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Abstract 

There is an ongoing effort to improve the energy storage capacity of graphene-based 

supercapacitors. These supercapacitors store energy in the electric field between the charge 

carriers in the graphene and the counter ions in a liquid electrolyte. To characterize this double-

layer, we use the Hall effect to determine the charge carrier density in graphene as a function of 

voltage. We disentangle the separate roles of double-layer capacitance (the electrostatic 

contribution) and quantum capacitance, and compare the performance of different electrolytes. 

Our results highlight the advantages of Hall-effect measurements for probing the electrostatics of 

graphene-electrolyte interfaces. 

 

Introduction 
Supercapacitor devices play an increasingly important role in energy management, offering 

benefits such as fast charging/discharging rates and long lifetime.1,2 At the heart of a 

supercapacitor (also known as an electrochemical capacitor) is the solid-liquid interface where 

charge is stored in an electric double layer (EDL). A detailed understanding of the electrostatic 

capacitance of this EDL is critical for optimizing the energy storage capacity of 

supercapacitors.3–5   

Graphene-based electrodes have been identified as a promising candidate for maximizing the 

specific capacitance at a solid-liquid interface.6–11 To estimate the theoretical capacity of this 
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system, a simple (incomplete) analysis uses the specific surface area of graphene (~ 2500 m2/g) 

and the electrostatic capacitance per unit area of a typical metal/electrolyte interface (~ 0.2 F/m2, 

see for example Ref. 12). Multiplying these quantities yields an estimate of 550 F per gram of 

graphene. To model the system more accurately, however, we must consider both the double-

layer capacitance CDL (the electrostatic contribution) and the quantum capacitance of graphene 

CQ.8,13–15 Quantum capacitance accounts for the low density of electronic states in graphene 

(much lower than the density of states of a typical metal). Adding CQ in series with CDL lowers 

the total capacitance of the system. The total capacitance of the system may fall even further 

below initial expectations if CDL is less than 0.2 F/m2. There have been reports of CDL as low as 

0.03 F/m2 at the graphene electrolyte interface.16,17 The goal of our current work is to demonstrate 

the utility of Hall effect measurements for characterizing and optimizing CDL of 

graphene/electrolyte interfaces. 

In our experiments we study a single layer of graphene and utilize the Hall effect to 

determine the charge that accumulates at the graphene/electrolyte interface. A Hall voltage, VHall, 

arises when an electrical current, I, moves perpendicular to a magnetic field, B. For a p-doped or 

n-doped two-dimensional material, the Hall voltage is given by VHall = IB/en or -IB/ep where e is 

the electron charge and n (p) is the sheet density of free electrons (holes) in the material. Thus, 

VHall is a direct probe of the carrier concentration on the graphene-side of the EDL. Previous 

authors have used VHall to monitor carrier concentration at the graphene-electrolyte interface.16–20 

In these experiments, the total capacitance of the system was not only limited by CQ, but also 

limited by low values of the double layer capacitance. Hall-effect measurements using polymer 

electrolyte on graphene found CDL ≤ 0.03 F/m2,18,19 similar measurements using an aqueous 

electrolyte on graphene found CDL ~ 0.03 F/m2.17 Additionally, Hall-effect measurements using 

ionic liquids on graphene suggest CDL ≤ 0.05 F/m2 (CDL can be extracted from the data presented 

in Ref. 16, see SI for our analysis).16 These previous Hall effect measurements were not focused 

on supercapacitor applications and, therefore, did not seek to maximize CDL or to demonstrate 

comparisons between electrolytes. Here we use the Hall effect to compare the performance of 

different aqueous electrolytes and demonstrate CDL ≥ 0.1 F/m2. 

The Hall effect has important advantages over traditional electrochemical techniques when 

characterizing the electrostatic capacitance of a solid/electrolyte interface.  Traditional 
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electrochemical approaches (cyclic voltammetry and impedance spectroscopy) do not measure n 

directly, but rather use a time-varying voltage to charge and discharge the EDL.7–9,14,21,22 An 

effective capacitance can be inferred from the charging current; however, this current is strongly 

influenced by the transport of ions in the liquid, and the charging currents are inseparable from 

Faradaic currents. These issues mean that traditional measurements can yield widely varying 

results.21 A second issue is that these traditional methods require an independent measurement of 

surface area to estimate the charge density. The various techniques that are used to measure 

surface area can also yield different results.11 In summary, for 2d materials that are amenable to 

Hall effect measurements, there are compelling reasons to measures the charge density directly 

via the Hall effect.   

