

(76 x 26 x 0.8 m m 3, C hance P ropper Ltd., UK). The slides were u ltrasonically  

cleaned for 20-30 m inutes in a glass slide stand  filled w ith d ilu ted  Teepol 

cleaning  fluid, then  w ith  acetone, and finally isopropyl alcohol. T he slides 

were then  dried  in a stream  of hot air. A batch of 4 slides (ITO  coating facing 

ou tw ard) was secured to  an alum inium  foil-covered Cu m ounting p la te  using 

a steel m oun ting  fram e, which also served to shield a small portion  of each 

slide from  deposition . T he securely m ounted substrates were then  fixed into 

th e  sp u tte rin g  cham ber.

D eposition was achieved using a Nordiko NM-200 spu tte ring  m odule con

nected  to  Nordiko N4-700 and N6-1400 pum ping system s (ro tary  and diffu

sion pum ps). A projection, onto which the substra te  p la te was fixed, was 

su rrounded  by a liquid nitrogen-filled cooling coil th a t enabled the  cham ber 

to  be pum ped down (overnight) to  a base pressure of 5 x 10~7 m bar. A r

gon (99.998 %, BOC) was then  introduced to the cham ber a t a ra te  of 46 

cm 3 m in -1 , giving a constan t cham ber pressure of 12 m bar, m ain ta ined  using 

a V acuum  G eneral 78-7 flow control unit. A plasm a of Ar ions was form ed 

between the ta rge t and substra tes by applying a radio frequency power of 

300 W  (3.82 W  cm -2 ) to the target. The power was supplied by a 13.56 MHz 

generator. The resu ltan t DC ta rge t bias of 1.25 kV propelled the  A r+ ions 

tow ard the oppositely charged target. The difference in m obility  between 

the electrons (at the ta rge t) and A r+ caused a build-up of negative charge a t 

the  ta rg e t surface, fu rther accelerating the Ar ions. E arth ing  prevented the
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o th e r com ponents w ith in  the  cham ber from also being bom barded.

A sh u tte r, w hich shielded the substrates from deposition, was kept in 

place while th e  ta rg e t was cleaned by the plasm a during a p re -spu tte r la st

ing 90 m inutes. T he sh u tte r was then removed, allowing the  W  atom s to 

deposit. F ilm s were deposited  for 45, 90 and 120 minutes. W hen deposition 

was com plete , the  p lasm a was extinguished by reducing the R F power to 

zero and  s topp ing  the  flow of argon. The cham ber rem ained under vacuum  

un til th e  nex t day  in order to  remove hazardous vapours before the cham ber 

was opened. O nce removed from the cham ber, the samples were stacked be

tw een soft p ap er s trip s  to  prevent scratching. Film s spu tte red  for 90 mins 

or longer ap peared  uniform  and were adherent; those deposited for <  90 

m inu tes con tained  pinholes.

5.2.2 M easu rem en t of F ilm  Thickness

T h e  th ickness of th e  tungsten  films was m easured using a R ank-Taylor Hob

son surface profilom eter (or ta lystep), utilising a m otor-driven stylus which 

passed  from  a bare (previously masked) region of the su bstra te  to  the  film. 

T he  m otion  of th e  sensitive stylus was amplified and a profile of the  edge 

of each film was recorded. The accuracy of these readings was ± 0 .05  fini. 

F ive m easurem ents were taken from every film, each a t a different position 

along th e  film edge. These m easurem ents were averaged to  give an overall 

film thickness for (the edge of) each film. Film s deposited for 45 m inutes 

gave a m ean thickness of 0.31 /rm, films deposited for 90 m inutes were abou t

0.71 /a n  thick, and 1.0 fim was the thickness of 120 m inute films, giving an 

average deposition ra te  of abou t 8 nm m in-1 .

5.2.3 S pectroe lec trochem ica l Cell

Reflection m ode XAS and X-ray reflectivity pose a substan tia l challenge to  

spectroelectrochem ical cell design. Since grazing angles less th a n  the  critical
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angle of tu n g sten  are sm all (6C ~  0.4° a t 10 keV), the film, underly ing work

ing electrode (IT O  in th is case) and substrate  m ust be very flat to  prevent 

sca tte r in g  from  rough features. Techniques such as spu tte ring  are necessary 

to  deposit un iform  surface layers, and extrem ely flat substra tes such as float 

glass are essential. T he peak-to-peak roughness of the polished float glass 

slides used was <  3.8 n m m m -1 (D elta Technologies L td.). A large working 

electrode a rea  is also a necessity for grazing incidence reflection because the 

beam  ‘fo o tp r in t’ is long a t such low angles. A surface layer of electrolyte is 

requ ired  for in situ spectroelectrochem ical applications, bu t the long beam  

tra je c to ry  th ro u g h  the  absorbing electrolyte lim its in situ use to  hard  X-rays 

(>  10 keV). P o ten tio s ta tic  and potentiodynam ic procedures such as over

charge, discharge, cyclic voltam m etry  and some deposition techniques (sec

tion  5.2.4) are p rob lem atic  in th is configuration because the large electrode 

a rea  encourages uneven curren t density, and m aintaining a dynam ic diffusive 

exchange of ions across the  whole illum inated area is difficult to  achieve. The 

novel cell described here was designed for in situ use and contains features 

in tended  to  counter all of the  aforem entioned difficulties.

T h e  cell (fig. 5.2) consisted of a w atertight epoxy resin-sealed perspex box 

(ou tside  d im ensions 1 0 0 x 4 8 x 3 7  m m 3, inside dim ensions 9 0 x 3 8 x 2 5  m m 3). 

Sam ples were fixed to  the  P T F E  sam ple stage (13 mm high, 8 0 x 3 0  m m 2 

from  th e  top ) using short strips of double-sided tape. Two pegs fixed to  the 

b o tto m  of th e  stage allowed sam ples to  be removed and replaced precisely 

to  th e  original position  w ith in  the cell. A m ylar window located in th e  lid 

of th e  cell enabled the  (sim ultaneous) m easurem ent of fluorescence spectra . 

M ylar windows a t each end of the cell tran sm itted  the incident and specularly  

reflected beam . T he angle of incidence was low for these experim ents, so 

the  windows aligned w ith the top  of the sam ple stage. All m ylar windows 

were glued to  the  inside surface of the cell to  prevent condensation from 

collecting a t the window recesses in the humidified environm ent of the  sealed 

cell. A plastic ta p  a t the bo ttom  of the cell enabled the drainage of electro lyte
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F igure 5.2: Exploded view of reflection mode spectroelectrochemical cell.

w ith o u t dislodging th e  cell from its position.

For in situ electrochem ical use, two filter paper ‘wicks’ (not shown in fig.

