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4 ABSTRACT: We report electrochemical measurements using in situ Raman
5 spectroscopy at graphene/D2O interfaces under extremely low applied potentials.
6 Here, the hydrophobic and catalytically inert nature of graphene and the insulating
7 nature of the deionized (DI) water enables potentials as low as Vapplied = −7 V vs Ag/
8 AgCl to be applied without exceeding 200 μA/cm2 of current density. At higher
9 currents, bubble formation (i.e., hydrogen evolution reaction) prohibits reliable spectra
10 from being obtained from the electrode surface. Using CaF2 as the supporting substrate
11 enables significantly lower reducing potentials to be reached compared to glass
12 substrates, likely due to trapped charge and impurities in the glass substrate. G band
13 Raman spectra taken under various applied electrochemical potentials exhibit a linear
14 relationship between the G band shift (ΔωG) and the applied potential, with blueshifts
15 as high as ΔωG = 18 cm−1. These large Raman shifts indicate a large change in the
16 Fermi level of ΔEF = −0.43 eV for graphene electrodes in contact with water, favoring reduction half-reactions. Based on the
17 solution resistance measurement, there is a VIR = 3.1 V voltage drop across the solution for D2O (when the applied potential was
18 Vapplied = −7 V vs Ag/AgCl) and the effective reducing potential on the working electrode is Veffective = −3.9 V vs Ag/AgCl. We have
19 also tested these graphene electrodes in ionic liquids [DEME][TFSI], which are limited to applied potentials above Vapplied = −2.7 V
20 vs Ag/AgCl and a corresponding shift in the Fermi level ΔEF = −0.32 eV, indicating that pure water can provide a more robust
21 electrolyte for reaching low reducing potentials than ionic liquids.
22 KEYWORDS: graphene, low reducing potentials, high operating voltage window, ionic liquids, Raman spectroscopy

23 ■ INTRODUCTION
24 The behavior of water at charged interfaces plays an important
25 role in a variety of chemical and biological processes ranging
26 from electrocatalysis to biomembranes,1−4 and assumes a
27 crucial role in areas ranging from life sciences and environ-
28 mental chemistry to heterogeneous catalysis, electrochemistry,
29 and energy conversion applications. The solvation properties
30 of interfacial water dictate chemical equilibria and reaction
31 rates. Through the use of surfactants, the orientation of water
32 at charged interfaces has been studied extensively using
33 vibrational sum frequency generation spectroscopy (SFG).4−9

34 Montenegro et al. observed abrupt changes in the SFG spectra
35 of water at electrode surfaces under extremely high field
36 conditions indicating that water possesses an asymmetric
37 dielectric response and, thus, interfacial water cannot be
38 treated as a simple dielectric medium.10,11 In a similar study,
39 Wang et al. performed SFG spectroscopy on CaF2-supported
40 graphene under applied potentials and attributed the OH peak
41 formation to electrochemically driven Ca−OH bond for-
42 mation.12,13 Li et al. reported that interfacial water undergoes
43 evolution in configuration from parallel to one hydrogen atom
44 facing the electrode to two hydrogen atoms facing the
45 electrodes while an external potential is applied.14 Poli et al.
46 showed that small amounts of charge transfers along hydrogen

47bonds, while disparities in the hydrogen bond network
48resulting from topological defects can cause negative surface
49charge to accumulate at both interfaces.15 In the work
50presented here, we seek to better understand the electro-
51chemical properties of the graphene/water interface in the
52extremely low applied potential regime. Recent advancements
53have focused on utilizing pure H2O as an electrolyte in various
54electrochemical applications, particularly in piezocatalysis and
55supercapacitors.16−18 and the work reported here could be
56applicable to these fields. Although these results may not lead
57to more efficient catalytic processes, they are of interest from a
58fundamental science perspective, as several research groups
59have recently studied the structure of water at a graphene
60interface as a function of electrode potential.19−21 Since its
61discovery, graphene has been extensively used in electro-
62chemical devices such as sensors,22−25 capacitors,26−30 super-
63capacitors,31−33 batteries,34,35 and solar cells.36−38 A key

