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Abstract 

We demonstrate low-voltage electrowetting at the surface of freshly cleaved highly oriented 

pyrolytic graphite (HOPG). Using cyclic voltammetry (CV), electrowetting of a droplet of 

sodium perchlorate solution is observed at moderately positive potentials on high-quality 

(low step edge coverage) HOPG, leading to significant changes in contact angle and relative 

contact diameter that is comparable to the widely studied electrowetting on dielectric (EWOD) 

system, but over a much lower voltage range. The electrowetting behavior is found to be 

reasonably fast, reversible and repeatable for at least 20 cyclic scans (maximum tested). In 

contrast to classical electrowetting, e.g. EWOD, the electrowetting of the droplet on HOPG 

occurs with the intercalation/de-intercalation of anions between the graphene layers of 

graphite, driven by the applied potential, observed in the CV response, and detected by X-ray 

photoelectron spectroscopy. The electrowetting behavior is strongly influenced by those 

factors that affect the extent of the intercalation/de-intercalation of ions on graphite, such as 

scan rate, potential polarity, quality of the HOPG substrate (step edge and step height), and 

type of anion in the solution. In addition to perchlorate, sulfate salts also promote 

electrowetting, but some other salts do not. Our findings suggest a new mechanism for 

electrowetting based on ion intercalation and the results are of importance to fundamental 



2 

 

electrochemistry, as well as diversifying the means by which electrowetting can be controlled 

and applied. 
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Introduction 

The wetting of substrates by liquid droplets has long aroused great interest in the scientific 

community, driven by a number of applications, such as surface coatings,1 oil/water 

separation2 and (nano)pattern fabrication.3 Electrowetting describes the influence of an 

electric field on wetting, and has been the subject of many fundamental studies.4, 5, 6, 7 

Applications include electronic displays,8 optical lenses9 and lab-on-a-chip systems.10 

Electrowetting can be used to electronically control small amounts of liquid, without the 

mechanical movement of components, which is of paramount importance in microfluidic 

devices,4, 11 and considerable attention derives from this particular application. 

Hitherto, electrowetting has been achieved most readily with an electrowetting-on-dielectric 

(EWOD) format.12, 13 In this situation, a liquid droplet is placed on a dielectric-layer coated 

electrode, with the electrode and droplet essentially acting as the two plates of a capacitor. 

Through the application of an external potential difference between the substrate electrode 

and an electrode in the droplet, the electrode/dielectric and droplet/dielectric interfaces can be 

charged, producing a change of the contact angle (CA) of the droplet.4, 13 An advantage of 

this configuration is that complications from the electrolysis of the electrolyte are avoided. 

EWOD can produce quite large changes in CA, but because of the dielectric film very high 

voltages (20~300 V) usually have to be applied.5, 12, 14, 15 The dynamics of electrowetting are 

rapid in this format, making it difficult to monitor the wetting dynamics.16 Conductive 

surfaces, such as steel17 and graphene/carbon nanotube films,18 are being thus explored to 

lower the voltage and increase the timescale of electrowetting. However, the electrowetting is 

very slow and not readily reversible.17  

In this work, we demonstrate an entirely new mechanism of electrowetting of a substrate by a 

droplet, promoted by ion intercalation/de-intercalation into highly oriented pyrolytic graphite 
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(HOPG). The process is promoted by cyclic voltammetry (CV) conditions over a low 

potential range (0~+2 V vs Ag/AgCl quasi-reference electrode), and is highly reversible and 

fairly fast. HOPG is characterized by an easy surface preparation by mechanical cleavage, 

and has a well-defined surface structure (i.e. extensive basal plane areas and step edges).19 It 

is composed of stacked graphene layers, which serve as host sites for ion intercalation and ion 

intercalation is considered to be important for the production of graphene flakes via 

exfoliation.20 It has been reported that compounds containing ClO4
-, SO4

2- and NO3
- ions are 

graphite intercalators that can expand the spacing between graphitic layers (0.335 nm) at 

positive potentials, due to their slightly larger ionic size and negative charge. However, there 

is no intercalation of PO4
3- ions into graphite.21, 22, 23 In the studies herein, we control the 

potential to avoid exfoliation and explore the factors that promote electrowetting and its 

associated timescale. Our work provides intriguing insights into the effect of step edge 

density on electrowetting, with the highest quality HOPG samples that have low step edge 

density (but monolayer steps) leading to more facile ion intercalation/de-intercalation and 

thus extensive electrowetting. In contrast, HOPG samples with much higher step edge 

densities, but with multilayer steps, show much less significant electrowetting. The results we 

present are thus important not only for characterizing this new mechanism of electrowetting, 

but also for providing significant new information on ion intercalation into carbon electrodes, 

which has many technical applications (e.g. in battery electrodes).24 

Experimental section 

Materials and Chemicals  

Sodium perchlorate (NaClO4, ≥98%), sodium phosphate tribasic dodecahydrate (Na3PO4•12 

H2O, ≥98%), sodium sulphate (Na2SO4, ≥99%), fluorescein sodium salt (C20H10O5Na2) and 

phosphoric acid (H3PO4, ≥85%) were purchased from Sigma-Aldrich. All the solutions were 
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freshly prepared using water purified with a Millipore Milli-Q system (resistivity 18.2 MΩ 

cm at 25 ᵒC). The solution of Na3PO4 was adjusted to a pH ~7 with the aid of H3PO4 before 

use, under which conditions the predominant forms of anion in the solution are HPO4
2- and 