5 .2) were gently clipped to  bo th  lengths of the sample stage using slitted  

silicone tubing. These ‘wicks’ facilitated contact between the film upon the 

sam ple stage and the reservoir of electrolyte below, w ithout in terrup ting  the 

beam  path . Ionic species would therefore be able to exchange between film 

and  electrolyte, b u t a t a ra te  th a t precludes potentiodynam ic experim ents 

such as cyclic voltam m etry. Au mesh counter electrodes, positioned along 

bo th  lengths of the cell were designed to provide constant contact w ith the 

electrolyte from bo th  sides of the sample stage. These electrodes were held 

in place using steel screws, which projected outside the cell. W ires attached
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to  th e  ends of th e  screws provided electrical connection to  the  counter elec

trodes. Long A u w ires provided connection to  the working electrode; these 

w ires were secured to  the  working electrode and lip of the sam ple stage using 

P T F E  G -clam ps (not shown in fig. 5.2) and were sleeved to  prevent sho rt

ing. T he H g|H g2S0 4 |H2S04 (aq) reference electrode slo tted  into its po rt, 

s itu a te d  in the  lid, to  one side of the sample stage, so th a t the slender fritted  

p robe w ould co n tac t the  reservoir of electrolyte a t whatever angle the  cell was 

tilted . T he  lid was secured, then  degassed electrolyte was injected into the 

cell th ro u g h  one of the  rubber suba seals fixed to  the lid until the reservoir 

was a b o u t 1 cm deep. T his am ount of electrolyte was enough to  contact all 

th ree  electrodes. Silicone tub ing  fixed to a syringe needle puncturing  one of 

th e  suba  seals allowed the  cell to  be flushed w ith N2; ejected gas exited via 

a syringe needle in the  o ther suba seal. The cell was sealed by rem oving the 

syringe needles, before fixing the cell to  the tilting  sample stage on beam line 

9.3.

5.2.4 Preparation of Tungsten Oxide Films

A sp u tte re d  tu n g sten  film (electroactive area 12.5 cm2) was placed vertically 

in to  a  beaker of degassed aqueous 0.1 M H2S04 solution. The masked end of 

IT O -co a ted  slides p ro jec ted  from the  surface of the solution; a sm all portion  

of th e  W  film was exposed for non-conductive slides. The pro jecting  end of 

th e  slide was gripped between two nickel strips using a crocodile clip. The 

s trip s  prevented the  crocodile clip from piercing the ITO  (or W ) coating or 

b reak ing  th e  delicate slide; they  also served to  spread a more uniform  current 

density  across the  w id th  of the  film. A gold mesh counter electrode (the 

one used as a working electrode in the previous chapter) and a H g /H g 2S04 

reference electrode (section 1.2.1), to which all po ten tials refer, com pleted 

the  three-electrode cell.

A Kepko p o ten tio s ta t was used to  apply an in itia l cathodic po ten tia l of
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—0.1 V for 15-20 m inutes to  remove any oxide film th a t m ay have form ed 

on th e  tu n g sten  surface. A linearly increasing anodic po ten tia l was then  

app lied  to  th e  tu n g sten  film a t a constant ra te  of either 0.2 or 0.5 mV s-1 

(deta ils  given in tab le  5.1). These scan rates proved to  be suited  to  even layer 

fo rm ation ; th e  high curren t densities imposed a t higher scan rates caused 

th e  tu n g sten  to  p it and peel from bubbles generated a t the ITO  surface, 

arising  from  th e  acid a ttack ing  the ITO. The voltage was increased to  a 

value betw een 4 and 30 V and stopped when the desired film colouration was 

achieved. T h is wide voltage range was necessary since the tungsten  atom s 

requ ired  oxidation  from  a valency of zero to  around 4-6. The film was then  

rinsed  w ith  deionised w ater, fixed to  the sample stage and m ounted into the 

spectroe lectrochem ical cell on the  optical bench.

M ost films appeared  dense and shiny, and colours ranged from brown (at 

lower po ten tia ls) to  deep blue and pale yellow (at higher voltages). Oxide 

films deposited  on IT O -coated  glass exhibited uniform colouration across the 

illu m in a ted  area; only a slight difference in colour was observed a t the  edges 

of som e slides. W  films w ithou t an ITO  layer (where tungsten  itself acted 

as the  W E) produced  films displaying a range of colours w ith  a gradation  

th a t  im plies a significant voltage drop along the length of the  film. Such 

films were therefore unsu itab le  for fu rther analysis. The uniform  oxide films 

crea ted  are listed  in tab le  5.1 where charge density was derived from  the 

anodic fo rm ation  charge and the electroactive area.

5.2.5 EX A FS and X-ray Reflectivity

All reflectivity  and EX A FS m easurem ents were perform ed ex situ, in m ost 

cases soon after the p reparation  of each film. In situ m easurem ents, w ith  

the  film im m ersed in electrolyte proved unsuccessful, prim arily  because an 

electro ly te layer could not adhere evenly to  the shiny surfaces of the  tungsten  

films when m ounted into the spectroelectrochem ical cell. This effect was
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W  thickness (^m )* Max. Scan Charge

voltage rate D ensity

(V) (mV s_1) (C c m '2)

0.78 5 2 0.2

0.78 5 2, 5 0.9

0.78 10 5 1.6

0.40 20 5 3.2

* Average film thickness for batch

T a b le  5.1: Conditions for anodic growth of tungsten oxide films on ITO- 

coated float glass substrates.

accen tu a ted  when th e  cell was tilted .

i) Standard Transmission EXAFS

T ungsten  foil, W O 2 (A ldrich) and W O 3 (99+ %, Aldrich) were used as 

reference m ateria ls . T he powdered oxides were prepared as s ta ted  in the 

G eneral E xperim en tal chapter. Transm ission mode spectra  of the  standards 

were taken  a t the  W  L 3-edge (10207 eV) on beam line 9.2 a t D aresbury, 

following the  p rocedure given in sections 2.1.4i and 4.3.5i. T he spec tra  ranged 

from  9950 to  10750 eV and  the EXA FS ranged from abou t 2 to  11.5 A -1 .

ii) Reflectivity Profiles

Reflectivity  profiles were recorded on beam line 9.3 a t D aresbury, using 

th e  configuration shown in figure 1.4, w ith ion cham bers filled w ith  the  ap

p ro p ria te  m ixtures of gases for m easuring the W  L 3-edge. C orrect alignm ent 

of th e  sam ple was essential in order to  m aximise the reflected signal from  the 

film.

The incident and reflected beam s were collim ated w ith horizontal slits 

positioned to the front and  rear of the cell. These slits were constructed
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from  tu n g sten  blocks separated  by 50 /mi thick Cu strips. B oth  front and 

rea r slits could be tilted  forward or backward and moved vertically  (raised 

or low ered). T he s tepper m otor-controlled stage, onto which the  cell was 

fixed, could also be moved vertically and tilted  forward or backw ard. F irst, 

th e  sam ple was moved down so th a t it com pletely cleared the beam , m aking 

I  a «  I t . I„ was m axim ised by altering the vertical position of the front 

slit, then  by tiltin g  the  slit until it lay com pletely flat, so th a t Ia was a t its 

h ighest. I t was then  m axim ised by repeating the procedure for the rear slit. 

T he  sam ple was then  moved up into the beam , so th a t It was halved. Then 

th e  sam ple was tilte d  to  optim ise the rem aining beam; here, the angle of 

o p tim u m  flux corresponded to  0o =  0°. Now th a t the sample was com pletely 

flat, fine-ad justm en t of the  vertical position of the sample ensured th a t half 

th e  orig inal optim ised  in tensity  was cut.