Received: June 10, 2024
Revised: August 9, 2024
Accepted: August 13, 2024

Research Articlewww.acsami.org

© XXXX American Chemical Society
A

https://doi.org/10.1021/acsami.4c09551
ACS Appl. Mater. Interfaces XXXX, XXX, XXX−XXX

* Unknown * | ACSJCA | JCA11.2.5208/W Library-x64 | manuscript.3f (R5.2.i3:5013 | 2.1) 2022/08/03 13:05:00 | PROD-WS-121 | rq_2416794 | 8/16/2024 02:57:32 | 8 | JCA-DEFAULT

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rifat+Shahriar"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bofan+Zhao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Indu+Aravind"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhi+Cai"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yu+Yun+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Boxin+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Stephen+B.+Cronin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsami.4c09551&ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
www.acsami.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsami.4c09551?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://www.acsami.org?ref=pdf
https://www.acsami.org?ref=pdf


64 challenge of supercapacitors is enabling a wide voltage window,
65 and graphene-based electrodes have shown promising results
66 so far in this area. Single layer graphene on insulating surfaces
67 has been proven to be transparent to hydrogen evolution
68 reaction (HER) electrons.39 Raman spectroscopy is a useful
69 tool to monitor the stability of graphene, as well as its surface
70 charge density. Zhou et al. studied the potential dependent
71 Raman spectra of graphene on various substrates and found a
72 metal substrate-induced blueshift in the 2D band due to
73 dielectric screening.40 Zhong et al. found that the interfacial
74 capacitance of graphene has a strong dependence on its charge
75 concentration, which can be probed by the ratio of the 2D
76 band and G band Raman intensities.41 Wang et al. showed that
77 the applied potential on graphene triggers the dissociation of
78 water molecules confined between the graphene sheet and
79 CaF2 substrate while exploring applied potentials limited to
80 above −1.23 V vs Pd/H2.

12 Kalbac et al. studied the
81 electrochemical doping of CVD-grown graphene and found
82 that, like mechanically exfoliated graphene, CVD-grown
83 graphene also exhibits a strong dependence of the 2D/G
84 band ratio on the applied potential.42

85 Graphene electrodes show a linear G band Raman shift
86 proportional to the applied electrochemical potential, which
87 implies that the interface behaves like a linear capacitor over a
88 surprisingly large potential range.42−45 Studies on graphene−
89 electrolyte interfaces are typically limited to an electrochemical
90 potential range of Vapplied = ± 1.5 V vs Ag/AgCl. However,
91 Montenegro et al. studied the graphene−water interface under
92 very low applied potentials of Vapplied = −3.9 V vs Ag/AgCl,
93 and found graphene to be stable in that potential window due
94 to the hydrophobic and catalytically inert nature of
95 graphene.10,11 In the work presented here, we study the
96 Raman spectra of graphene under extremely low applied
97 potentials (Vapplied = −7 V vs Ag/AgCl) to develop an
98 understanding of the unique scenario provided by the
99 graphene electrode at these extremely low applied potentials.
100 By measuring the solution resistance, we are able to separate
101 the reducing potential at the working electrode and the voltage
102 drop across the highly resistive aqueous solution. We have also
103 demonstrated that the choice of substrate and solution is
104 critical in achieving the low reducing potentials which has not
105 been reported in the existing literature.

106 ■ MATERIALS AND METHODS
107 Here, monolayer graphene is synthesized via chemical vapor
108 deposition (CVD) on copper foil (1 cm × 1.5 cm) using H2 and
109 CH4 at flow rates of 50 and 7 sccm, respectively, at a pressure of
110 approximately 1.5 Torr and a temperature of 1000 °C for 40 min (see