H2PO4
-.25 A high quality, but ungraded HOPG sample was kindly provided by Prof. Richard 

L. McCreery (University of Alberta, Canada), originating from Dr. Arthur Moore, Union 

Carbide (now GE Advanced Ceramics) and termed AM grade HOPG henceforth (as defined 

in previous papers from our group19, 26, 27, 28, 29). Fresh pieces were cleaved immediately prior 

to use that had a thickness of about 0.8 mm. SPI-3 grade HOPG was obtained from SPI 

Supplies (Aztech Trading, UK), and the piece used had a thickness of 1 mm.  

For the electrowetting measurements, we used a two-electrode configuration, in which the 

HOPG sample was employed as the working electrode (WE), and an AgCl-coated Ag wire 

served as a combined counter/reference electrode (CE/RE). The experimental setup is 

illustrated in Figure 1a. Before each measurement, HOPG samples were cleaved with Scotch 

tape, to generate a fresh surface. The two grades of HOPG used show significantly different 

step edge coverage, as seen from the typical AFM images in Figure 1b and reported 

previously.19, 27, 28, 30, 31 After cleavage of the HOPG samples, a 5 µL droplet of the solution of 

interest was gently placed atop the surface in a quick motion, followed by the assembly of the 

Ag/AgCl wire into the droplet, as described elsewhere.28, 32 CV was then immediately carried 

out with a custom-made potentiostat, with the potential window and scan rate controlled by 

the LabVIEW interface of an FPGA card (National Instruments). The data acquisition rate 

was typically 389 data points per second, each point being the average of 256 samples. This 

produced a potential resolution of 2.6 mV per data point for the scan rate of 1 V s-1 and finer 

potential resolution at slower scan rates. 

Optical images of droplet electrowetting on the HOPG surface during CV scans were 

recorded simultaneously by using a camera (PixeLINK PL-B782U, equipped with a 2× 



6 

 

magnification lens) with 1920×1080 pixels, at a frame rate of 12.5 fps, being controlled by 

the LabVIEW program so that images could be correlated precisely with CV data. The 

resulting images of droplet electrowetting under CV conditions were analyzed with the SPIP 

(Scanning Probe Image Processor) software package. The CA for the droplet at a particular 

potential was measured three times at the contact line and the average value was adopted. The 

relative contact diameter (RCD) of the droplet was defined as the ratio of contact diameter of 

droplet at a particular applied voltage to that of the pristine droplet (at 0 V bias). All 

experiments were performed at room temperature (20 °C). 

 

 

 

Figure 1. (a) Schematic illustration of the experimental setup of droplet electrowetting 

measurements on HOPG (not to scale), with the contact angle (θ) and contact diameter (d) 

shown in the upper left inset. (b) 5 × 5 µm tapping-mode AFM images of AM and SPI-3 

grade HOPG. Note the difference in the height scale. 
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X-ray photoelectron spectroscopy (XPS) data were collected using an Omicron Multiprobe at 

the University of Warwick Photoemission Facility. Two samples were prepared with a 

droplet of 1mM NaClO4. One was an electrochemically-treated sample that was subjected to 

30 repetitive CVs from 0 V to +2 V at a scan rate of 1 V s-1, before being held at +1.5 V (on 

the reverse scan) for 30 s. With the substrate held at this potential, the electrical contact was 

then disconnected and the droplet was removed with a short blast from an argon gas gun. The 

second sample was a control, where there was no electrochemistry, but the droplet was on the 

AM HOPG surface for the same time as the one subjected to electrochemistry, before 

removing the droplet in the same fashion. The HOPG samples were mounted on Omicron 

sample plates using electrically-conductive carbon tape and immediately loaded into the fast-

entry chamber. Once a pressure of less than 1 × 10-7 mbar had been achieved, the samples 

were transferred to a 12-stage storage carousel, located between the preparation and main 

analysis chambers, for storage at a pressure of less than 2 × 10-10 mbar. XPS measurements 

were conducted in the main analysis chamber (base pressure 2 × 10-11 mbar), with the sample 

being illuminated using an XM1000 monchromatic Al kα x-ray source (Omicron 

Nanotechnology). The measurements were conducted at room temperature and at a take-off 

angle of 90° with respect to the sample surface. The photoelectrons were detected using a 

Sphera electron analyzer (Omicron Nanotechnology), with the core level spectra recorded 

using a pass energy of 20 eV (resolution approx. 0.63 eV). The data were analyzed using the 

CasaXPS package, using Shirley backgrounds, mixed Gaussian-Lorentzian (Voigt) 

lineshapes and asymmetry parameters, where appropriate. All binding energies were 

calibrated using the Fermi edge of a polycrystalline Ag sample, measured immediately prior 

to commencing the measurements. Compositional accuracy was ensured by calibrating the 

transmission function of the spectrometer using a variety of clean metal foils. 
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Results and Discussion 

In this study, we applied a set of positive and negative potential windows to the droplet cell 

(5 µL), by scanning the substrate potential from 0 V (vs Ag/AgCl wire; to which all 

potentials are referred) up to a defined positive or negative limit. Note that the Ag/AgCl wire 

has a reasonably stable potential33 (ca. +140 mV vs saturated calomel electrode, as measured 

in this study). In both directions, the potential limits were gradually expanded to a maximum 

of ±2 V, enabling the wettability of HOPG to be explored in a variety of potential ranges.  