A lignm ent was now com plete and an angle scan could be m easured. The 

rea r slit was moved upw ard in 0.05 m m  steps until the rem aining in tensity  was 

reduced  by 90 %, so th a t  only the specularly reflected signal was recorded. 

T h e  u p p er ha lf of the  rear slit was removed, then the sam ple angle was 

scanned  in 50 m deg steps from 90 <  0° (i.e. where the sam ple was blocking 

p a r t  of th e  beam ) to  0q >  (~  0.6°). A lignm ent was repeated  when the

sam ple was changed and after significant beam  movements (i.e. when the 

beam  was restored  after shut-dow n). M ost angle scans were m easured a t 

10.1 keV, ju s t below the  energy of the W  L3-edge, where the  probing dep th  

of th e  beam  is short and the  critical angle is well-defined (see figs. 1.5, 1.6, 

1.8 and  1.9).

T he  reflectivity profile of a plain tungsten  film was m easured before the 

profile of each oxide film was recorded, so th a t the critical angle of the  tu n g 

sten  film could be used as the equivalent of a m onitor absorp tion  edge in 

th e  transm ission geom etry; once ‘m on ito r’ angle scans were aligned, the  shift 

betw een critical angles of oxide and m etal could therefore be established.

183



in )  Reflection and Fluorescence Mode E X A F S

A C an b erra  m ulti-channel solid s ta te  detector positioned above the  cell 

enab led  fluorescence spec tra  to  be recorded sim ultaneously w ith reflEXAFS 

m easurem ents. A series of dual reflEXA FS/flEX A FS m easurem ents was 

m ade once the  corresponding angle scan of a sam ple had finished. The inci

dent angle was usually  set a t 90 <  9C (0.16°) so th a t the probing dep th  would 

be very low and  reflectivity  would be high (see figs. 1.5, 1.6, 1.8 and 1.9). 

T he procedure  for recording reflEXAFS spectra is essentially the sam e as for 

th e  s ta n d a rd  transm ission  m ode, detailed in sections 2.1.4i, 3.2.3i and 4.3.5i. 

R eflEX A FS and  fluorescence spectra  a t the W  L 3-edge usually spanned 9780 

to  10750 eV and  the  EX A FS ranged from about 2.5 to 12 A -1 . Single m on

ito r sp ec tra  were recorded before and after each set of reflEX A FS/flEX A FS 

m easurem en ts  from  th e  oxide sam ple was taken because, as s ta ted  in the 

previous section, IQ was much lower for reflection mode experim ents th an  

conventional transm ission  m easurem ents. The reflected signal was therefore 

too  weak to  subsequently  traverse a m etal foil m onitor. W hen probing the 

d ep th  of an oxide layer, the  incident angle was increased from abo u t 200 to  

1200 m deg while each set of reflEXAFS m easurem ents was taken, (spectra  

were som etim es m easured a t 2 or 3 angles in this range). The resulting  series 

of sp ec tra  sam pled progressively downward from the surface region.

5.2.6 Characterisation of Films Using U V /v isib le  

Spectrophotom etry

A less subjective characterisa tion  of the oxide films, in term s of the wave

leng th  corresponding to  m axim um  U V /vis absorbance was a ttem p ted  af

te r EX A FS and X -ray reflectivity m easurem ents were com pleted. A Perkin 

E lm er 330 spectrophotom eter, operating  between 2500 and 200 nm , w ith  a 

beam  size of abou t 1.5 x 1.0 cm 2 was used to m easure U V /vis tran sm ittan ce  

( A / /0) as a function of photon  wavelength. The transm ittan ce  of the  ITO -
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coated  float glass was 83 % (at 800 nm). T ransm ittance m easurem ents from 

th e  oxide films (and  tungsten) were unsuccessful because all films gave al

m ost zero tran sm itta n c e  th roughou t the full spectral range, presum ably due 

to  th e  underly ing  m etallic  phase. Instead, reflectance mode m easurem ents 

were m ade. / 0 was m easured by calibrating using a highly polished m etal 

m irro r, and  reflectivity  R  =  I r / I o was measured as a function of energy for 

each sam ple.

5.3 D ata Analysis

5.3.1 A nalysis o f R eflectivity Profiles

Even th ough  the  reflectivity  profiles were m easured a t an energy where the 

p rob ing  d ep th  was short (E  <  E edge), a contribution from the underlying 

m e ta l was always present in the reflectivity profiles of the films. T he critical 

angles of tu n g sten  and  th e  oxide sam ples were similar, and the critical angle 

of th e  m eta l was higher th a n  the  oxides, so the critical angle of the  m etal 

was usually  obscured by the  sam ple signal. Successive reflectivity profiles 

from  th e  sam e m eta l film were in different positions, giving different critical 

angles for th e  m etal, probably  due to  slight variations to  the  position  of the 

beam  from  one scan to  the  next (although the shapes of the  curves were 

iden tica l). T h is m ean t th a t  the use of a ‘m on ito r’ angle scan to  determ ine 

th e  critica l angle of a subsequently m easured oxide sam ple would lead to 

erroneous results. However, the presence of a tungsten  signal in every oxide 

scan  proved fo rtu n a te  because its signal could be used as an in ternal m oni

to r  spectrum . The first derivative of each reflectivity curve was taken. The 

oxide films always showed two negative peaks in the first derivative. These 

corresponded to the  inflection points of oxide and m etal curves. T he peak 

a t higher angle was taken to  be the critical angle of the m etal. T he tu n g 

sten  peaks in the first derivatives were aligned. Each corresponding profile
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was th en  ad ju sted  by the  same am ount so th a t the tungsten  peak in each 

profile aligned. These corrections allowed the relative positions of the  oxide 

curves to  becom e evident. Since all of the curves were arb itra rily  aligned to  

th e  tu n g sten  peak  in one of the  spectra, it is unlikely th a t th is  represented 

the  tru e  critica l angle of tungsten . The aligned tungsten  peaks were then 

co rrected  to  the  ta b u la te d  value for tungsten a t th a t energy [7]. T he critical 

angle of sp u tte red  tu ngsten  is probably lower than  the tabu la ted  value for a 

tu n g ste n  m irror, because spu tte red  films are likely to have a lower density,

b u t th e  slight varia tion  to  the  position of each scan means th a t the true

critica l angle of th e  sp u tte red  films is not known. Once the reflectivity pro

files were aligned in the  correct position, the relative position of the  critical 

angle of each oxide layer could be determ ined from the corresponding first 

deriva tive  of its  profile. C hanges to  oxide layer density and thickness were 

in te rp re te d  q ualita tive ly  from the  relative position of the oxide critical angle 

and  th e  v aria tion  of tu ngsten  reflectivity, respectively.

P lo ttin g  log R  vs.  angle revealed no appreciable interference fringes in 

th e  region of low reflectivity above the critical angle. Oxide film thickness 

therefore could no t be derived from the reflectivity profiles.

