
Dynamic Article LinksC<Energy &
Environmental Science

Cite this: Energy Environ. Sci., 2012, 5, 9618

www.rsc.org/ees PAPER

D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 o
f 

T
ex

as
 L

ib
ra

ri
es

 o
n 

22
/0

4/
20

13
 2

2:
08

:3
2.

 
Pu

bl
is

he
d 

on
 1

4 
Se

pt
em

be
r 

20
12

 o
n 

ht
tp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/C

2E
E

23
44

2D
View Article Online / Journal Homepage / Table of Contents for this issue
Nitrogen doping of graphene and its effect on quantum capacitance, and a new
insight on the enhanced capacitance of N-doped carbon†

Li Li Zhang,‡aXin Zhao,‡abHengxing Ji,aMeryl D. Stoller,a Linfei Lai,a Shanthi Murali,a StephenMcdonnell,c

Brandon Cleveger,a Robert M. Wallacec and Rodney S. Ruoff*a

Received 11th September 2012, Accepted 13th September 2012

DOI: 10.1039/c2ee23442d
Many researchers have used nitrogen (N) as a dopant and/or N-containing functional groups to

enhance the capacitance of carbon electrodes of electrical double layer (EDL) capacitors. However, the

physical mechanism(s) giving rise to the interfacial capacitance of the N-containing carbon electrodes is

not well understood. Here, we show that the area-normalized capacitance of lightly N-doped activated

graphene with similar porous structure increased from 6 mF cm�2 to 22 mF cm�2 with 0 at%, and 2.3

at% N-doping, respectively. The quantum capacitance of pristine single layer graphene and various

N-doped graphene was measured and a trend of upwards shifts of the Dirac Point with increasing N

concentration was observed. The increase in bulk capacitance with increasing N concentration, and the

increase of the quantum capacitance in the N-doped monolayer graphene versus pristine monolayer

graphene suggests that the increase in the EDL type of capacitance of many, if not all, N-doped carbon

electrodes studied to date, is primarily due to the modification of the electronic structure of the

graphene by the N dopant. It was further found that the quantum capacitance is closely related to the N

dopant concentration and N-doping provides an effective way to increase the density of the states of

monolayer graphene.
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Broader context

Many researchers have observed saturation of capacitance at lower

especially for carbons with high surface areas and thin walls com

graphene. Hence, a fundamental understanding of the underlying

electrodes is of great interest, and also relevant if further increases

electrode and an electrolyte are to be made. We found that the are

doped activated graphene with similar porous structure increased fr

respectively. The increase in bulk capacitance with increasing N co

tance in N-doped monolayer graphene versus pristine monolayer gr

layer type of capacitance of many, if not all, N-doped carbon electr

electronic structure of the graphene by the N dopant.
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Introduction

The physical and chemical properties of carbon materials are

critical to their performance as electrodes in supercapacitors.1,2 A

large electrochemically accessible surface area, appropriate pore

size and distribution, good interconnectivity of pores, continuous

pathways for rapid ion transport, large electrical conductivity, and

goodwettability are all important factors for the electrodematerial

of an electrical double layer (EDL) capacitor. Though substantial

effort has been devoted to increase the energy density, saturation

of capacitance at lower than desirable levels is often observed in

carbon-based electrodes,3 especially for carbons with high surface
than desired levels in high surface area carbon-based electrodes,

posed of what might be considered to be single or few layer

physical mechanisms that affect the interfacial capacitance of

in charge storage at the electrochemical interface between an

a-normalized capacitance of activated graphene and lightly N-

om 6 mF cm�2 to 22 mF cm�2 for 0 at%, and 2.3 at% N-doping,

ncentration, and an increase in magnitude of quantum capaci-

aphene suggests that the increase in the electrochemical-double-

odes studied to date is primarily due to the modification of the

This journal is ª The Royal Society of Chemistry 2012
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areas and thin walls composed of what might be considered to be

single or few layer graphene (which however is not typically pris-

tine graphene, but is rather chemically modified graphene).