f1 111 Figure 1a). Following the growth, a layer of PMMA is spin-coated on
112 the graphene/copper foil, and the copper foil is etched away using a
113 FeCl3 solution. The resulting graphene/PMMA film is then rinsed
114 twice with DI water and soaked in 10% HCl for 20 min to remove any
115 remaining etchant. Subsequently, the sample is rinsed two more times
116 with DI water to remove any residual HCl, leaving the graphene/
117 PMMA film floating on the surface of the DI water due to its
118 hydrophobic nature, as shown in Figure 1b. The film is then
119 transferred (i.e., scooped out) onto a CaF2 window (1″ diameter x 2
120 mm, from Thorlabs), baked at 150 °C for 15 min for better adhesion,
121 and subsequently treated with acetone solution to remove the PMMA
122 layer.46−48 In preparation for transfer, two 50 nm-thick gold strips are
123 deposited onto the CaF2 window, as depicted in Figure 1c, to facilitate
124 good electrical contact with the graphene and enable the attachment
125 of macroscopic electrodes for electrochemical measurements. The
126 gold films were deposited using electron beam evaporation. A 5 nm Ti
127 layer was used as an adhesion layer to the surface, and the deposition

128rate was 1 Å/s. Raman spectra of the resulting graphene-on-CaF2
129sample exhibit a 2D/G band Raman intensity ratio of nearly 2,
130indicating high-quality graphene. The CaF2-supported graphene
131electrode serves as the top window of the electrochemical flow cell
132as shown in Figure 1d. The graphene electrode (working electrode)
133and glassy carbon electrode (counter electrode) are separated by a
134hollow, cylindrical Teflon spacer (illustrated in Figure 1d), with the
135graphene electrode inverted and adjacent to the D2O, H2O or ionic
136liquid (Sigma-Aldrich) media. The same procedure was used to
137prepare the graphene on glass electrodes to ensure proper comparison
138between CaF2 and glass substrates. The glass substrates were standard
139microscope slides obtained from VWR Inc. Potential-dependent
140Raman spectra of the graphene electrode’s G band (at ∼1585 cm−1)
141are collected using a Renishaw in Via micro-Raman spectrometer, and
142a 40× glass correction lens (NA = 0.45) was used to correct for the
143thickness of the CaF2 substrate. Spectra were taken with 532 nm
144wavelength excitation.

Figure 1. (a) Schematic diagram of the tube furnace used for
graphene CVD growth. (b) Photograph of monolayer graphene/
PMMA floating on top of DI water prior to transfer onto the CaF2
substrate. (c) Photograph of the 1″ diameter CaF2 window with
monolayer graphene and Au side electrodes/contacts. (d) Schematic
diagram of the electrochemical cell (WE: working electrode, RE:
reference electrode, CE: counter electrode).

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.4c09551
ACS Appl. Mater. Interfaces XXXX, XXX, XXX−XXX

B

https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.4c09551?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as


145 ■ RESULTS AND DISCUSSION
f2 146 Figure 2a shows the G band Raman shift of the graphene

147 electrode, which exhibits a linear dependence on the applied

148 electrochemical potential with blueshifts as high as ΔωG = 18
149 cm−1 observed at Vapplied = −7 V vs Ag/AgCl. The G band
150 Raman shift (ΔωG) exhibits a linear response with Fermi level
151 shift, as follows49,50

E 21 75F G= +152 (1)

153 where ΔωG is given in units of cm−1 and ΔEF is given in units
154 of meV. The change in Fermi energy of the graphene ΔEF is
155 plotted on the right y-axis of Figure 2a and spans a range from
156 −0.08 eV (for no applied potential) to −0.43 eV (for the
157 lowest applied potential). This relatively large change in the
158 Fermi energy of the electrode is a direct result of graphene’s
159 small density of electronic states, and is not possible in bulk
160 metal electrodes, where any change in the Fermi energy would
161 be negligible. To put this in the context of electrochemistry,
162 Figure 2b shows an energy band diagram illustrating the
163 change in Fermi energy with respect to several common redox
164 potentials. Here, the shift of ΔEF = −0.43 eV corresponds to a
165 shift in the electrode potential out of equilibrium by −0.43 V,
166 favoring reduction half reactions. It should be noted that the

167Fermi level shift (ΔEF) does not change graphene’s electronic
168band structure, instead the primary effect is to change the
169effective work function of the material, as illustrated in Figure
170S6.51