5.3.2 A nalysis o f EXAFS Spectra

All sp ec tra  recorded in s tan d ard  transm ission, reflEXAFS and flEXAFS

m odes were ca lib ra ted  and sum m ed (where necessary) using EXCA LIB, nor

m alised  and  background sub trac ted  using EXBACK and fitted  using EX- 

CURV98. Edge steps were consistently norm alised to a post-edge feature 

com m on to  all spectra . Edge positions were m easured as the  energy cor

responding  to  a norm alised edge height of 0.5. Edge shifts were calcu la ted  

as the  difference between oxide and corresponding m onitor flEXAFS edge 

positions. ReflEXAFS edges were not used to  determ ine edge positions be

cause they som etim es displayed a d isto rted  pre-edge, im plying some rough
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sam ples. P re-edge su b trac tion  was therefore inconsistent and erroneous edge 

sh ifts  were m ore likely to  be derived from these spectra. S im ultaneous m oni

to r  sp ec tra  were no t m easured because the reflected intensity  was too  low to 

subsequen tly  traverse a foil calibrant. A reflEXAFS m onitor spectrum  was 

therefore recorded prior to  each set of oxide spectra. This m ethodology is 

valid since successive m onito r edges were in v irtually  identical positions. As 

in prev ious chap ters, the  energy scales of spectra recorded on different beam - 

lines and  different sessions were corrected by moving the flEXA FS-derived 

edge of each tu n g sten  m onitor (station  9.3) to  the position of the princi

pal reference m eta l foil m easured in standard  transm ission m ode (station

9.2). T h en  th e  energy scales of all corresponding oxide spectra  were ad justed  

by th a t  am o u n t in order to  overlay the XANES recorded on different s ta 

tions and  during  different sessions on the same energy scale. The spu tte red  

W  film used for dual reflEXA FS/fluorescence m easurem ents had a slightly 

h igher w hite line th a n  the  m etal foil s tandard , indicating th a t the surface of 

th e  m e ta l film had  oxidised, bu t they were assumed to  possess the sam e edge 

position  for energy scale correction. This assum ption is reasonable since the 

shape  of th e  W  film edge m atched th a t of the m etal foil in the  lower XANES 

region, where edge positions were m easured.

S tan d a rd  transm ission  EX A FS of the standards were analysed using the 

general procedures followed in previous chapters. T abulated  crystallographic 

s tru c tu re s  for W  foil and the  oxide powders were used to  provide an outline 

of th e  expected s tru c tu re  [50]. G reat difficulty w ith fitting  the  am plitudes of 

b o th  re f-W 0 2 and re f-W 0 3 spectra  required setting  the coordination num bers 

of th e  first W -0  shell to  the ir lite ra tu re  values. This action resulted  in a great 

im provem ent to  the  fits. Several successive spectra  from each s tan d ard  were 

sum m ed to  im prove the signal-to-noise ratio. Successive reflEXAFS (and 

flEXA FS) spec tra  were also sum m ed. Num erous d isto rted  and  regular fits to  

W -O  and W -W  shells were a ttem pted ; m ultiple scattering  fits were also tried  

w here it was considered likely i.e. where 3 shells were equally separated . B oth
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reflE X A FS and  flEXAFS spectra  were fitted. Only fits producing the  lowest 

fit index and  m ost physically reasonable structures are presented, i.e. the 

correspond ing  (2a)  error for each coordination num ber could no t exceed the 

m ag n itu d e  of th e  fitted  value, and Debye-W aller factors had to  be positive.

5.4 R esults

5.4.1 Characterisation of Tungsten Oxide Films
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<

' wc(1)
Q

0.2
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c
<D

- 0.2  —

-0.4 —

1.0 1.5 2.00.0 0.51.0 -0.5

Potential vs. Hg/Hg2S04 (V)

F igure 5.3: Typical cyclic voltammogram for an anodic tungsten oxide 

film (on ITO /float glass substrate) exposed to aqueous 0.1 

M H2SO4 solution. Potential scan rate 50 mVs-1 and T =  

0.03 n mol cm-2 of W.

T he cyclic voltam m ogram s recorded (fig. 5.3) were highly characteristic  

of th e  well-known W 0 3 ^  HnW 0 3 redox conversion for anodic tu ngsten  ox

ide films in aqueous electrolyte [34]. It was not always possible to observe a
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defin ite colour change during cyclic voltam m etry, bu t when films th a t  were 

o rig inally  blue were oxidised, they displayed a yellow tinge when removed 

from  th e  electro ly te. Conversely, scanning the poten tial to  the cathodic lim it 

reversed th e  yellow colouration, resulting in a deep blue film. These a t

trac tiv e  colour changes are typical electrochrom ism  for the system . Figure 

5.3 shows th a t  typ ical cyclic voltam m ogram s were not d istorted; th is is be

cause the  IT O  underlayer delivered a uniform current density across the  film, 

ind ica ted  by th e  even colouration bo th  after anodisation (form ation) and af

te r  vo ltam m etric  cycling. A nother reason for the lack of d istortion  was the 

fact th a t  CVs were recorded from the deposition bath , not the spectroelec- 

trochem ical cell, which has a non-ideal electrode geometry. Potentiodynam ic 

p rocedures such as anod isation  and cyclic voltam m etry could not be achieved 

in situ for th e  reason s ta ted  in section 5.2.5 i.e. th a t electrolyte could not be 

m a in ta in ed  across th e  surface of the  film m ounted on the cell’s sam ple stage. 

T he  ca th o d ic  and  anodic charges were equal a t 0.04 C. The charge passed 

d u rin g  a vo ltam m etric  cycle was much sm aller th an  the form ation charge of 

any of th e  films, so only a sm all fraction of the to ta l num ber of tungsten  

oxide sites were oxidised or reduced during a voltam m ogram , as indicated  by 

th e  yellow tinge induced by cyclic voltam m etry. V oltam m ogram s recorded 

from  brow n films were highly asym m etric (in term s of to ta l charge and  peak 

shape) and  no t reproducible, i.e. successive CVs did not overlay a t all; these 

vo ltam m ogram s probab ly  corresponded to  dissolution of the  oxide and re

version of the  oxide film to  the  m etallic s ta te  when reduced. All of the  films 

visibly re ta ined  the ir original colours for over a year after removal from  the 

electro ly te , suggesting th a t  the oxides formed were stable and the ‘m em ory’ 

effect was lasting  (section 1.2.4).

W hen characterising  the films in term s of U V /vis reflectance (fig. 5.4), a 

slight change th a t signifies an optical absorption edge (and hence an optical 

band  gap) and a colour (via Amax) was identified in the  brown oxide film 

(charge density during  form ation =  0.2 C c m -2 ) and the tungsten  film. The
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F ig u re  5.4: Optical reflectance of a sputtered tungsten film and four oxides.

brow n oxide generally behaved as a metallic sample, having a high reflectiv

ity  and  a  shallow absorption edge. The cruder description of observed colour 

will be used when referring to  th is film. The other films gave an absorption 

edge, though in m ost cases the edge was weak, im plying either a significant 

con tribu tion  from the  m etal or m etallic behaviour. The wavelength corre

sponding  to  m axim um  reflectivity (Amax) was used to  characterise the  colour 

of th e  films. T abulated  values for Amax w ith their corresponding colours [131] 

defined the  colour of each film; these are listed in table 5.2. To avoid con

fusion w ith the deep blue oxide, the first blue film (formed a t 0.9 C c m -2 ) 

will be referred to  hereafter as the bronze film, as its colour was originally 

perceived to  be a deep bronze, ra ther than  a blue. The film form ed a t 3.2 

C cm -2 was the  only film to  give a strong absorption edge, suggesting th a t 

th is sam ple was less m etallic th an  the rest. The energy corresponding to  the 

reflectance m axim um  also indicates the optical band gap of the  film. This
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optical tran s itio n  signifies the  prom otion of electrons across the  band  gap, 

from  th e  valence band  to  the  conduction band; the experim ental values are 

given in tab le  5.2. Xmax of the  yellow oxide occurred a t a higher wavelength 

th a n  the  blue and  bronze oxides, showing th a t prom otion of electrons across 

th e  ban d  gap of th is  solid required the least energy.