Our previous study showed that for ‘graphene’ (reduced gra-

phene oxide) material with a BET (Brunauer–Emmett–Teller)

specific surface area (SBET) of 705 m2 g�1, the surface area-

normalized capacitance (with that SBET value) was 19 mF cm�2

and 14 mF cm�2 for aqueous electrolyte and organic electrolyte,

respectively;4 but for the 3100 m2 g�1 BET specific surface area

‘activated microwave expanded graphite oxide’ (‘aMEGO’)

material consisting of atom-thick walls, the specific capacitance

was only 6 mF cm�2 and 5 mF cm�2 under the same test condi-

tions (again, using the SBET).
5,6 (We appreciate that simply using

the SBET values to extract such area-normalized values may be an

oversimplification, as we do not know the actual surface area

that contacts the electrolyte, and the actual surface area accessed

in the ‘BET 705 m2 g�1 material’ may be higher.) Even consid-

ering the effect of micro-porosity, the area-normalized capaci-

tance reported by Gogotsi and Simon’s team was in the range of

8–13 mF cm�2 for their microporous carbide-derived carbon

electrodes with average pore sizes from 0.6 to 2.25 nm.7 This

suggests that a factor other than porosity is playing a role in the

interfacial capacitance in porous carbon materials having single

or few-layer thick pore walls.

Some researchers have shown capacitance enhancement of

carbon electrodes by substitutional doping with nitrogen and/or

functionalization with N-containing groups.8–17 However, the

underlying physical mechanism(s) that gives rise to the interfacial

capacitance of the N-containing carbon electrodes is not yet

known.13 Xia et al., recently measured the quantum capacitance

of graphene in an ionic liquid electrolyte and proposed that it

might be the origin of the small interfacial capacitance observed

in some carbon-based electrodes.18 Our group has also begun to

develop a fundamental understanding of interfacial capacitance

of one side, and then also of both sides, of suspended monolayer

graphene.6 Our results showed that the area normalized charge

that can be stored simultaneously on both sides is significantly

lower than could be stored on just one side of monolayer gra-

phene (due to quantum capacitance in pristine, monolayer gra-

phene), suggesting that quantum capacitance18–21 could be a

limiting factor for the interfacial capacitance of certain highly

porous carbon electrode materials. In this study, we show that

the area-normalized capacitance of lightly N-doped activated

graphene with similar porous structure increased from 6 mF cm�2

to 22 mF cm�2 with 0 at%, and 2.3 at% N-doping, respectively.

The increase in bulk capacitance with increasing N concentra-

tion, and the increase of the quantum capacitance in the N-doped

monolayer graphene versus pristine monolayer graphene

suggests that the increase in the EDL type of capacitance of

many, if not all, N-doped carbon electrodes studied to date, is

primarily due to the modification of the electronic structure of

the graphene by the N dopant.
Experimental

Synthesis of aMEGO and N-doped aMEGOs

The synthesis of aMEGO was carried out as described in ref. 5.

Briefly, microwave exfoliated graphite oxide (MEGO), prepared
This journal is ª The Royal Society of Chemistry 2012
from graphite oxide (GO) by microwave exfoliation was

dispersed and soaked in aqueous KOH for 20 hours. The solid

cake obtained after filtration of excess KOH was dried. The

activation temperature was maintained at 700 �C and 800 �C as

described in ref. 5 for aMEGO700 and aMEGO800, respectively,

for 1 hour in a horizontal tube furnace (50 mm diameter), with an

argon flow of 120 sccm at a pressure of one atmosphere. N-doped

aMEGOs were prepared similarly to that of aMEGO, with

additional flow of ammonia gas during the activation process.

The amount of nitrogen doping was controlled by varying the

flow rate of ammonia gas to be 20, 30, and 40 sccm for N-doped

aMEGO with 0.7 at%, 1.0 at% and 2.3 at%, respectively. The

sample was allowed to cool down over a period of several hours,

removed from the furnace and repeatedly washed with de-ionized

water until a pH value of 7 was reached. The final materials were

obtained after drying at 80 �C in ambient for 24 hours.