171The linear relationship between the G band shift and the
172applied potential implies that the interface acts like a linear
173capacitor. Applying an electrochemical potential to the
174graphene electrode acts as an electrolyte gate and provides a
175method to dope the material electrochemically. When an
176electrochemical potential is applied, charge accumulation on
177the graphene electrodes shifts the Fermi level of the graphene.
178Since the G band is linearly proportional to the applied
179potential, the Fermi level is also linearly proportional to the
180applied potential.45 Subsequently, it can also be concluded that
181the charge density on the graphene surface is linearly
182proportional to the applied potential. Hence, the graphene
183water interface acts like a linear capacitor. The amount of
184charge accumulation on the surface depends on various factors
185such as the conductivity of the electrolyte, defects in the
186graphene, the substrate graphene sits on, etc. If a highly
187resistive electrolyte such as D2O is used, a higher potential
188would be required to substantially change the G band
189frequency. Also, a graphene sheet with a lot of defects will
190exhibit large D bands when a large reducing potential is
191applied.
192Since both H2O and D2O are high impedance solutions, we
193expect a large voltage drop across the solution. The reducing
194potential at the electrode is, therefore, not the same as the
195applied potential. Bonagiri et al. reported charge profiling using
196three-dimensional (3D) atomic force microscopy (CP-3D-
197AFM) to experimentally quantify the real-space charge
198distribution of the electrode surface and electric double layers
199(EDLs) with angstrom depth resolution, and found that these
200charged interfacial layers extend over approximately 1 nm.52,53

201Furthermore, Fumagalli et al. showed that confined water at
202the electrode-liquid interface has an anomalously low dielectric
203constant.54 Bonthuis et al. also demonstrated that the
204capacitance at the interface is lower than the bulk due to the
205lower dielectric constant of interfacial water.55 Thus, it is
206crucial to isolate the effect of EDL and bulk solution resistance.
207The voltage step method (VSM) was employed to determine
208the solution resistance where first 0 V is applied, and after 10
209ms, a potential step of −1 V was applied, as illustrated in
210 f3Figures 3a and S1. Since it is an abrupt potential change, and
211the electrochemical double layer capacitor is uncharged (i.e.,
212functions as a short circuit at the instant the voltage step is
213applied), the solution resistance is the only impedance in the
214whole circuit. The solution resistance R is equal to V/ΔI,
215where ΔI is the change in current at the instant the potential
216step is applied (see Figure 3a). From these voltage step
217measurements, the solution resistances of D2O, H2O, and ionic
218liquid were determined to be 18 kΩ, 12.3 kΩ, and 718 Ω,
219respectively. Figure 3b shows a plot of the voltage drop across
220the solution (i.e., VIR) based on these resistance values. Figure
2213c shows a plot of the effective reducing potential (i.e., Veff)
222plotted as a function of the applied potential Vapplied, showing a
223minimum value of Veff = −3.9 V vs Ag/AgCl for D2O. The
224corresponding G band Raman shifts and current densities are
225plotted in Figure S7a,b. The current densities are very low
226(<300 μA/cm2 in H2O and <200 μA/cm2 in D2O). One of the
227reasons for the low current density is the 0.3 nm gap between
228the graphene surface and the electrolyte.10,11 The small
229vacuum gap decreases the interfacial capacitance and decreases

Figure 2. (a) G band Raman frequency and graphene Fermi energy
plotted as a function of electrochemical potential (vs Ag/AgCl). (b)
Energy band diagram illustrating the change in Fermi energy of the
graphene interface where the left axis is expressed with respect to
vacuum energy and right axis is expressed with respect to normal
hydrogen electrode. The dashed lines represent energy levels of
several known half reactions.
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230 the current density when a potential is applied. The low
231 current density in D2O originates from the higher purity and
232 slower ion kinetics than H2O.56 Another possible reason could
233 be differences in local pH and pD. The local pH at graphene/
234 DI water interfaces has been previously reported using surface-
235 enhanced Raman spectroscopy measurements,46 and it could
236 be interesting to measure the local pD under these extremely
237 low reducing potentials. Furthermore, previous reports indicate
238 that reactions are slower with D2O than with H2O due to
239 kinetic isotope effects. Hence, the kinetic isotope effect could
240 help improve the electrochemical stability of CaF2-supported
241 graphene electrodes in contact with D2O compared with
242 H2O.57,58 D2O and H2O both have lower current densities
243 than ionic liquid because of the instability of ionic liquids
244 below −2.7 V vs Ag/AgCl. The low current densities indicate
245 that the rate of the hydrogen evolution reaction (HER) is very
246 low at the electrode surface. Due to the low rate of HER, we
247 observe minimal bubble formation. Thus, we could perform
248 Raman spectroscopy at low reducing potentials, and the
249 spectra’s intensity and signal-to-noise ratio (SNR) were
250 unaffected down to −7 V vs Ag/AgCl. Another method of
251 determining the solution resistance is electronic impedance
252 spectroscopy (EIS). A complete set of EIS measurements for
253 the CaF2-supported graphene electrode are shown in Figure S5
254 of the Supporting Information document. In the low-frequency
255 regime, the EDL capacitance is negligible, however, the EIS
256 measurements produce a negative impedance in this regime.
257 The negative impedance arises from parasitic inductance in the
258 external circuit−an effect that is more pronounced because of