Methods 
Hall bar devices were fabricated using graphene produced by chemical vapor deposition. A 

wet transfer process was used to transfer graphene onto an Si/SiO2 substrate.  Graphene was 

patterned and metal leads (5 nm Cr/ 30 nm Au) were deposited using techniques described 

earlier.23  The metal electrodes were electrically isolated from the electrolyte by a 70-nm layer of 

SiO2 that was deposited by e-beam evaporation. A completed device is shown in Figure 1a.  

  



 4 

 
 

Figure 1. a) Optical image of the graphene devices. Dashed black lines show the edge of the 

patterned graphene. A constant current I = 5 µA flows from the leftmost electrode to the 

rightmost electrode. The numbered electrodes are used to measure voltage differences. V24 is 

used to detect the Hall voltage, and V12 is used to determine the resistivity of graphene. b) 
Cross-sectional schematic of the device design showing the metal contacts (yellow), the 

graphene (black), the SiO2 insulation (green), the electrolyte solution and the electrodes 
submerged in the electrolyte. The blue arrow illustrates the direction of the magnetic field, B. c) 

A typical Hall effect measurement. The electrolyte solution is 600 mM NaCl. Reversing the 
direction of the magnetic field changes the sign of V24. The red and black curves cross at the 

point of zero charge.    
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We confirmed the graphene quality by measuring sheet resistance, carrier mobility and the 

Raman spectrum. We found characteristics that are consistent with high-quality single layer 

graphene: sheet resistance tunable over one order of magnitude, from 50 W/square to 500 

W/square, a carrier mobility of 3000 cm2/V.s and a Raman spectra that is characteristic of single 

layer graphene with a low defect density (see Supporting Information). 

The EDL is formed by submerging the graphene device in a liquid electrolyte and applying a 

voltage difference between the electrolyte and the electrodes that contact the graphene (Fig. 1b). 

The electrodes contacting the graphene are held at voltages close to ground (there is a small 

voltage difference across the graphene, ~ 10 mV, required to drive the current for the Hall effect 

measurement). To control and measure changes in the electrochemical potential of liquid 

electrolyte, the electrolyte is in contact with both a counter electrode (Pt wire) and quasi-

reference electrode (Pt wire). The counter electrode is connected to a voltage source, while the 

quasi-reference electrode is connected to a high-impedance voltmeter. Changes in the voltmeter 

reading correspond to changes in the electrochemical potential of the electrolyte solution, Vliq. 

We note that changes in the voltmeter reading (the quasi reference electrode) are a fraction of the 

change in the voltage source (the counter electrode), confirming the need for a counter/reference 

electrode system. 

Results and Discussion 

Figure 1c shows V24 as a function of Vliq as Vliq is swept in the positive direction at a rate of 6 

mV/s. A similar sweep in the negative direction is almost identical, but with a small offset (~ 10 

mV) along the Vliq axis (see SI). This small amount of hysteresis is expected in the system. To 

confirm that V24 is caused by the Hall effect, we measured with both positive and negative 

magnetic field and observed the expected change in the polarity of V24. When B > 0, a positive 

Hall voltage indicates that electrons are the majority carrier in the graphene, while negative Hall 

voltage indicates that holes are the majority charge carrier. A cross-over from electrons to holes 

occurs at Vpzc = 0.64 V. We identify this cross-over as the point of zero charge (PZC).  

Our goal is to determine CDL from Hall voltage data such as Fig. 1c. There are four main 

steps in our analysis. (1) We remove voltage signals from the V24 channel that are uncorrelated to 

the magnetic field. This is done by calculating DVHall, the change in V24 when the magnetic field 

is switched from +0.5 T to -0.5 T. The blue curve in Figure 2a shows an example of DVHall as a 
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function of Vliq. (2) We quantify the electrostatic disorder in the graphene. It is well-established 

that electrostatic disorder causes spatial inhomogeneity in the charge density of graphene.24,25 

Importantly for our study, electrostatic disorder changes the relationship between chemical 

potential, µ, and the spatially-averaged charge density (see Fig. 2b). Additionally, electrostatic 

disorder determines the range of µ where electrical current is carried by a single carrier type. (3) 

After identifying the single-carrier regime, we use DVHall to determine carrier concentration as a 

function of Vliq (see Fig. 3). (4) Finally, we determine CDL by fitting a theoretical curve to the data 

shown in Fig. 3. Further details about steps (2), (3) and (4) are described below.  
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Figure 2. a) The expected Hall voltage as a function of chemical potential (red curve) for 

graphene in the mixed-carrier regime. s = 62 mV, DB = 1 T and I = 5 µA. For comparison, 

the measured values of DVHall are plotted with respect to Vliq - Vpzc. b) Carrier concentration 

as a function of chemical potential for graphene in the mixed-carrier regime (solid lines), 
compared to ideal graphene at zero temperature (dashed lines).  