Synthesis of monolayer graphene and N-doped graphene

Cu foil (99.8%, Alfa-Aesar, item no. 13382) was cut into, typi-

cally, 2 cm � 10 cm strips and loaded at the center of a hot wall

tube furnace consisting of a 22 mm diameter fused quartz tube

heated in a split furnace (TF55035A-1, Linderburg/Blue M). The

tube was evacuated, and then filled with 2 sccm hydrogen

(99.999%, Airgas). The furnace was ramped to 1035 �C under

flowing hydrogen at a pressure of 20 mTorr. The Cu foil was then

annealed for 30 minutes before introducing carbon precursors.

Methane (99.999%, Airgas) and pyridine (>99.0%, Aldrich)

mixture at different partial pressure ratios were introduced at

1035 �C for 7 minutes in order to obtain graphene with different

nitrogen doping levels. The total pressure for graphene growth

was maintained at 70 mTorr as shown in Table S1.† The furnace

was cooled down to room temperature at a rate varied between

20 and >100 �C per minute which resulted in graphene with no

discernable difference from the pristine graphene grown without

pyridine.

General characterization

The pore structure of the sample was investigated using physical

adsorption of nitrogen at the liquid-nitrogen temperature (77 K)

on an automatic volumetric sorption analyzer (NOVA2000,

Quantachrome). Prior to measurement, each sample was

vacuum-degassed at room temperature for 5 h. The specific

surface area (SBET) was determined according to the Brunauer–

Emmett–Teller method in the relative pressure range of 0.05–0.2.

Scanning electron microscopy (SEM) was conducted at 30 kV

accelerating voltage (Quanta 600 FEG, FEI Company). X-ray

photoelectron spectra (XPS) were collected using a mono-

chromatic Al K X-ray source and Omicron EA125 hemispherical

analyzer. The spectrometer was configured with an acceptance

angle of �8�, a takeoff angle of 45� and a 15 eV analyzer pass

energy, operated in the constant analyzer energy (CAE) mode.

The Raman spectra of graphene on SiO2 were measured by a

WITEC Alpha300 system with a 532 nm laser excitation source.

Supercapacitor measurements

Both three-electrode and two-electrode cell configurations were

used to measure the performance of N-doped aMEGO and
Energy Environ. Sci., 2012, 5, 9618–9625 | 9619
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un-doped aMEGO as a supercapacitor electrode. For a three-

electrode cell setup, the slurry containing polytetrafluoroethylene

(PTFE, Aldrich; 60 wt% dispersion in water) and aMEGO

(aMEGO : PTFE ¼ 95 : 5 in weight) was pressed onto a nickel

foam (1 cm � 1 cm) and dried at 100 �C under vacuum to use as

the working electrode. The three-electrode cell consisted of a Pt

sheet and saturated calomel electrode as the counter and refer-

ence electrodes, respectively.

For a two-electrode cell configuration, PTFE was added to the

aMEGO powder (aMEGO : PTFE ¼ 95 : 5 in weight) as a

binder. The aMEGO powder was mixed into a paste using a

mortar and pestle, rolled into sheets of uniform thickness ranging

from 30 to 50 mm thick (from sheet to sheet) and punched into 0.5

inch diameter electrodes after drying at 100 �C under vacuum.

Two nearly identical (by weight and size) electrodes were

assembled in a test cell consisting of two current collectors, two

electrodes, and an ion-porous separator (Celgard� 3501) sup-

ported in a test fixture consisting of two stainless steel plates. 1 M

TEABF4 in AN, and 6 M KOH, solutions were used as the

electrolytes in separate experiments.

Gravimetric capacitance for a single electrode was calculated

from the discharge curve in a two-electrode cell as

Csingle ¼ 4IDt

mDV

where I is the constant current and m is the total mass for both

carbon electrodes, Dt is the discharge time and DV is the voltage

change during the discharge process.