C harge

D ensity

( C a n " 2)

X m a x

(nm)

Colour Band gap (eV) R m a x  ( % )

0.2 502 brown 2.5 59

0.9 505 blue (i) 2.5 26

1.6 505 blue (ii) 2.5 26

3.2 620 yellow 2.0 77

Table 5.2: Optical properties of tungsten oxide films on ITO-coated float 

glass substrates.

All of the  films were highly absorbing in the visible region, giving vir

tu a lly  zero tran sm ittan ce . This m ay be due, in part, to  the presence of an 

unconverted  m eta l underlayer beneath  each oxide. The optical reflectivity of 

th e  m e ta l film, a t 50 %, was sim ilar to  bo th  brown and yellow films, and the 

d ark est coloured films gave the  lowest m axim um  reflectivity, less th an  half 

of th e  m eta l value (see tab le  5.2). The reflectivity m inim um  of all films was 

a b o u t 15 %. O ptical interference effects were recorded before the  absorp tion  

edge of some of the  oxides, bu t too few fringes were present to  estab lish  a 

regu lar period. T he presence of the fringes implies th a t the thickness of some 

of th e  oxide layers were sim ilar to the wavelengths used (0.2- 2.5 /m i).

F igure 5.5 shows th a t the critical angle for X-ray reflection of the  oxide 

was always lower th an  the m etal, correctly im plying a lower oxide density  

th a n  the sp u tte red  m etal. T he critical angles of oxide and m etal were sim ilar; 

ab o u t 0.3-0.4° for the  oxides, com pared to  0.4° for the m etal, im plying th a t
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F ig u re  5.5: X-ray reflectivity profiles of a sputtered tungsten film and four 

oxides. Scans measured at 10.1 keV. The inset shows the first 

derivative of the curves.

tu n g sten  and  oxide films had  sim ilar densities. The maxim um  reflectivity of 

m eta l ‘m o n ito r’ scans was always a t least 80 %. In m ost cases, the  m axim um  

X -ray reflectivity of the  m etal was obscured by the film signal, where a low 

m eta l reflectivity usually coincides with a  thick film. Rmax follows a sim ilar 

tre n d  to  the  optical reflectivity (table 5.2), for instance the brown oxide and 

th e  m etal have sim ilar m axim a. B oth figure 5.5 and table 5.3 show th a t the 

brow n oxide has the highest, and bronze the lowest critical angle, im plying 

th a t  the  bronze film has the  highest density of all the films. C ontrary  to  

op tical reflectivity, bronze and blue oxides do not display sim ilar m axim a, so 

th e  bronze film is more reflective in this region. By the sam e argum ent, blue 

films display more absorptive behaviour. This difference also suggests th a t 

the ir colours and valence shell structu re  are similar, bu t they differ in term s
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of physical p roperties such as density, since denser, shinier, m etallic m ateria ls  

are  m ore reflective and less absorptive. As w ith optical reflectivity, R m ax  o f  

th e  yellow oxide is higher th an  the blue film, suggesting a less absorbing 

layer. Also, th e  tungsten  peak is v irtually  absent on the profile from the 

yellow film, suggesting th a t it is the thickest film. In fact, the relative height 

of th e  tu n g sten  peak  decreases w ith charge density (and hence film grow th). 

T he  declining signal below 6max of the film is caused by the sam ple clipping 

th e  beam  below the  angle of optim um  reflectivity 90. No interference fringes 

were evident in the  profiles, im plying the thickness of tungsten  and  oxide 

were g rea te r th a n  the  X -ray wavelengths used.

C harge 

D ensity  

(C cm -2 )

Colour @c( f i l m)  (deg) R m a x  ( % )

0.2 brown 0.36 85

0.9 bronze 0.26 75

1.6 blue 0.28 37

3.2 yellow 0.28 44

T ab le  5.3: Properties for X-ray reflection, derived from reflectivity profiles 

of the oxide films. Critical angles were derived the inflection 

points of the angle scans.

F ilm  thickness could not be calculated using the absorp tion  edge step 

because the  it is likely th a t the edge step would include a con tribu tion  from 

th e  m etal. In any case, it would not be a viable m ethod since th e  beam  

p a th  th rough  the film is longer than  if tran sm itted  th rough  the  thickness 

of the  sam ple. The thickness of the tungsten, m easured using the ta ly step  

(section 5.2.2), was not useful for deriving oxide film thickness (except as 

an approxim ate upper lim it) because all of the evidence suggests th a t  the 

tungsten  was not fully converted to  oxide in any of the films. Thickness
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could not be calcu lated  using the electrochem ically-derived charge because 

it could no t be guaran teed  th a t the concentration of the film was constan t 

as charge density  increased. Therefore, three variables required evaluating: 

the  num ber of electrons transferred , n, the concentration (or density) of the 

film and  film thickness.

5.4.2 C onversion  of T ungsten  M etal to  T ungsten  O x

ides

From  a first glance a t figure 5.6, the XANES of the oxides appear to  follow no 

p a rticu la r  p a tte rn . U pon closer inspection, it can be seen th a t the blue oxide 

gives th e  fu rth est edge shift a t the  norm alisation point of y =  0.5. This trend  

is no t continued above th is point, and the edge of the bronze oxide is in the 

m ost positive position  by around y =  1.0, though it crosses w ith the  yellow 

oxide edge in th e  w hite line region. These oxide edges appear broad, the 

yellow oxide displaying th e  broadest edge, spanning all of the o ther sam ples, 

includ ing  W  foil, im plying th a t tungsten  atom s exist in a range of oxidation 

s ta te s  w ith in  the yellow film (at least).

I t is no t surprising th a t  all of the edges overlap a t some point because all 

of th e  derived edge shifts were small. The average edge shift per form al un it 

of valency, calcu la ted  from the edge shift of the standards, is only 0.32 eV. A 

second order polynom ial fit to  the edges of the s tandards (figure 5.7) shows 

th a t  a curved relationship  exists between edge shift and form al valency. The 

g rad ien t of th e  curve decreases w ith valency, and W O 2 and W O 3 edges differ 

by only 0.26 eV. A t th is level, the difference between W O 2 and W O 3 edges 

is no t significant since the  energy difference between the d a ta  poin ts was 1 

eV; therefore, only edge shifts greater than  ±0 .5  eV were significant. Conse

quently, all of the m easured edge positions m ust be considered approx im ate

i.e. yellow oxide and  tungsten  edges are not significantly different; th is  also 

applies to the brown oxide and W 0 2, and to  bo th  oxide stan d ard s  as well.
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F ig u re  5.6: Normalised W Z/3-edge XANES of reference materials (stan

dard transmission mode), sputtered tungsten and oxide films 

(dual reflEXAFS/flEXAFS mode, fluorescence XANES shown 

here). Corresponding reflEXAFS scans measured at 0.16 °.

