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Atomic force microscopy and cyclic voltammetry are used to probe how ionic surfactant adsorbed layer structure affects redox processes at deep eutectic solvent (DES)/graphite interfaces. Unlike its behavior in water, sodium dodecyl sulfate (SDS) in DESs only adsorbs as a complete layer of hemicylindrical hemimicelles far above its critical micelle concentration (CMC). Near the CMC it forms a tail-to-tail monolayer at open-circuit potential (OCP) and positive potentials, and it desorbs at negative potentials. In contrast, cetyltrimethylammonium bromide (CTAB) adsorbs as hemimicelles at low concentrations and remains adsorbed at both positive and negative potentials. The SDS horizontal monolayer has little overall effect on redox processes at the graphite interface, but hemimicelles form an effective and stable barrier. The stronger solvophobic interactions between the C16 versus C12 alkyl chains in the DES allow CTAB to self-assemble into a robust coating at low concentrations and illustrate how the structure of the DES/electrode interface and electrochemical response can be engineered by controlling surfactant structure.
Deep eutectic solvents (DESs) are a promising new solvent class prepared by simply mixing an organic salt with a molecular hydrogen-bond donor (HBD). Properties comparable to ionic liquids (ILs) and large melting point depressions of the individual components are realized by exploiting strong H-bond interactions between the components in order to stabilize the liquid state, but with the advantage of utilizing a wide range of inexpensive, environmentally benign constituents. DESs are exemplified by a 1:2 mole:mole mixture of choline chloride (mp 302 °C) and urea (mp 132 °C), which has a melting point below 30 °C and even lower in the presence of small amounts of water.(1,2) Other widely examined DESs use glycerol or ethylene glycol as the HBD. The DES cation has low symmetry but, like the molecular component, the ability to form a range of hydrogen bonds. This wide variety of possible interactions between the liquid constituents produces a high entropy state and low melting points at the eutectic composition.(3−6) 
Like ILs, DESs have high ionic strength, low volatility, nonflammability, and high thermal stability and can be viewed as designer solvents because of the wide range of potential ionic and HBD constituents. DES research is currently focused in six main areas: electrochemistry, material preparation, synthesis, catalysis, separations, and bioapplications. DESs have been used for electrodeposition, electropolishing, and electrolyte preparation(7−15) and to produce well-defined nanoparticles,(16,17) metal–organic frameworks,(18,19) porous nanocarbons,(20,21) and colloidal materials.(22) The extensive exploration of the use of DESs in electrochemical applications is a consequence of many having a wide electrochemical window. In this context, a deep understanding of the DES liquid nanostructure at electrode interfaces is critical for optimizing electrochemical processes. While the liquid nanostructure of ILs at solid interfaces has attracted much research interest,(23−32) to date only a few studies of the double-layer structure of DESs have been reported. Our group has used atomic force microscopy (AFM) force–distance curves to probe the structure of DESs at solid and electrode interfaces. Hammond et al. and Chen et al. examined the formation of layered, molecularly segregated DES nanostructures at platinum and graphite interfaces as a function of surface potential.(33−35) At both interfaces a counterion-rich Stern layer was found in contact with the electrode, followed by a second layer rich in molecular HBD component. For Pt electrodes, the interfacial nanostructure extended further into the bulk DES upon water addition up to ∼40 wt %. This is surprising, as generally addition of even small amounts of water diminishes liquid nanostructure at IL interfaces.(36−38)
Recent studies have investigated methods of controlling the morphology of electrodeposited films by optimizing conditions and adding brighteners and levellers.(39−43) Surfactants are commonly employed in conventional electrochemical systems to widen electrochemical windows, control the crystal size of deposited metals, and reduce the surface tension of electroplating solutions to facilitate bubble detachment and prevent pitting.(44) Two studies investigating the use of anionic and cationic surfactants for the electrodeposition of Zn and Ag in DESs found that surfactants had negligible effect on deposition rates and only minor changes in morphology.(45,46) Conversely, compounds known to specifically interact with the surface had a more marked effect on deposit morphology.(47) Surfactant adsorption at solid/liquid interfaces depends on the relative magnitude of solvent–surface, solvent–surfactant, surface–surfactant, and surfactant–surfactant interactions. In aqueous systems, oppositely charged surfactants adsorb and form admicelles or bilayers on hydrophilic surfaces, but on hydrophobic surfaces like graphite, surfactant alkyl chain–surface interactions dominate, and hemimicelles form.(48) In both cases, the resulting interfacial aggregates can be imaged in situ using AFM.(49−55) Similar hemimicellar structures have been reported in nonaqueous solvents, including formamide(56) and the protic ionic liquid ethylammonium nitrate.(54) To date, surfactant adsorption at DES/solid interfaces has not been studied.
Here we investigate the adsorbed layer structure of sodium dodecyl sulfate (SDS) and cetyltrimethylammonium bromide (CTAB) at DES–graphite electrode interfaces using AFM soft-contact imaging and cyclic voltammetry (CV). The effect of the DES type, surfactant concentration, and surface potential is probed. Details of the DES preparation and the AFM and CV experiments, are provided in the Supporting Information.
Previously reported CMCs for CTAB in 1:2 choline chloride:ethylene glycol (ChCl-EG), and SDS in ChCl-EG and 1:2 choline chloride:glycerol (ChCl-Gly), are presented in Table 1, alongside their values in water.(48) The CMC of SDS in ChCl-EG is 9 mM, almost the same as in water, but the CMC for SDS in ChCl-Gly is much reduced to 3.8 mM.(57) The CTAB CMC in ChCl-Gly is 1 mM,(58) essentially the same as its aqueous value of 0.9 mM.(59) In water, surfactant aggregation on surfaces usually begins at concentrations from 0.5–0.8 × CMC. In order to provide the best chance of detecting aggregates adsorbed at the DES/graphite interface, we investigated a variety of concentrations greater than the CMC.
	 