 

We first discuss the electrostatic disorder in our graphene sample (step 2 of the analysis). In 

pristine graphene at zero temperature with no electrostatic disorder, the concentration of free 

holes is given by 
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𝑝 = %
𝜇'

𝜋ℏ'𝑣+'
, when	𝜇 < 0

0, when	𝜇 > 0
																			(1) 

where vF is the Fermi velocity (≈ 1.1 x 106 ms-1)26,27 and ℏ is the reduced Planck’s constant. A 

similar expression describes the concentration of free electrons, n. Equation 1 is plotted in Fig. 

2b (red dashed line). If electrostatic disorder is introduced to the sample, the spatially-averaged 

values of n and p increase (solid lines in Fig. 2b). The spatially-averaged charge density was 

calculated by assuming that the spread in electrostatic energy is described by a normal 

distribution with standard deviation s (see SI for full calculation).28  

To determine s for our sample, i.e. to quantify the level of electrostatic disorder, we 

considered the maximum and minimum values of DVHall. The mixed-carrier model for the Hall 

voltage predicts, 

Δ𝑉:;<< =
𝐼Δ𝐵
𝑒

𝑛 − 𝑝
(𝑛 + 𝑝)' .														(2) 

Using Eq. 2, together with our model for n and p (Fig. 2b), we find that s = 62 mV is consistent 

with the measured maximum and minimum values of DVHall = ±7 mV.  

Equation 2 is plotted on Fig. 2a (red curve plotted with respect to µ) and compared with 

experimental data (plotted with respect to Vliq - Vpzc). Discrepancies between the experimental 

curve and the theory curve are related to the double layer capacitance, CDL, as discussed below. 

To determine capacitance, we must know how p (or n) changes with respect to Vliq (step 3 of 

the analysis). It is easiest to determine p and n in the single-carrier regimes. To define the single-

carrier regime for p-doping, we choose the criterion p > 100n. This criterion is satisfied when µ < 

-1.5s and p > 1.0 × 1016 m-2. A similar threshold exists for pure n-doping. In the p-doped single-

carrier regime, we have 

𝑝 =
𝐼Δ𝐵

𝑒Δ𝑉:;<<
									when	𝑝 > 1.0 × 10FG	mI'.											(3) 

Figure 3a shows p as a function of Vliq.  
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Figure 3. a) Sheet density of holes in the graphene, p, measured as a function of |Vliq – Vpzc|. 
The experiment was performed with three different electrolyte solutions, 125 mM NaCl (light 

blue circles), 600 mM NaCl (dark blue circles), 500 mM Na2SO4 (black circles). Fit curves 
(solid blue and black lines) are described in the main text. (Inset) Expanded view of the data 

high carrier concentration. The curves are labeled with the differential capacitance, e(dp/dVliq) 
measured at p = 7 x 1016 m2. b) Schematic showing the EDL formed by negative charge in the 

graphene (blue cloud) and positive counter ions in solution (red circles). The transfer of 
charge from the metal electrode to the graphene is driven by an electric field at the metal-

graphene interface (voltage drop VQ).  The electric field across the EDL corresponds to the 
voltage drop VDL. 

 

For the remainder of this paper, we focus on the measurements taken when the graphene is 

purely p-doped. In this regime, the EDL is formed by the negatively charged ions in solution 

(either Cl- or SO4
2-) and the positively charged holes in the graphene. To compare the 

performance of different ions, we characterized the graphene/electrolyte interface using three 

different aqueous electrolytes (Fig. 3a). The graphene device was rinsed with deionized water 
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between each change of electrolyte. There was no measurable difference between the two 

concentrations of NaCl (125 mM and 600 mM), but a larger p was achieved when using the 

Na2SO4 electrolyte. The central result of our paper is this direct comparison of the electrostatic 

properties of different graphene/electrolyte interfaces. 

To complete our analysis, we determined CDL from the charge-voltage relationship (Fig. 3a). 

To make a first estimate of CDL, we used the differential capacitance measurement, e(dp/dVliq), 

together with the expected value of the quantum capacitance, CQ = e2(dp/dµ).14  The quantum 

capacitance acts in series with CDL such that 

K𝑒
𝑑𝑝
𝑑𝑉<MN

O
IF

= P𝐶RS
IF
+ (𝐶TU)IF,																(4) 

In the purely p-doped regime, the quantum capacitance is given by (see SI for derivation) 

𝐶W =
2𝑒'

√𝜋ℏ𝑣Y
Z𝑝 − 𝑝∗, where	𝑝∗ =

𝜎'

𝜋ℏ'𝑣+'
.																(5) 

For our graphene sample, p* = 0.24 x 1016 m-2. Therefore, at a measured charge density of p = 7 

x 1016 m-2, we expect CQ = 0.066 F/m2. Using this value of CQ, and the measurements of 

e(dp/dVliq) (Fig. 3 inset) we find that CDL ≈ 0.078 F/m2 for the NaCl electrolyte and CDL ≈ 0.100 

F/m2 for the NaSO4 electrolyte.  