A n add itional source of error is the fact th a t simultaneous in ternal m onitor 

sp ec tra  were not m easured. Nevertheless, the error associated w ith deter

m ining edge shifts was minimised, so pre-edge subtraction and norm alisation 

was perform ed as consistently as possible.

Bronze and blue edges are not significantly different and could be charac

te ristic  of W O 2, W O3 or HnW 03 . Analysis of the EXAFS d a ta  can establish 

w hether a significant difference exists between them . From the calibration 

curve, overall W  non-integer valences ranging from 0.65 for the  yellow oxide 

to  5.7 for the blue oxide were derived (table 5.4). These valences were used to  

derive an approxim ate value of n for each of the films, assum ing a m axim um  

valency of 6.0 (i.e. 6 -  derived valency =  n). Table 5.4 shows th a t the  blue
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film contains the critical am ount of incorporated cations, which m arks the 

boundary  between m etallic and non-m etallic properties (n =  0.3 =  nc).
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>
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CDO)
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F igure 5.7: Calibration curve defined by a 2nd order polynomial fit to the 

transmission mode W L3-edge shifts of the standards (dots) 

at various integer W valences. Fluorescence mode edge shifts 

of the films (stars) are superimposed on the calibration curve. 

Error bars represent 95 % confidence levels.

It can be seen th a t the  absorption edges of the spu ttered  W  m onitor 

film and W  foil follow the same shape for m ost of the foil edge (beyond y 

=  0.5), showing th a t the contribution of the surface oxide layer was small. 

T he largest w hite line height was produced by the blue oxide, its am plitude 

approaches th a t of W O2. Conversely, the yellow oxide spectrum  has the 

lowest w hite line, lower than  th a t of the W  film. Bronze and brown film 

spec tra  have sim ilar w hite line heights to  the W  film. The wide variation in 

w hite line height suggests a  change in the structu re of the  oxide as a function
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Sam ple Edge Shift (eV) Formal W  

Valency

D erived W  

Valency

n

S tan d ard s

W  film k  foil 0 0 - -

W 0 2 +  1.64 4 - -

W 0 3 +  1.90 6 - -

O xid e  F ilm s

brown +1.06 - 2.2 3.8

bronze +1.81 - 4.9 1.1

blue +  1.88 - 5.7 0.3

yellow +0.38 — 0.7 5.3

T a b le  5.4: Information obtained from W I/3-edge XANES of standards and 

oxide films. All of these values are approximate.

of fo rm ation  charge. These im plied structu ra l changes were p inpoin ted  by 

analysing  th e  EX A FS.

F igure 5.8 displays typical reflEXAFS and flEXAFS spectra  th a t  were 

recorded sim ultaneously. Slight curving of pre-edge and EX A FS regions of 

m ost reflEXA FS spectra  was evident, im plying th a t the films had  rough 

surfaces. T he roughest films, which gave the m ost d isto rted  spec tra  are not 

presented in th is chapter. These films were grown a t high po ten tia l scan rates; 

the  rap id ly  increasing current density caused the films to  p it, and generally 

the ir XANES and EXA FS were dom inated by the tungsten  exposed a t the 

surface.

T he fact th a t the probing dep th  constantly  varied during an energy scan 

(fig. 1.5) may have caused these spectra  to be slightly w arped com pared to  

the corresponding flEXAFS spectra, i.e. the beam  w asn’t always passing
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Figure 5.8: Simultaneously recorded reflEXAFS (a) and flEXAFS (b) spec

tra  from the bronze oxide. Refer to text for preparation details.

th rough  the  sam e am ount of m aterial. However, when summed, all of the 

sp ec tra  were of a good quality, though fluorescence spectra usually gave the 

b est fitting  resu lts (lowest errors). Typical fits are displayed in figures 5.9 and

5.10. In all cases, fits derived from corresponding reflEXAFS and flEXAFS 

sp ec tra  agreed. Small tungsten  peaks in the position of the shells in the 

m eta l were present in every spectrum , bu t were too small to  be significant. 

T hese arose either from small am ounts of unconverted tungsten  w ithin the 

oxide layer or from a separate tungsten  layer beneath  the oxide. However, 

th e  insignificance of W  m etal shells shows th a t the am ount of m etal was 

sm all com pared to  the am ount of oxide for the sam pling depths used; this 

was also evident from the  reflectivity profiles.

T he valency of tungsten  could not be derived from a calibration curve 

based on first W -0  distances because only two points would have defined 

the  curve, m aking the m ethod invalid for this system. F itted  values for 

first W -0  and W -W  distances of the standards and films are listed in tab le
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formation.

5.5; those of the  films are p lo tted  as a function of charge density in figure 

5.11. T his p lo t shows th a t the first W -0  shell is initially undistorted . W -0  

an d  W -W  shells separate  as tungsten  is oxidised up to  0.9 C c m -2 . This 

m ovem ent is required to  accom m odate the inserted cations as n —> 1. The 

oxygen and  tungsten  shells then  begin to  converge a t 1.6 C c m -2 . As the 

shells converge, a second W -0  distance appears between the shells, ending 

w ith  a d isto rted  W -0  shell a t 3.2 C cm -2 . As charge density increases, the 

first oxygen shell hardly  moves from its original position, im plying only slight 

changes to  valency during oxidation, in agreement w ith the edge shifts.

F igure 5.12 shows th a t the coordination num ber of the  first W -0  shell 

increases as a function of charge density, confirming th a t the  oxide phase 

does indeed develop w ith anodic charge. The am ount of oxygen in the  first 

W -0  shell of the oxides is small com pared to  the litera tu re  values s ta ted  

in tab le 5.5. However, these coordination num bers are consistent w ith  the

"i « r

♦

o

O W -O distances 
♦  W -W  distances
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w -o
Sam ple r (A) N 2a 2 (10-4 A2) F it Index (%)

Standards

W02 1.88 ±  0.01 6.0 (6) 321 ±  54 37.2

wo3 1.71 ±  0.01 4.0 (4) 39 ±  50 57.5

1.86 ±  0.02 2.0 (2) 52 ±  135

O xide F ilm s

brown 1.82 ±  0.01 1.3 ±  0.2 139 ±  32 35.7

bronze 1.86 ±  0.01 1.9 ±  0.2 216 ±  38 40.6

blue 1.86 ± 0.01 2.9 ± 0.3 245 ±  31 31.3

yellow 1.83 ±  0.03 2.4 ±  0.3 168 ±  113 39.7

2.08 ±  0.03 1.0 ±  0.3 108 ±  156

W -W

Sam ple R( A) N 2a 2 (lO" 4 A2) F it Index (%)