	ChCl-EG (mM)
	ChCl-Gly (mM)
	water (mM)

	SDS
	9.0(57)
	3.8(57)
	8.2(60)

	CTAB
	insoluble
	<1(58),a
	0.9(59)


aIn ref (61) the authors incorrectly report a CMC value of ∼15 mM. Examination of the fluorescence, conductivity, and surface tension data in the article conclusively shows the CMC is, at most, 1 mM.
Figure 1 presents soft contact AFM images for 25 and 132 mM SDS at the ChCl-EG/graphite interface and for 21 mM SDS and 2.5 mM CTAB at the ChCl-Gly/graphite interface. The images consist of straight parallel stripes like those found for SDS and CTAB in water.(49−53,55) This means that at open-circuit potential (OCP), where the graphite is negatively charged,(34) both cationic and anionic surfactants displace the strongly bound choline cation from the surface in order to achieve such a highly ordered adsorbed layer structure.
In aqueous solution, surfactants first adsorb onto graphite with their alkyl tails parallel with the surface, in a tail-to-tail arrangement, producing a horizontal monolayer at concentrations around 0.1 × CMC. These tails are epitaxially aligned along one of the three graphite symmetry axes. Flat epitaxial adsorption is ascribed to a precise match between surfactant alkyl chain hydrogen atoms and the hexagon centers of the graphene lattice.(62) As the surfactant concentration approaches the CMC, hydrophobic interactions lead to additional surfactant adsorption leading to the formation of hemicylindrical hemimicelles, templated by the strongly adsorbed monolayer. The image deflection height can be used to discern whether the stripes are due to a tail-to-tail monolayer or hemicylinders, as deflections are significantly higher for the larger hemicylinder structures.
The period of the stripes captures the aggregate size plus the interaggregate separation, which results from repulsions between adsorbed surfactant headgroups. Aggregate periods were determined via power spectral density analysis of images with aggregates aligned not more than ±5° from perpendicular (the slow scan direction) as this provides the most accurate values. Table 2 shows aggregate periods for the systems investigated here, together with literature values. For 25 mM and 132 mM SDS solutions, the period was identical at 5.0 ± 0.1 nm, indicating that the hemicylinders assemble over the underlying tail-to-tail monolayer. This spacing is similar to that of SDS in water for concentrations greater than 20 mM.(51)
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Figure 1: AFM deflection images for the (A) 25 mM and (B) 132 mM SDS at the graphite/ChCl-EG interface, (C) 21 mM SDS at the graphite/ChCl-Gly interface, and (D) 2.5 mM CTAB at the graphite/ChCl-Gly interface. The deflection height scales are (A) 0.3 nm, (B) 1 nm, (C) 0.5 nm, and (D) 1 nm. The image insets show the adsorbed surfactant structure in each system: (A and C) a tail-to-tail horizontal monolayer and (B and D) a fully formed hemimicelle.
The period of the stripes captures the aggregate size plus the interaggregate separation, which results from repulsions between adsorbed surfactant headgroups. Aggregate periods were determined via power spectral density analysis of images with aggregates aligned not more than ±5° from perpendicular (the slow scan direction) as this provides the most accurate values. Table 2 shows aggregate periods for the systems investigated here, together with literature values. For 25 mM and 132 mM SDS solutions, the period was identical at 5.0 ± 0.1 nm, indicating that the hemicylinders assemble over the underlying tail-to-tail monolayer. This spacing is similar to that of SDS in water for concentrations greater than 20 mM.(51)
Table 2: Concentration (mM), structure type (tail to tail monolayer or hemimicelle), and structure period (nm ± 0.1 nm) determined from AFM images. 
	