Compared to the droplet size, the Ag/AgCl electrode, which was produced on an Ag wire that 

was polished to generate a sharp end before the deposition of AgCl, had negligible effect on 

the shape and geometry of the droplet resting on the surface of HOPG. Meanwhile, the effect 

of gravity on the droplet can be ignored, as the droplet size (typically 1.4 mm radius) is 

smaller than the capillary length, expressed as (γLV/ρg)1/2, where γLV is the liquid-solid surface 

tension (typically 72.8 dyn cm-1), with ρ, g respectively representing the density of the 

aqueous solution (~1 g cm-3) and the gravitational acceleration (9.8 m s-2).12, 34 Therefore, any 

change in the CA and RCD of the droplets during CV measurements can be ascribed to the 

applied voltage (vide infra).  

Voltage effect on electrowetting 

A CA of ~51ᵒ was observed for aqueous (1 mM NaClO4) droplets on freshly cleaved AM 

HOPG surfaces with no applied electric field. This result is in line with other studies that 

have shown graphite surfaces to be mildly hydrophilic with a contact angle of about 50ᵒ,35, 36, 

37 Although higher aqueous contact angle values have been reported in the literature,38, 39, 40 

variations are expected depending on the sample quality, measurement environment 

(including surface contamination which increases the contact angle) and droplet size.35, 36, 41 

Given the short timescale (<5 s) on which the droplet was deposited after cleavage of surface, 
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the value we report can be taken as the intrinsic CA of 1 mM NaClO4 at AM HOPG, and is in 

line with theoretical predictions.36  

 

 

Figure 2. Contact angle and relative contact diameter for a droplet of 1 mM NaClO4 solution 

at the surface of AM HOPG, during cyclic voltammograms recorded in the potential range of 

(a) 0 to +1.2 V, (b) 0 to +1.5 V, (c) 0 to +2 V and finally (d) 0 to +1.2V after the scan from 0 

to +2 V, at a scan rate of 1 V s-1 in each case. Note that the difference in the scale of the 

contact angles and the directions indicated by arrows in each plot. 

 

When the applied potential was scanned positively, the droplet was found to electrowet the 

substrate as evidenced by the spreading (advancing) and retraction (receding) of the droplet, 



10 

 

as manifest in the changes in CA and RCD (Figure 2). In the potential range of 0~+1.2 V 

(Figure 2a), the droplet spread with increasing positive potential, with RCD increasing by ca. 

11 % at +1.13 V, while the CA was reduced from 51ᵒ to 38ᵒ. Note that similar behavior was 

observed with an electrolyte concentration of 0.1 M (data reported in Supporting Information, 

section S1). Interestingly, there is a clear hysteresis of both the CA and RCD between the 

outgoing and return scans which, in part, is due to the wetting lagging the change of potential 

at this scan rate. In fact, as a consequence, the maxima of the CA and RCD are seen on the 

reverse scan. Thus, for electrowetting of AM HOPG by the droplet in Figure 2a, a minimum 

CA of 35ᵒ and a maximum RCD of 1.11 are seen at +0.86 V on the reverse scan. As the 

potential was returned to zero, the droplet retracted back towards its original shape, 

increasing the CA to ~50ᵒ at 0 V, which was slightly lower than at the beginning of the scan, 

with a slightly higher RCD (Figure 2a).  

When the upper potential limit of the CV was increased to +1.5 V on the same sample 

(Figure 2b), there was a decrease of the CA by 15ᵒ (from 51ᵒ to 36ᵒ) and an increase of 15 % 

in RCD. A minimum CA of 32ᵒ and a maximum RCD of 1.2 were observing at +0.72 V on 

the reverse scan. In the case of +2 V being the positive limit (Figure 2c), the CA dropped 

dramatically by 25ᵒ, from 51ᵒ with no potential applied to 26ᵒ at +1.4 V on the reverse scan 

and meanwhile the RCD was enlarged by 28%. The wettability of AM HOPG after the scan 

between 0 V and +2 V was revisited by performing a CV in the potential range of 0~+1.2 V. 

It was found that the electrowetting behavior of the droplet was enhanced slightly (compare 

Figure 2a to Figure 2d), suggesting some change in the surface properties, which we consider 

further below. 

The optical images in Figure 3 (extracted from a typical movie recorded during a CV 

measurement; see Supporting Information, the movie ‘Electrowetting of AM HOPG’) 
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illustrate the significant droplet electrowetting on AM HOPG during the CV carried out from 

0 to +2 V. Good repeatability of this behavior was observed for at least 20 repetitive cycles 

(see Supporting Information, section S2), although, there is a change of the electrowetting 

potential region with the number of scans from 1 to 5 (to more cathodic values), with the 

electrowetting potential window  and behavior remaining fairly consistent thereafter.  