Standards

W  foil 2.71 ±  0.01 4.2 ±  1.4 (8) 63 ±  39 40.8

W film 2.75 ±  0.01 4.2 ±  0.9 (8) 103 ±  22 38.1

wo2 2.70 ±  0.01 0.4 ±  0.4 (2) 35 ±  94 37.2

W 0 3 2.23 ±  0.03 10.9 ±  1.8 (6) 487 ±  10 57.5

O xide F ilm s

brown 2.78 ±  0.02 3.3 ±  1.5 259 ±  95 35.7

bronze 3.09 ±  0.02 0.5 ±  0.5 76 ±  86 40.6

blue 3.08 ±  0.03 1.0 ±  1.0 152 ±  131 31.3

yellow 2.34 ±  0.04 3.4 db 2.6 610 ±  181 39.7

Table 5.5: Structural parameters for first W -0 and W-W shells, derived 

from fits to EXAFS of standards and oxide films. Coordina

tion numbers shown in brackets are expected (literature) values 

(section 2.2.4). Uncertainties represent 95 % confidence levels.
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F ig u re  5.12: Number of first W -0 shell neighbours as a function of charge 

density for the oxide films.

values derived from  fits to  the standards before they were set (section 5.3.2), 

so if a spec tra l effect has caused th is consistent lowering, the coordination 

num bers will be correspondingly offset from their litera tu re  values. The short 

W -O  d istance of ref-W 03 is reasonable since the ionic radius of W 6+ is only

0.6 A.
T he position  of bo th  W - 0  and W - W  shells appear to  be between W O 2 

and  W O 3 . As charge density increases, the s tructu re  of the oxides changes, 

in itia lly  m oving away from W O 2 and W O 3  structures, then approaching W O 3  

a t th e  end. The m ovem ent of the shells is also evident in figure 5.13. The 

s tru c tu re s  of bronze and blue oxides are alm ost identical in the  first 2 co

o rd ina tion  spheres. The yellow film has a s tructu re  th a t is very sim ilar to 

W O 3 , though it appears th a t th is oxide has not quite reached the  full W O 3  

struc tu re .

The movem ent of all the  fitted  coordination shells is shown by the  rad ia l
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W -0  and W-W shells of the oxide films as a function of charge 

density. Curves are offset by an arbitrary amount for clarity.

d is tr ib u tio n  functions (fig. 5.13) derived from each fit shown in figs. 5.9 and

5.10. These were calculated  using the EXCURV98 program  [53], when a final 

fit was achieved for each film. These clearly display the shifting position  and 

am p litu d e  of each coordination shell; they also convey the separation  and 

subsequent convergence of W -0  and W -W  shells, and the  em ergence of a 

second W -0  distance.
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5.5 D iscussion

T he resu lts derived from  cyclic voltam m etry, U V /vis spectrophotom etry , X- 

ray  reflectivity  and  reflection-absorption spectroscopy all suggest the  sam e 

general trends. F irstly , they confirm th a t the m etal is converted to  a lower 

density  m ateria l, as shown by the lower oxide critical angle. The oxides dis

played increasing U V /v is range absorbance w ith anodic charge, as shown by 

th e ir  op tical absorp tion  edges and their colouration. This evidence proves 

th e  fo rm ation  of ano ther phase w ith a finite band gap. The colours and ap 

p rox im ate  valency of W  in bronze and blue films, and hence the value of n, 

co rrespond  w ith  th e  scheme on page 171, where films containing more th an  

n =  0.3 are m etallic. This split between m etallic and non-m etallic charac

te ris tics  for films w ith  oxidation sta tes ranging from W 5+-W 6+ is displayed 

by th e  d a ta  presented in th is chapter. The appearance, optical reflectance, 

X -ray reflectance, XANES and EXAFS of the bronze film all indicate a film 

th a t  is m etallic  in natu re . For instance, the relatively high X-ray reflectivity 

of th e  film and  its  m etallic-bronze appearance are indicative of such a m ate

rial. T he very slight U V /vis edge step also suggests a m ateria l having either 

a  narrow  band  gap or a Ferm i level close to  or w ithin a band  containing a 

m any  accessible conduction band states (i.e. a good electronic conductor). 

T h e  optical band  gap is indeed small, bu t its m agnitude relative to  th e  o ther 

oxides is no t as im p o rtan t as the positioning of the Fermi level. T he bronze 

co loura tion  accounts for the  relatively low U V /vis reflectivity. Regardless 

of its  position, the  X -ray absorption edge is relatively discrete, not crossing 

w ith  any of the o ther edges, ap art form the yellow oxide, suggesting a sin

gle, non integer oxidation s ta te  for W  ions, ra ther th an  a spread of integer 

ox idation  s ta tes  w ith varying proportions. In term s of s truc tu re , the  separa

tion  between first W -0  and W -W  shell atom s is fu rthest in th is oxide. This 

suggests more reduced W  ions, w ith a structu re  th a t is between th a t  of W O 3 

and W O 2, and where the degree of ion insertion (causing the  two shells to
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separate) has reached a m axim um , therefore agreeing w ith the  derived va

lency of 4.9 (i.e. n «  1). T he only evidence th a t appears to  contravene the 

s ta te d  evidence for m etallic behaviour is its relatively low density, indicated  

by th e  lowest 0C of all the  films.

W hen considering the  more oxidised blue film, having less incorporated  

ca tions and  a value of n — 0.3, the  question arises as to w hether film char

ac teris tics  are represen tative of the  m etallic or non-m etallic side of n c, or 

w hether it possesses a m ixture of these properties. The U V /vis range re

flectance is the  sam e as the  bronze film, though its X-ray reflectivity is a lot 

lower th a n  the  bronze oxide, indicating higher absorbance, which is charac

te ris tic  of a non-m etal. T he critical angle suggests mass density is relatively 

low, which also indicates a non-m etal. The fairly discrete edge of the  blue film 

signifies a  m ore uniform  valency th an  the yellow film, which is characteristic  

of a  conductor. In th is oxide, the well-separated first W -0  and W -W  shells 

begin  to  converge, coinciding w ith the continual rise in Debye-W aller factors 

(fig. 5.14). T h is rise results from the s truc tu ra l rearrangem ent th a t  was 

requ ired  to  accom m odate the  inserted cations an d /o r  the d is to rted  oxygen 

shell in W O3.

D espite the  edge shift, the yellow film, having a higher anodic charge 

density  is even m ore oxidised than  the blue film. This film displays typical 

non-m etallic  characteristics, from its large U V /vis absorption step to  its very 

b road  L 3-edge. T he shape of the yellow oxide edge in particu la r was so 

b road  th a t  it crossed all of the o ther edges a t some point. Such a broad 

edge (regardless of its position) suggests the presence of a gradient of integer 

W  oxidation s ta tes  w ithin  the  film, the broadness of the edge changing w ith  

th e  com position of the film. The yellow oxide gives the clearest illu stra tion  

of th is effect, b u t the  o ther oxides possess edges th a t cross to  a far lesser 

ex ten t, though th is m ay be a consequence of the close proxim ity of all the 

edges. The presence of unconverted tungsten  in the yellow film probably  had 

only a sm all effect on broadening the  edges because the presence of m eta l in
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its  EX A FS and reflectivity profile was very small.