	ChCl-EG
	ChCl-Gly
	Water

	
	Conc.
(mM)
	Structure
	Period (nm)
	Conc.
(mM)
	Structure
	Period
(nm)
	Conc.
(mM)
	Structure
	Period
(nm)

	SDS
	25
	monolayer
	5.0
	21
	monolayer
	5.2
	2.8
	hemimicelle
	7 

	
	132
	hemimicelle
	5.0
	>21
	Insoluble
	>20
	hemimicelle
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	CTAB
	Insoluble
	2.5
	hemimicelle
	5.5
	1.8
	hemimicelle
	9.1 

	
	
	21
	hemimicelle
	5.5
	5
	hemimicelle
	4.2


* Hemimicelles were not aligned parallel to the scan direction in the image used to calculate this value, so it is likely less than the true aggregate spacing.
In ChCl-Gly, the SDS stripes have a similar period (5.2 ± 0.1 nm) and small imaging deflection range at 21 mM, also consistent with a tail-to-tail monolayer. The CTAB stripe period is also constant at 5.5 ± 0.1 nm as concentration is increased from 2.5 to 21 mM in ChCl-Gly (Table 2). This differs from reported behavior in water, where the hemimicelle period decreases with increasing surfactant concentration, or upon addition of salt. The periodicity of ∼7 nm for 2.8 mM SDS decreased to ∼5.3 nm at concentrations >20 mM.(51) Similarly, for CTAB the period decreased from 9.1 nm at 1.8 mM to 4.2 nm at 5 mM in water.(49,52) (Note the hemimicelles were not aligned parallel to the scan direction in the image used to calculate 4.2 nm, so the true aggregate spacing will be larger.) This behavior in water(51) is attributed to the increased ionic strength of the solution (whether due to added electrolyte or the surfactants themselves, which are also salts) screening electrostatic repulsions between headgroups of adjacent hemimicelles, facilitating their closer packing on the surface. A minimum period is reached when steric interactions prevent closer packing. The absence of any effect of surfactant concentration on hemimicelle period in DESs is thus due to the very high ionic strength of the DES, so that hemimicelles form immediately at their minimum spacing, which is close to the limiting values seen in aqueous systems. 
At OCP, the hemimicelle period for SDS in ChCl-Gly (5.2 nm) is slightly greater than for SDS in ChCl-EG (5.0 nm). This is attributed to ChCl-EG being more electrolyte-like than ChCl-Gly;(35) that is, less free cholinium is present in ChCl-Gly. This means the interhemimicelle cholinium concentration is lower in ChCl-Gly, leading to less effective screening of headgroup repulsions and larger interhemimicelle distances and hemimicelle periods.
The effect of applied potential on surface aggregation was probed for ChCl-EG with 25 mM SDS and ChCl-Gly with 10 mM SDS and 2.5 mM CTAB. Experiments were performed at open-circuit potential (OCP), ± 0.5 V and ± 0.75 V. The deflection images are presented in the Supporting Information Figures S1–S3, and the aggregate periods obtained from the images are presented in Table 3.
At positive potentials, the SDS adsorbed horizontal monolayer remains intact, with period or deflection scarcely affected. However, at −0.5 V, images of SDS systems were featureless, revealing SDS to be desorbed from the surface. This is attributed to electrostatic repulsion between the negative electrode surface and the dodecyl sulfate anion overcoming attractions between the C12 tail and HOPG; SDS is replaced on the surface by the choline cation. In contrast, for ChCl-Gly + 2.5 mM CTAB, surface hemimicelles are present over the entire range of potentials examined. Even at + 0.75 V the attraction between the graphite surface and the C16 tail of CTAB is strong enough to keep it adsorbed. Calculations show that the free energy of adsorption of Cl– to graphite at positive potentials is smaller than that of choline under comparable negative potentials,(34) which will also contribute to the retention of the adsorbed surfactant cation.
At positive potentials the aggregate spacing of SDS increases from 5.2 to 5.5 nm in ChCl-EG and from 5.2 to 6.4 nm in ChCl-Gly. A similar increase from 5.5 to 6 nm occurs in CTAB at negative potentials. This effect is attributed to the electrode counterion from the DES being attracted to the electrode surface between aggregates, repelling the like-charged surfactant headgroups and increasing aggregate spacing.
No corresponding change in the period occurs for CTAB at positive potentials. At OCP, the chloride concentration between aggregates is already high because of the positively charged headgroups; therefore, a positive applied potential has minimal effect on interhemimicelle chloride concentration and hence does not affect spacing.