 

 

Figure 3. Snapshot optical images for a droplet of 1 mM NaClO4 solution on AM HOPG 

during cyclic voltammetry, with the potential swept in the range of 0~+2 V, recorded with the 

potential increased from (a) 0 V, to (b) +1.4 V and (c) decreased back to 0 V (vs Ag/AgCl), 

with the corresponding contact angle values indicated. The scan rate was 1 V s-1. 

 

Our experimental method allowed the electrochemical responses to be recorded 

simultaneously during voltammetric electrowetting. The data for a 1 mM NaClO4 droplet on 

AM HOPG are shown in Figure 4 (also see Supporting Information, section S3). For the 

anodic scan to a potential limit of +1.2 V, a small oxidation peak at +0.85 V was detected on 

the outgoing scan, with a hint of reduction at ca. +0.2 V on the reverse (Figure 4a). When the 

upper potential limit was increased to +1.4 V for the same HOPG surface, the oxidation 

feature was again seen, with a clearer reduction peak at +0.3 V (Figure 4b). With the positive 

potential limit increased further to +1.6 V, the anodic peak was seen even more clearly, 

followed by an anodic process, likely due to the onset of water oxidation. The corresponding 

reduction peak on the reverse scan became more pronounced and shifted positively to +0.34 
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V (Figure 4c), +0.37 V (Figure 4d) and +0.4 V (Figure 4e). After the set of voltammetric 

scans in Figures 4a-e, a voltammogram over the potential range of 0~+1.2 V was recorded, 

and the reduction peak was still noticeable (at +0.31 V vs Ag/AgCl) on the cyclic 

voltammogram (Figure 4f) and much more prominent than the initial scan over the same 

range (Figure 4a). The development of the reduction peak with the increase in the upper 

positive potential limit and number of potential scans (also see additional data in Supporting 

Information, section S3) correlates with the enhanced electrowetting behavior observed for 

the droplet on AM HOPG (vide supra, Figure 2). 

The oxidation-reduction process observed as the pair of peaks identified could be due to the 

intercalation/de-intercalation of anions,42 or related to surface quinone-hydroquinone redox 

conversion (or other surface oxidation/reduction processes).43 As we demonstrate below, the 

former process is most likely and is responsible for the electrowetting seen for the aqueous 

droplet. 

 

Figure 4. Cyclic voltammograms for a droplet of 1 mM NaClO4 on AM HOPG with applied 

voltage in the range of (a) 0~+1.2 V, (b) 0~+1.4 V, (c) 0~+1.6 V, (d) 0~+1.8 V, (e) 0~+2 V 

and (f) 0~+1.2 V after the CV swept between 0 and +2 V. Scan rate: 1 V s-1.  
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On the forward scan of the CV (oxidation), ClO4
- ions from the aqueous droplet can be driven 

into graphite through exposed step edges, overcoming the van de Waals forces between the 

graphene sheets.44, 45 This intercalation reaction is defined in eqn. (1), and correlates to the 

small oxidation peak at ~+0.85 V and beyond: 

                                             Cx + ClO4
− ⇌ Cx

+ClO4
− + e−                    eqn. (1) 

It has also been reported that side reactions, such as carbon oxidation and water splitting, 

occur at anodic potentials and might be responsible for the anodic currents we see at more 

positive potentials.22, 42 However, the surface oxidation process is slow and would not be 

expected to change the surface significantly and promote electrowetting, as we show with 

further measurements below.46 Rather extreme conditions of potential, time and electrolyte 

are needed to produce significant changes to the graphite surface, such as exfoliation,47, 48 and 

these processes can be ruled out. 

On the reverse scan of the CV (reduction), the de-intercalation of ClO4
- from the graphite 

leads to the reduction peak observed on the CV (Figure 4 and Figure S3). As the upper 

potential limit was increased with further scans, it can be seen that intercalation/de-

intercalation becomes more favored, i.e. repetitive cycling leads to a break-in of the surface 

towards intercalation/de-intercalation. We examined AM HOPG by atomic force microscopy 

after the application of anodic potentials and found subtle changes in surface morphology 

around step edges, and also over the basal surface at a density similar to that estimated for 

point defects (see Supporting Information, section S4),49, 50 suggesting these locations 

(particularly step edges) as possible sites for ion intercalation/de-intercalation. 

The reduction peak of the CVs was integrated to produce the charge transferred and the 

charge density, which is the ratio of charge to the droplet contact area (measured at the de-
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intercalation potential). The values were plotted against the upper potential limit of CVs, as 

shown in Figure 5. The charge density of the reduction peak increases more or less linearly 

with the upper limit of CV (and hence time). The surface concentration of ClO4
- intercalated 

into AM HOPG can also be obtained, considering the one electron process of 

intercalation/de-intercalation (see eqn.(1)). The CV with the upper limit of +2 V leads to a 

surface concentration of 31 pmol cm-2, accounting for 0.5% of the carbon atoms in the top 

graphene layer. This value is of similar magnitude to the step edge density on AM grade 

graphite (0.09%),19 indicating that the extent of the intercalation process causing the 

electrowetting is rather subtle. 

 

 

Figure 5. Charge density for the reduction peak of the CVs carried out in different potential ranges (1 

V s-1), and corresponding ClO4
- surface concentration, plotted as a function of upper potential limit.  

 

XPS measurements were carried out to characterize the compositions of AM HOPG surfaces.  