259the high impedance of the solution. In the high-frequency
260regime, the EIS measurement yields a voltage-dependent
261solution resistance in the range of 30−50 kΩ, as shown in
262Figure S5. These values are somewhat higher than the 20 kΩ
263value obtained via the VSM measurement. We believe that the
264VSM value (i.e., 20 kΩ) is more reliable than that of the EIS
265measurements because the left intercept of the EIS curve is
266negative, due to the parasitic inductance of the potentiostat.
267Usually, the inductance does not affect EIS measurements in
268low-resistance solutions. However, in this case, the inductance
269causes the left intercept to become negative. The left intercept
270is constant, while the right intercept is potential dependent,
271which shows that the solution resistance is constant, and the
272EDL capacitance is solution dependent. In the voltage step
273method, there is no EDL capacitance due to the sharp rise in
274voltage, and we can measure the solution resistance accurately.
275Therefore, we prefer the voltage step method over the EIS
276approach.
277As a comparison to the D2O and H2O solutions, we
278measured Raman spectra of the CaF2-supported graphene
279electrode in ionic liquid [DEME][TFSI] under various applied
280 f4potentials. As shown in Figure 4a, the G band Raman

281frequency exhibits a linear relationship with the applied
282potential. However, the current density increases significantly
283below Vapplied = −1.1 V vs Ag/AgCl, as shown in Figure S8a.
284The current density becomes greater than 200 μA/cm2 at
285Vapplied = −2.7 V vs Ag/AgCl. On the contrary, when D2O is
286used as an electrolyte, the value of current density stays below
287this limit (i.e., 200 μA/cm2) even at Vapplied = −7 V vs Ag/
288AgCl. The voltage step measurements on ionic liquids show
289that ionic liquids have much smaller resistance than D2O or
290H2O, as expected, with voltage drops across the solution of
291only 0.14 V at −2.7 V applied potential vs Ag/AgCl, as shown
292in Figure 4b. Although the TFSI ionic liquids have one of the
293widest electrochemical stability ranges, we find that it starts to
294break down beyond −2.7 V vs Ag/AgCl, which is in good
295agreement with previously reported literature.59 Nevertheless,

Figure 3. (a) Solution resistance measurement of D2O using the
voltage step method. (b) Solution voltage drop as a function of
applied potential. (c) The effective electrochemical potential at the
electrode, Veff as a function of applied potential.

Figure 4. (a) Potential dependent G band frequency and Fermi level
of graphene in [DEME][TFSI] ionic liquid. (b) Voltage drop (VIR)
across the solution plotted as a function of applied potential.
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296 the effective reducing potential with ionic liquid [DEME]-
297 [TFSI] as an electrolyte is Veff = −2.56 V vs Ag/AgCl, which is
298 not as low as the reducing potential achieved with D2O. In
299 addition, the change in Fermi level (ΔEF) reaches 0.32 eV at
300 this low reducing potential, as plotted in Figure 4a.
301 The Raman spectra are also used to detect degradation of
302 the electrode under these large reducing potentials. We find
303 that these electrodes can support Vapplied = −7 V vs Ag/AgCl