Table 3. Aggregate period (nm ±0.1 nm) as a function of potential determined from AFM images.
	
	-0.75 V
	-0.5 V
	OCP
	+0.5 V
	+0.75 V

	ChCl-EG + SDS (25 mM)
	-
	-
	5.0 nm
	5.5 nm
	5.5 nm

	ChCl-Gly + SDS (10 mM)
	-
	-
	5.2 nm*
	6.5 nm
	6.3 nm

	ChCl-Gly + CTAB (2.5 mM)
	5.9 nm
	6.0 nm
	5.5 nm
	5.6 nm
	5.6 nm


* This spacing was determined from an image of ChCl-Gly + SDS (21 mM).
Cyclic voltammograms for a graphite electrode and the pure DESs, ChCl-EG + 25 mM SDS, ChCl-Gly + 10 mM SDS, and ChCl-Gly + 2.5 mM CTAB are presented in Figure 2. The electrochemical windows of the ChCl-EG and ChCl-Gly are almost identical, but current densities are higher in ChCl-EG, which is also attributed to ChCl-EG being more electrolyte-like than ChCl-Gly.(35) The voltammogram for ChCl-EG + 25 mM SDS is almost the same as for pure ChCl-EG (Figure 2A). In contrast, for ChCl-Gly + 10 mM SDS above 1 V vs Ag/AgCl and below 1.75 V vs Ag/AgCl, current densities are significantly reduced compared to pure ChCl-Gly, but little effect is noted at intermediate potentials. The 2.5 mM CTAB has a much stronger influence on the electrochemical behavior of ChCl-Gly. When CTAB is present, the voltammogram plateau, or capacitive current, at intermediate potentials is closer to horizontal, and the current density at high and low potentials is substantially reduced. This might indicate an enhancement of the electrolyte stability window due to the presence of CTAB at the interface.[image: ]
Figure 2. Cyclic voltammograms (green lines) for (A) ChCl-EG + 25 mM SDS, (B) ChCl-Gly + 10 mM SDS  and (C) ChCl-Gly + 2.5 mM CTAB (2.5 mM). Cyclic voltammograms (black lines) of the pure DES is presented for comparison. Note the y-axis scale in (A) is different to (B) and (C). 