In the high-resolution XPS Cl 2p spectrum of the electrochemically-treated AM HOPG 

sample (Figure 6), a pronounced peak at a binding energy of 206.9 eV was observed, 
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corresponding to the Cl 2p3/2 component arising from the intercalated perchlorate ions.44 A 

second bonding environment was also observed, possessing a Cl 2p3/2 component at a binding 

energy of 208.3 eV and was attributed to adsorbed ClO4
-.51 The associated Cl 2p1/2 

components were found to be at 208.5 eV (intercalated) and 209.9 eV (adsorbed). On the 

sample without electrochemical treatment, only adsorbed perchlorate ions (207.9 eV and 

209.5 eV) were observed, along with a small amount of remnant NaClO4 (209.3 eV and 

210.9 eV) from removing the electrolyte droplet; see Supporting Information, section S5. The 

quantity of Cl was found to be significantly higher on the electrochemically-treated HOPG 

sample, compared with that of the control sample. These data confirm the intercalation of 

ClO4
- ions into AM HOPG structure at relatively high anodic potentials, where electrowetting 

occurs. We believe this is the main effect causing electrowetting, although there may be some 

contribution from adsorbed ClO4
-, which may adsorb on HOPG. 44  

 

Figure 6. XPS spectrum of the Cl 2p region on electrochemically-treated AM HOPG (30 CVs 

swept from 0 to +2 V at 1 V s-1, with the potential then held at +1.5 V for 30 s), using a 

droplet of 1 mM NaClO4.  The spectrum has been fitted with peaks for different species as 

indicated in the figure. The sum of fitting curves (black solid line) is consistent with the raw 

data (black dots). 
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Scan rate effect on electrowetting 

The influence of timescale on the intercalation/de-intercalation of ClO4
- (1 mM NaClO4) and 

electrowetting of the droplet was investigated on AM HOPG by comparing scan rates of 0.1, 

0.3 and 1 V s-1. Electrowetting behavior was observed on HOPG at all scan rates employed, 

but to different extents. As shown in the examples in Figure 7a, when a slow scan rate (0.1 V 

s-1) was employed, the CA for the droplet at a potential of +0.92 V on the forward scan 

(oxidation) was 34ᵒ. A CA of 42ᵒ at +0.96 V (on the forward scan) was obtained for the 

intermediate scan rate (0.3 V s-1). As the scan rate was increased to 1 V s-1, a CA of 44ᵒ at 

+1.09 V (on the forward scan) was obtained. Thus, even though the potential is increasingly 

higher in this series of images, the scan rate (timescale) has a significant effect. In fact, the 

corresponding CV responses show that the reduction peak (de-intercalation) shifted 

negatively, while the oxidation peak (intercalation) shifted positively, and both became less 

pronounced, with increasing scan rate. The corresponding intercalation charges were 61 nC 

(0.1 V s-1), 1.8 nC (0.3 V s-1) and 0.5 nC (1 V s-1). At slow scan rates, the intercalation/de-

intercalation process clearly occurs more extensively at the HOPG substrate. As a result, a 

minimum CA of 18ᵒ was obtained for the droplet with the CV swept at 0.1 V s-1, compared to 

that of 20ᵒ and 25ᵒ for 0.3 and 1 V s-1, respectively (Figure 7b). Moreover, the electrowetting 

process follows the CV response more faithfully at slow scan rate, leading to a smaller 

hysteresis of CA between the forward and reverse sweeps.  
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Figure 7. (a) Snapshots for droplet electrowetting of 1 mM NaClO4 solution on AM HOPG 

during the forward scan of a cyclic voltammogram in the potential range of 0~+1.2 V, with 

scan rates of 0.1, 0.3 and 1 V s-1. The potentials at which the snapshots were taken are 

indicated and the full cyclic voltammograms are shown below. (b) Contact angle of a 1 mM 

NaClO4 droplet on AM HOPG plotted against the potential, during CV measurements from 0 

to + 2 V at scan rates of 0.1, 0.3 and 1 V s-1. 

 

It should be noted that in some cases the droplet could detach from the CE/RE due to the 

significant electrowetting on AM HOPG at positive potentials. In this situation, the HOPG 

surface is at the open-circuit potential, yet a low CA and high RCD were found to be 

maintained. This is excellent evidence that electrochemically driven intercalation is 
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responsible for the electrowetting. When the cell connection was re-made by moving the 

CE/RE down into the spread droplet (at 0 V), de-intercalation occurs and the droplet 

recovered its original morphology (see Supporting Information, section S6).  

Potential polarity effect on electrowetting 

When CV potential scanning was in the cathodic window with AM HOPG, no obvious 

changes in CA and RCD of droplet were observed (see Supporting Information, section S7), 

with the same concentration (1 mM) of NaClO4 solution used. The CA only varied by 2ᵒ at 

most during the CV and the RCD was more or less stable. Thus, electrowetting of the 

aqueous droplet on HOPG only occurred at positive potentials. This behavior is in agreement 

with a study of electrowetting of carbon nanotube membranes,52 although the effect in that 

case was attributed to electrochemistry of oxygen-containing surface functional groups. That 

we only observe electrowetting in the positive potential region, means that the mechanism is 

different from the EWOD, which is only weakly dependent on the polarity of potential 

applied, and tends to follow the Young-Lippmann equation.4, 7, 12  

Substrate effect on electrowetting 

As the (electro-)wetting of a substrate by a droplet can be affected by the roughness of the 

substrate,18, 53, 54 some droplet cell experiments (1 mM NaClO4) were also conducted on the 

surface of SPI-3 grade HOPG, which has more than 2 orders of magnitude more step edges 