f5 304 without causing a D band to form, as plotted in Figures 5a and
305 S3. Additional data sets of Raman spectra of graphene on CaF2
306 substrates are presented on Figure S9. However, oxidative
307 potentials above Vapplied = +0.5 V vs Ag/AgCl do result in the
308 formation of a substantial D band, indicating that these
309 graphene-based electrodes are more robust to reducing
310 potentials than oxidative potentials. The CaF2 supporting
311 substrate is important for achieving low reducing potentials
312 without causing a D band, since CaF2 has significantly lower
313 trapped charges and impurities than other substrates such as
314 glass. Recent reports have indicated that CaF2 is an
315 outstanding choice as a substrate material for 2D material
316 electronics due to its high dielectric constant, inert nature, and
317 lack of charge traps.60−62 CaF2 supported graphene has also
318 been used extensively to study graphene−water interfa-
319 ces.10,11,13 The fluorine termination layer in CaF2 results in
320 the absence of dangling bonds, which results in enhanced
321 stability, and lack of trapped charges at the surface. The high-
322 quality Raman spectra of CaF2 supported graphene is in good
323 agreement with the literature. Graphene-on-glass electrodes
324 show severe degradation and the emergence of a strong D
325 band Raman mode at potentials below Vapplied = −2.7 V vs Ag/
326 AgCl, as shown in Figures 5c and S4. This indicates that the
327 defects, impurities, and trapped charge in the glass facilitate the
328 electrochemically driven corrosion of the graphene interface.
329 Defects in the graphene surface provide catalytically active sites
330 and enhance the reaction with water molecules.63 Consequen-
331 tly,CaF2 provides a better substrate compared to glass in terms
332 of stability when subjected to applied potentials. CaF2 also
333 performed better than the BK-7 substrates (from Thorlabs
334 Inc.). While there is no prominent D band formation when
335 extremely low reducing potentials are applied to CaF2 or BK-7,
336 the currents are significantly higher for BK-7 supported
337 graphene. The current reaches −7.43 mA on BK-7, whereas
338 the current does not exceed 270 μA with CaF2 as the substrate.

339Hence CaF2 is the ideal substrate for achieving low reducing
340potentials.

341■ CONCLUSIONS
342Our study presents electrochemical measurements using in situ
343Raman spectroscopy at interfaces between CaF2-supported
344graphene and water (H2O and D2O) under extremely low
345applied potentials. By leveraging graphene’s hydrophobic and
346noncatalytic properties, water’s insulating nature, and the inert
347properties of CaF2 substrates, we successfully apply potentials
348as low as Vapplied = −7 V vs Ag/AgCl while maintaining current
349densities below 200 μA/cm2, which enables in situ spectra to
350be obtained reliably over this wide potential range. We
351compared CaF2 substrates with standard microscope glass slide
352substrates. CaF2 substrates enable lower reducing potentials
353without causing D band formation in graphene due to the lack
354of trapped charges in CaF2. For further comparison, we also
355tested BK-7 as a substrate. BK-7 proved to be a better substrate
356than glass slides but performed worse than CaF2, in terms of
357stability. Furthermore, D2O proved to enable lower reducing
358potentials due to its purity and high impedance. Solution
359resistance measurements demonstrated that, although the
360solution voltage drop is higher for high-impedance solutions,
361the reducing potential is still more negative than what can be
362achieved with low-impedance solutions, such as ionic liquids.
363We determined the solution resistances of D2O, H2O, and
364ionic liquid to be 18 kΩ, 12.3 kΩ, and 718 Ω, respectively,
365corresponding to minimum effective reducing potentials of 3.9,
3663.69, and 2.56 V, respectively.

367■ ASSOCIATED CONTENT
368*sı Supporting Information
369The Supporting Information is available free of charge at
370https://pubs.acs.org/doi/10.1021/acsami.4c09551.

371Additional details for solution resistance measurement;
372plot of 2D/G band ratio as a function of applied
373potential and G band frequency; additional data set of
374Raman spectra of graphene on various substrates;
375current density as a function of applied potential for
376various substrates and solutions; AFM and SEM images
377of the graphene electrodes (PDF)

Figure 5. Comparison of the Raman spectra of (a) CaF2, (b) BK-7, and (c) glass slide supported graphene taken under different applied
electrochemical potentials using H2O as the solution.
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