For a more detailed analysis of the charge-voltage curves, we developed a fitting function for 

Fig. 3 that includes CDL as a fitting parameter. Figure 3b illustrates the two voltage drops, VQ and 

VDL, that make up the total voltage difference between the metal contact and the electrolyte 

liquid. The first term, VQ = µ/e, is the band filling potential (i.e. the cause of quantum 

capacitance). The second term, VDL, is a voltage drop associated with the electric field that 

extends from the charge carriers in the graphene to the counter ions in the electrolyte. We 

assume a linear relationship between VDL and p such that VDL = ep/CDL. The total voltage drop, in 

the purely p-doped regime, is then  

 

`𝑉<MN − 𝑉abc` = `𝑉R` + |𝑉TU|,											 

=
ℏ𝑣+
𝑒 Z𝜋(𝑝 − 𝑝∗) +

𝑒𝑝
𝐶TU

,											where	𝑝 > 1.0 × 10FG	mI'.				(6) 
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Equation 6 was used to fit the data shown in Fig. 3a. To achieve the best fit, we set vF = 1.2 x 106 

m/s (slightly higher than the typically reported value of 1.1 x 106 m/s 26,27). The fitting functions 

are also offset on the x-axis by 34 mV. The best-fit values of CDL are listed in Table 1. 

 
Table 1: Best-fit parameters for the charge-voltage curves shown in Fig. 3.  

 vF,eff (m/s) CDL (F/m2) 

125 mM NaCl 1.2 x 106 0.094 

600 mM NaCl 1.2 x 106 0.094 

500 mM Na2SO4 1.2 x 106 0.132 

 

As expected, the fitting parameter vF,eff is the same for all three electrolytes. We do not expect 

the choice of electrolyte to affect the VQ term in Eq. 6. In contrast, the value of CDL clearly 

changes when we switch from Cl- to SO4
2. Thus, our Hall effect measurement distinguishes the 

different EDL structures formed by these anions.  

If the graphene sample was ideal, we would expect Eq. 6 to fit exactly (no adjustment to vF, 

and no offset along the x-axis of Fig. 3a). Imperfections in the graphene may cause deviations 

from Eq. 6. Defects in the graphene can affect the density of states,29,30 which would modify the 

effective Fermi velocity and/or cause an x-axis offset in the charge-voltage curve. Defects can 

also trap charge in localized states (states that are invisible to the Hall effect measurement), 

which could cause an x-axis offset. In our graphene sample, the deviation from ideal behavior is 

relatively minor. Therefore, we have confidence that the CDL values reported in Table 1 are 

accurate. 

It is interesting to consider the relative magnitude of VQ and VDL. For example, when |Vliq - 

VPZC| = 0.55 V (the maximum in Fig. 3a), our model predicts that VQ is larger than VDL. This is a 

useful insight, because supercapacitors are limited by the electrochemical stability of the 

electrolyte.3 One can imagine building a pair of electrodes in which only graphene is exposed to 

the electrolyte (the metal that contacts the graphene would not touch with the electrolyte). In 

such a system, the total voltage applied between the metal and the liquid (VQ + VDL) could exceed 
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the stability window of the electrolyte because only VDL drops at the graphene/electrolyte 

interface. 

Conclusions 
We used Hall-effect measurements to perform a comparative study of different electrolytes 

for graphene supercapacitor applications. We note the key advantage of the Hall technique, 

namely, the measured signal has a one-to-one correspondence with the charge density in the 

EDL. In contrast, the results from traditional measurements of capacitance (cyclic voltammetry 

and impedance spectroscopy) are confounded by effects from electrochemical charge transfer 

and ion transport. With clean measurements of carrier concentration as a function of applied 

voltage, we are able to disentangle the separate roles of quantum capacitance and CDL. The 

ability to identify CDL will be increasingly important as supercapacitor electrolytes are developed 

to withstand higher voltages.3 Hall-effect measurements, together with other emerging 

techniques,31,32 will be a valuable tool for assessing the performance of electrolytes for graphene 

supercapacitors. 

 

Supporting Information. Raman spectrum of the graphene device. Graphene sheet resistance. 

The Hall-voltage signal measured with forward sweep and backward sweep. Expressions for 

carrier concentration in the presence of electrostatic disorder. Derivations for Eq. 5 and 6.   
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