(density) than AM (Figure 1b), with a predominance of multilayer rather than monolayer step 

edges.19, 27, 30, 31 This leads to higher roughness of SPI-3. According to Wenzel model:53, 54  

cos 𝜃𝑟 = 𝑟cos 𝜃0                eqn. (2) 

where θr and θ0 are the CA on a rough surface and a flat surface, respectively, and r is the 

surface roughness, defined as the ratio of the actual area of the rough surface to the geometric 
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projected area, one might expect the CA on AM HOPG to be larger than for SPI-3 HOPG at 

all potentials. However, in contrast to the observations on AM HOPG during CV scanning, 

only a small amount electrowetting of the droplet was seen on SPI-3 (Figure 8). A decrease 

of 6ᵒ in CA was obtained during the scan from 0 to +2 V, while an increase of 4.5% was seen 

for RCD at a scan rate of 1 V s-1(compare Figure 8 with Figure 2c). This is a very striking 

difference in behavior.  

 

 

Figure 8. Contact angle and relative contact diameter of electrowetting for a droplet of 1 mM 

NaClO4 solution at the surface of SPI-3 HOPG plotted against the potentials of a CV carried 

out in the range of 0~2 V, with a scan rate of 1 V s-1.    

 

A total of 20 repetitive CVs between 0 and +2 V (1 V s-1) were carried out on the freshly 

cleaved surface of each grade of HOPG, to resolve possible electrochemical reactions, with 

the resulting voltammograms shown in Figure 9. On AM HOPG, we observe the 

development of the cathodic potential peaks that we described earlier, and the anodic 

oxidation process at the most positive potentials >+1.5 V. In contrast, even over 20 
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successive scans for SPI-3 HOPG, only the anodic current at >+1.5V was discernible, with 

little evidence of ion intercalation/de-intercalation. This result, over the potential range 

shown, is important as it further confirms that the oxidation process at >+1.5 V are not the 

dominant factor in droplet electrowetting of AM HOPG. 

 

 

Figure 9.  Twenty repetitive cyclic voltammograms for a droplet of 1 mM NaClO4 solution 

on (a) AM grade and (b) SPI-3 grade HOPG, recorded in the potential range of 0~+2 V, at a 

scan rate of 1 V s-1. 

 

We attribute the difference in the electrochemical responses of these two grades of HOPG to 

the feasibility (or not) of intercalation/de-intercalation processes. The intercalation of ions 
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requires sufficient energy to overcome the van de Waals forces that hold the graphene layers 

together in graphite. The energy increases with the number of adjacent graphene layers.44, 45 

Since AM HOPG has low step edge coverage of monoatomic steps,19, 27 as illustrated 

schematically in Figure 10a, ClO4
- ions can be relatively easily inserted into the graphene 

layers of AM HOPG through the (exposed) step edges during the forward scan of CV 

(oxidation), which are negatively charged atop a neutral underlying basal surface.29, 55 The 

intercalation produces enhanced electrowetting of the droplet on graphite through the 

introduction of oxygen-containing ions (ClO4
-). As the scan number is increased, the 

intercalation/de-intercalation of ClO4
- becomes easier, causing the reduction peak to shift to 

positive potentials, for example, as described above. Compared with AM HOPG, SPI-3 

HOPG has many more step edges that are predominantly multiple layers.30, 31 This greatly 

enhances the binding force between the graphene layers, leading to less delamination of step 

edges with time.56 Moreover, anion intercalation would be hindered by strong repulsive 

coulombic forces, due to the large amount of negative charges at the multilayer step edges.29, 

55 As a result, considerably more energy is required for the intercalation of ClO4
- ions into 

SPI-3 HOPG, making it less vulnerable to the attack of ClO4
- anions (Figure 10b). This 

mechanism can also be used to explain the asymmetry of the electrowetting droplet observed 

occasionally in some cases (Figure 3), as the step edge density and arrangement on AM 

HOPG, is non-uniform19 and determined by the cleavage.  
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Figure 10. Schematic depicting the pathway of ClO4
- under CV conditions anodically for (a) 

AM HOPG, leading to the intercalation (oxidation) and de-intercalation (reduction) processes 

at monolayer step edges and (b) SPI-3 HOPG, where little intercalation/de-intercalation of 

ClO4
-occurs at multilayer step edges (not to scale). Note that negative charges at step edges 

(oxygen-containing moieties) are marked in red. 

 

Anion effect on electrowetting 

There have been considerable efforts to study anion intercalation into graphite, so as to 

elucidate the intercalating properties of different types of anions.21, 23 Considering the 

relationship between intercalation and electrowetting that we have described, we found that 

similar effects to those reported above for ClO4
- were found with SO4

2-, with a typical 

response of contact angle and relative contact diameter versus potential in 1 mM Na2SO4 

solution shown in Figure 11. The corresponding CV is shown in Supporting Information, 

section S8. However, two other types of much larger anions, H2PO4
-/HPO4

2- and fluorescein 

dianion, with a concentration of 1 mM, were also briefly considered on AM HOPG during 

CV measurements. Experiments were conducted in the same potential range as for ClO4
- (i.e. 