Figure 2 reveals CTAB adsorbed as hemimicelles significantly affects the voltammogram for ChCl-Gly, but SDS adsorbed in a tail-to-tail monolayer weakly affects the volatammograms for ChCl-EG/graphite interface and ChCl-Gly/graphite interface. As AFM images as a function of potential revealed that SDS is less strongly bound to the surface than CTAB, the voltammogram data show that the DESs components are able to access the surface in the presence of a relatively weakly bound SDS monolayer, but not for the more strongly bound, hemimicellar, CTAB system. That is, the CTAB aggregates block the electrode surface and inhibit oxidation–reduction processes.
To more carefully probe the impact of horizontal monolayers versus hemimicelles adsorbed to the electrode surface, more sensitive experiments were performed using SDS. Figure 3 probes electron transfer via the redox properties of FeCl2 in ChCl-EG with no surfactant and 25 mM SDS (horizontal monolayer) and 132 mM SDS (hemimicelles). In the absence of SDS, the voltammetry of the FeIII/II redox couple is reversible (Figure 3a) and the peak potential is only slightly affected by the sweep rate because of an uncompensated iR artifact (Figure 3b). The same experiments repeated in ChCl-EG with 25 mM SDS caused a slight decrease in the peak current, but the redox potentials of the peaks are moved further apart (Figure 3b). This is due to extended electron transfer occurring across a horizontal monolayer of adsorbed surfactant. A study by Abbott et al. tethered a ferrocene moiety to a CTAB chain in different positions, and it was found that as the redox moiety was further from the electrode the redox behavior became less reversible in aqueous surfactant solutions. This was not the case in the absence of unmodified CTAB.(63)
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Figure 3. (A) Cyclic voltammetry curves of differing concentrations of SDS at 20 mV/s within a 20 mM FeCl2 ethaline electrolyte at 25 °C on a HOPG electrode and (B) peak-to-peak separation (Epc – Epa) vs scan rate in a similar electrolyte.
Figure 3a shows that increasing the SDS concentration in ChCl-EG to 132 mM makes the voltammogram even less reversible, and the peak separation increases with increased sweep rate (Figure 3b). This shows the redox-active species are further separated from the electrode surface, consistent with the presence of adsorbed structures.
AFM images reveal striking differences between the structures of the anionic surfactant SDS and cationic surfactant CTAB adsorbed at the interface of ChCl-EG and ChCl-Gly deep eutectics with graphite. SDS only adsorbs as a horizontal monolayer, with surfactants in a tail-to-tail arrangement at around 20 mM, which is far above its critical micelle concentration in both DESs. Only upon increasing the SDS concentration (to 132 mM, almost 15 × CMC in ChCl-EG) are fully formed cylindrical hemimicelles observed. In contrast, CTAB exhibits a fully developed adsorbed layer of cylindrical hemimicelles on graphite at 2.5 mM, which is only slightly above its CMC in ChCl-Gly (CTAB is insoluble in ChCl-EG). Although the epitaxial monolayer formation on the graphite substrate is always favorable, the subsequent amphiphilic association step is strongly system-dependent.
The SDS and CTAB adsorbed structures also respond very differently to applied potential. In both DESs, SDS is completely desorbed from the interface at negative potentials beyond −0.5 V, while CTAB remains adsorbed at corresponding positive potentials up to + 0.75 V. This arises primarily from the stronger attractions between the CTAB hexadecyl tail and graphite compared with the dodecyl tail of SDS, but this is also likely to be affected by the weaker attraction of chloride compared to choline at the polarized graphite surface.
This explains the different effects of these surfactants on the electrochemical behavior of graphite electrodes in DESs. Cyclic voltammograms and electron-transfer experiments show that, for both CTAB and SDS, respectively, adsorbed surfactant hemimicelles influence electrochemical behavior more strongly than a surfactant horizontal monolayer. For CTAB, hemimicelles remain intact across the electrochemical window, forming a more effective barrier at the electrode surface.
Combined, these results show that to effectively modify electrochemical behavior in DESs, care must be taken in the choice of surfactant to ensure that its adsorbed layer forms an effective barrier but also is one that resists desorption when the electrode polarization leads to electrostatic repulsions.
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