I t is s ta ted  in chap ter 2 th a t the m ixed-integer valence m odel would 

require evidence for a series of regular coordination shells, each type of co

o rd in a tio n  sphere having a bond length characteristic of one integer W  sta te  

ra th e r  th a n  d isto rted  shell w ith  a m ean bond length associated w ith  a non

in teger valency. For the  yellow film, the slight difference between the  first 

two W - O  distances, and  the ir sm all coordination num bers indicates the  pres

ence of a d is to rted  shell (as for crystalline W O 3 ) .  A nother factor necessary 

to  confirm  the  m odel for non-uniform  integer valency is a gradual increase 

in s ta tic  d isorder as charge density increases. The disorder would be caused 

by th e  reorgan isa tion  of individual tungsten  sites as each is oxidised, form ing 

th e  previously m entioned gradient of tungsten  oxidation states. F igure 5.14 

shows th a t  there  is a significant rise in Debye-Waller factor between 0.2 and 

0.9 C c m -2 , and  the  error bars show th a t disorder is still high in the  yellow 

oxide, even though  a m ore com pact W 03-type structu re  is achieved; th is im 

plies th a t  an a lte rna tive  m echanism  (other th an  shell separation) accounts 

for high s ta tic  disorder. In th is oxide, w ith its very broad absorption edge, it 

m ay be concluded th a t a mixed-valence s ta te  is responsible for the  high first 

shell Debye-W aller factors are in the  yellow oxide. Since th is m odel is more 

ap p ro p ria te  for describing m ore insulating, less conductive solids, where low 

m obility  valence electrons th a t  are localised a t specific sites w ith in  the  solid. 

I t m ay then  be concluded th a t the Fermi level of the yellow oxide lies w ithin 

th e  sm all band  gap.

Finally, the s tru c tu re  of the films was initially  between W O 2 and W O 3 , 

im plying a valency of abou t 5+  and the final s ta te  of the film was close 

to  W O 3  a t 6+ . The first W -0  coordination num bers show th a t the  oxides 

m ay be sub-stoichiom etric w ith respect to oxygen. W hen cycled, these films 

exhibited  the characteristic  electrochrom ism  of the tungsten  trioxide system , 

so the s tru c tu ra l changes described are characteristic to  HnW 0 3 , w here the  

value of n corresponds to the  non-integer (for m etallic films) and mixed-
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F ig u re  5.14: Debye-Waller factor 2a2, representing static disorder for the 

first W -0  shell as a function of charge density.

in teger valency of tungsten .

5.6 Conclusions

T he derived values for n account for the difference between the d a ta  derived 

from  blue and  bronze films. On the whole, brown oxide has sim ilar optical 

and  X -ray characteristics to  m etal. I t m ay be concluded th a t in the  case 

of the  bronze film, the non-integer value for W  valency does no t represent 

a m ix tu re  of W  sites a t a range of oxidation states, though th is m odel m ay 

be used to represent the yellow, non-m etallic oxide. On the o ther hand, 

conclusive evidence for e ither case does not exist for the blue film. This is 

no t surprising since the value for n in this films is 0.3.

Even though a great deal is already known abou t the tungsten  trioxide 

system , and despite the fact th a t m easurem ents were ex situ , a short-range



s tru c tu ra l s tudy  of anodic oxide growth as a function of charge density  has 

no t been repo rted  un til now. The particu larly  novel aspect of th is  study  

is th e  use of reflection m ode EXAFS to explore the newly form ed surface 

oxide phase. These achievem ents satisfy m any of the original aim s of th is 

study. T he m ain reason for the failure to reliably operate the cell in situ 

m ay no t have occurred if the  films were more porous; unfortunately , th is is 

th e  p ro p erty  th a t  would have significantly reduced their X -ray reflectivity.

T h is  s tudy  has provided a prelim inary insight into the grow th of anodic 

oxide films. A four-stage expansion and subsequent contraction of the  dis

tan ce  betw een first W -0  and W -W  shells has been identified. These shell 

m ovem ents coincide w ith  cation insertion/expulsion and the emergence of 

th e  a long W -0  d istance w ith increasing charge density. There is plenty of 

scope for fu tu re  study, the  m ost im portan t being the developm ent of a fully 

functioning, po ten tiodynam ic, in situ spectroelectrochem ical cell. An in situ 

investigation  would be able to  derive structu ra l inform ation regarding the 

earlier stages of film grow th, where n is between 0.3 and 1.
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C hapter 6

C onclusions and Future 

D irections

T he in stru m en ta l capability  for X-ray absorption spectroscopy on electro- 

chem ically m odified films has been proven using the specifically-designed 

spectroelectrochem ical cells described in this thesis. EXAFS spectra  recorded 

in transm ission  (s tan d ard  and quick), fluorescence, reflection and energy dis

persive m odes revealed the  s tru c tu ra l evolutions taking place during  or after 

lengthy  electrochem ical m anipulations (leading to a build-up of charge) such 

as overcharge ( W O 3  and N b205 systems) discharge (N i(O H )2 system ).

T he results ob ta ined  have been used to  clarify the connection between 

electrode charge, m etal ion valency, in teratom ic distance, d isto rtion  of coor

d in a tio n  shells and s tru c tu ra l disorder. In essence, it has been shown how the 

valency of m etal ions, and hence the bulk s truc tu ra l form adopted by the  films 

is affected by electrode charge. In terp re ta tion  of the electronic properties of 

these films th rough a com bination of qualitative and q u an tita tive  analyses 

is a particu larly  novel aspect of this work. It was shown, by use of solid- 

s ta te  and m olecular descriptions, th a t nickel hydroxide, niobium  pentoxide 

and  tungsten  trioxide behave as a conductor, sem iconductor and  insu lator, 

respectively, and W O 3  underw ent a m etal-insu lator transition  when oxidised. 

I t was also shown th a t  the  oxidised forms of each of the oxides consisted of
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a d is to rted  first m etal-oxygen shell, and a regular shell was evident in the 

reduced forms. Also, the  first m etal-m etal shell did not always move an tago

nistically  to  m etal-oxygen environm ents. These results therefore satisfy m ost 

of the  original aim s s ta ted  on page 1.

M echanism s for the  full s tru c tu ra l behaviour of each of the  electrodes 

could be achieved by extending th is work to  real-tim e studies of bo th  over

charge and  discharge; th is  would help to  investigate the possibility of hys

teresis w ith  regard  to  the  s tru c tu ra l pathway for these evolutions. It was 

no t possible to  observe s tru c tu ra l changes during voltam m etric cycling of 

th ick  films because EX A FS, being a technique th a t averages across the illu

m inated  area, accounts for the dom inant structure(s), whereas cycling may 

only induce a change in a sm all proportion of a sample. Also, dynam ic, 

in situ  investigations were not always possible due to the trade-off between 

spectroscopic and electrochem ical requirem ents. This factor, com bined w ith 

poor film conductiv ity  proved a significant hindrance to  progress. However, 

fu rth er refinem ent of experim ental design may achieve success; th is would be 

highly desirable for dynam ic in situ reflEXAFS.

T he resu lts derived from spectra  recorded in different configurations 

agree, and b o th  spectroscopic and electrochemical results correlate. T he un

ders tan d in g  provided by th is work should be beneficial to  optoelectronic tech

nology, whose m ain  challenges include reproducing these s tru c tu ra l changes 

over large working areas and stabilising unstable valence states.
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