0~+2 V vs Ag/AgCl). We found the droplet containing H2PO4
-/HPO4

2- did not electrowet AM 

HOPG surface, in line with other studies.21 In the case of fluorescein, the droplet was shown 
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to maintain its shape under the potentials applied and no electrowetting was observed. The 

corresponding CVs demonstrated no oxidation and reduction peaks for intercalation and de-

intercalation of ions (see Supporting Information, section S8). 

This study further confirms that ion-intercalation/de-intercalation of specific ions (ClO4
-), 

rather than the anodic formation of graphite oxide or, water oxidation is responsible for the 

electrowetting of graphite that we observe.     

 

 

Figure 11. Contact angle and relative contact diameter of electrowetting for a droplet of 1 

mM Na2SO4 solution at the surface of AM HOPG plotted against the potentials of a CV 

carried out in the range of 0~+2 V, with a scan rate of 1 V s-1.    

 

Conclusions 

We have demonstrated a new mechanism for electrowetting based on ClO4
- (and SO4

2-) 

intercalation/de-intercalation into step edges on the basal surface of HOPG. Intercalation/de-

intercalation of ClO4
- (and SO4

2-) in the top graphene layers of graphite surfaces, induces 

changes in local surface morphology and charge that alters the wettability of the substrate by 
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the droplet. Electrowetting occurs at moderate positive potentials under CV conditions where 

ClO4
- intercalation occurs. The slowest scan rate investigated (0.1 V s-1) leads to more 

significant intercalation which enhances the electrowetting behavior. Little electrowetting of 

NaClO4 was seen on SPI-3 HOPG, as the energy to expand the gaps between graphene layers 

is greatly enhanced by the strong binding force imposed by the high-density of multilayer 

step edges.  

The work we have presented shows that electrochemistry can be used as a powerful means 

for tailoring the surface properties of graphite and manipulating the movement of a droplet on 

it. The possibility of using ion intercalation/de-intercalation to introduce significant, 

reversible and repeatable electrowetting phenomena on a reasonable timescale opens up new 

prospects for low voltage electrowetting devices based on layered materials and/or ion 

intercalation/de-intercalation that do not require an EWOD format.   

Associated content 

Supporting Information  

A movie (‘Electrowetting of AM HOPG’) showing the electrowetting of AM HOPG by a 

droplet of 1 mM NaClO4 solution during the CV swept from 0 V to +2 V at a scan rate of 1 V 

s-1.  

S1 - Electrowetting of a droplet of 0.1 M NaClO4 solution on AM HOPG    

S2 - Electrowetting of a droplet of 1 mM NaClO4 solution on AM HOPG under repetitive 

cyclic scans         

S3 - Cyclic voltammograms of a droplet of 1 mM NaClO4 solution on AM HOPG   

S4 - Atomic force microscopy images of AM HOPG after the removal of droplet 

S5 - X-ray photoelectron spectroscopy measurement of AM HOPG control sample 
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S6 - Electrowetting of a droplet of 1 mM NaClO4 solution on HOPG with the electric circuit 

on and off         

S7 - Potential polarity effect on the electrowetting of a droplet of 1 mM NaClO4 solution on 

AM HOPG         

S8 - Cyclic voltammograms of a droplet containing 1 mM Na2SO4, Na3PO4 or sodium 
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S1 | Electrowetting of a droplet of 0.1 M NaClO4 solution on AM HOPG 

 

For comparison with the data in the manuscript which focused on 1 mM NaClO4, a droplet of 0.1 

M NaClO4 solution on AM HOPG was tested using a CV scanned from 0 V to +2 V (at 1 V s-1). 

Similar electrowetting behavior to that for the concentration of 1 mM was observed, as evident 

from the changes in contact angle and relative contact diameter against potential applied, as 

shown in Figure S1. 

 

 

Figure S1 Contact angle and relative contact diameter for a droplet of 0.1 M NaClO4 aqueous 

solution at the surface of AM HOPG, during a cyclic voltammogram recorded in the potential 

range of 0 V to +2 V, at a scan rate of 1 V s-1 .   
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S2 | Electrowetting of a droplet of 1 mM NaClO4 solution on AM HOPG under 

repetitive cyclic scans 

 

A total of 20 continuous CVs were carried out from 0 V to +2 V, with a droplet of 1 mM NaClO4 

solution on AM HOPG, at a scan rate of 1V s-1. It was found that the electrowetting behavior was 

very repeatable after 5 cyclic scans onwards (Figure S2), and the hysteresis of contact angle was 

reduced, compared with that for the first cycle which required a higher potential to introduce the 

wetting.  

 

 

Figure S2. (a) Contact angle and (b) relative contact diameter of electrowetting for a droplet of 1 

mM NaClO4 solution on AM HOPG, during the 1st, 5th, 9th and 20th cycles of 20 repetitive scans 

(from 0 to +2 V, 1V s-1).  



 S-5 

S3 | Cyclic voltammograms of a droplet of 1 mM NaClO4 solution on AM HOPG  

 

In addition to Figure 4 in the main text, other CV responses over different potential windows for a 

droplet of 1 mM NaClO4 solution on AM HOPG are shown in Figure S3. With an increase of the 

upper potential limit, the reduction peak on the reverse scan became more developed and shifted 

towards more positive potentials. 

 

 

Figure S3. Cyclic voltammograms for a droplet of 1 mM NaClO4 solution (on AM grade HOPG) 

with the voltage swept in the range of (a) 0~+1.1 V, (b) 0~+1.3 V, (c) 0~+1.5 V, (d) 0~+1.7 V and 

(e) 0~+1.9 V. Scan rate: 1 V s-1.  
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S4 | Atomic force microscopy images of AM HOPG after the removal of droplet 

 

AFM imaging of AM HOPG (in air) was performed to characterize the morphology of surfaces 

after treating the droplet (1 mM NaClO4) resting on the surface with different methods, i.e. no 

voltage applied, constant potential (2 V) for 2 min, and 30 cyclic scans from 0 to +2 V (Figure S4). 

There was little change in the surface morphology from a freshly cleaved surface if the droplet 

was simply placed in contact with the surface (Figure S4a).With the potential held at 2 V, surface 

features appeared around step edges (Figure S4b). These features are also seen after potential 

cycling (Figure S4c), with further features across the basal surface, which have a density of 9 µm-2, 

similar to the estimated point defect density on HOPG.1, 2 

 

 

Figure S4. 10 µm × 10 µm AFM images of AM HOPG after removal of a droplet of 1 mM 

NaClO4 solution that had resided on the surface (a) for 2 min without any voltage applied, (b) for 

2 min with the voltage held at 2 V and (c) with the voltage swept from 0 to 2 V for 30 cycles (1 V 

s-1). 
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S5 | X-ray photoelectron spectroscopy measurement of AM HOPG control sample 

 

A droplet of 1 mM NaClO4 solution was placed on the freshly-cleaved HOPG sample and left for 

the same time as on the electrochemically-treated sample (see main text and corresponding 

spectrum in Figure 6), before being blown away with an argon gas gun. XPS measurements were 

carried out on the surface immediately afterwards, with the spectrum showing only the presence 

of adsorbed ClO4
- ions and residual NaClO4 (Figure S5). 

 

 

Figure S5. XPS spectrum of Cl 2p region on AM HOPG, without electrochemical treatment. The 

spectrum has been fitted with peaks for different species as indicated in the figure. The sum of 

fitting curves (black solid line) is consistent with the raw data (black dots). 
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 S6 | Electrowetting of a droplet of 1 mM NaClO4 solution on HOPG with the 

electric circuit on and off  

 

Optical images in Figure S6 shows the electrowetting of a droplet of 1 mM NaClO4 solution 

during CV carried out in the potential range of 0~+2 V (0.3 V s-1). On the forward scan, at +1.68 

V, the CE/RE disconnected with the droplet, due to significant electrowetting, and when the scan 

was finished at 0 V, a connection was made manually, leading to the recovery of the droplet from 

spreading. 

 

 

Figure S6. Optical images of a droplet (1 mM NaClO4) on AM HOPG during CV performed over 

the potential range of 0~+2 V, recorded at a potential of (a) 0 V (at the start of CV); (b) +1.68 V 

(on the forward scan), when the droplet detached from the CE/RE due to significant 

electrowetting and (c) 0 V (at the end of CV), when the electric circuit was re-connected. Scan 

rate: 0.3 V s-1. The contact angle is marked in each image. 
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S7 | Potential polarity effect on the electrowetting of a droplet of 1 mM NaClO4 

solution on AM HOPG 

 

CV measurements were also carried out from 0 to -2 V (1 V s-1), in the droplet of 1 mM NaClO4 

solution on AM HOPG. As shown in Figure S7, no significant changes were seen in contact angle 

and relative contact diameter during the scan. This demonstrates that there is almost no 

electrowetting in the negative potential window. 

 

 

 

Figure S7. Contact angle and relative contact diameter of electrowetting for a droplet of 1 mM 

NaClO4 solution at the surface of AM HOPG plotted against the potential of a CV carried out in 

the range of 0~-2 V, with a scan rate of 1 V s-1.    
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S8 | Cyclic voltammograms of a droplet containing 1 mM Na2SO4, Na3PO4 or 

sodium fluorescein on AM HOPG 

 

CV measurements were carried out from 0 V to +2 V at a scan rate of 1 V s-1, with a droplet of 1 

mM Na2SO4 solution (Figure S8). A reduction peak on the reverse sweep was seen at +0.4 V, 

similar to that observed for NaClO4, which is attributed to anion de-intercalation.  

 

Figure S8. Cyclic voltammogram of a droplet of 1 mM Na2SO4 solution on AM HOPG, recorded 

from 0 V to +2 V at a scan rate of 1 V s-1. 

 

CVs for droplets containing 1 mM Na3PO4 (adjusted to pH ~7) or 1 mM sodium fluorescein on 

AM HOPG were also recorded (Figure S9). There were no obvious peaks for the intercalation/de-

intercalation of ions over the potential range investigated. 
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Figure S9. Cyclic voltammograms of a droplet of (a) 1 mM Na3PO4 solution (pH ~7) and (b) 1 

mM sodium fluorescein solution on AM HOPG at a scan rate of 1 V s-1. 
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