Gravimetric capacitance in a three-electrode cell was obtained

as

Csingle ¼ IDt

msDV

where I is the constant current and ms is the mass of the working

electrode, Dt is the discharge time and DV is the voltage change

during the discharge process.

The surface area normalized capacitance CSA (mF cm�2) was

estimated from:

CSA ¼ Csingle

SBET

� 100

where SBET is the specific surface area (m2 g�1) derived from the

N2 adsorption and Csingle is the gravimetric capacitance in F g�1.

The interfacial capacitance (CT) of the PG and NG samples

was measured in a three-electrode cell using an Eco Chemie

Autolab PGSTAT100 Potentiostat equipped with the FRA2

frequency response analyzer module and Nova 1.5 software.

Cyclic voltammograms were performed to detect any non-

EDL behavior of the electrodes that would indicate the pres-

ence of impurities or faradic activity. Non-EDL behavior was

not detected. The interfacial capacitance was determined using

electrical impedance spectroscopy (EIS) with a sinusoidal

signal with an amplitude of 10 mV over a frequency range of

100 kHz to 1 Hz. The capacitance values at each potential

were determined by fitting the EIS spectra to an R(RC)

equivalent circuit using Nova 1.5 software (Eco Chemie) with

error less than 1%. The area-normalized capacitance is the

capacitance divided by the graphene surface area exposed to

the electrolyte.
9620 | Energy Environ. Sci., 2012, 5, 9618–9625
Results and discussion

In an attempt to gain a deeper scientific understanding of the

interfacial capacitance of N-containing carbon electrode mate-

rials, we prepared several lightly N-doped aMEGO materials

with atom-thick walls and similar porous structures (i.e., similar

specific surface area, and pore size and pore size distribution).

Fig. 1A shows the nitrogen adsorption/desorption isotherms of

various aMEGO materials. The pore size and distribution of the

N-doped aMEGOs are compared with pure aMEGOs, all acti-

vated using KOH at the same temperatures. The parameters

describing porosity of these aMEGOs are listed in Table S2;† the

N-doped aMEGO has a very similar isotherm and pore size

distribution as that of the pure aMEGO. By maintaining essen-

tially the same porous structure for all samples, any variance in

capacitance can be attributed to the dopant. During the activa-

tion process, the N atoms replace carbon atoms in the aMEGO.

X-ray photoelectron spectroscopy (XPS) analysis (Fig. 1B)

confirmed the presence of N and two types of N dopants were

identified, pyridinic N (N6) and pyrrolic N (N5), respectively.22

The effect of N dopants on capacitance was evaluated by

conducting cyclic voltammetry (CV) and galvanostatic charge/

discharge using a three-electrode electrochemical cell in 6 M

KOH electrolyte with Pt sheet and saturated calomel electrode

(SCE) as the counter and reference electrodes, respectively. At a

scan rate of 20 mV s�1, a cell with an N-doped aMEGO electrode

(with 1.0 at% N) had much larger current than an electrode of

pure aMEGO (Fig. 2A), indicating a greatly increased capaci-

tance due to the N doping. The rate dependant gravimetric

capacitance for various aMEGO electrodes that were activated

at 700 �C with three N dopant concentrations are shown in

Fig. 2B; the gravimetric capacitance increases with increase of N

dopant concentration with the highest gravimetric capacitance

obtained being about 420 F g�1. In addition, with lightly doped

N, the electrical conductivity of the aMEGO electrodes did not

significantly decrease, as indicated by the small increase of the

equivalent series resistance (ESR) from the electrochemical

impedance analysis (Fig. S1†). The ESR for the N-doped

aMEGO with N dopant concentration of 2.3 at% increased only

about 0.5 ohms compared to that of the pure aMEGO electrode.

More importantly, at a current density of 0.2 A g�1, the area

normalized capacitance increased from 6 mF cm�2 to 11 mF cm�2

and then to 22 mF cm�2 for N-doping levels of 0, 1.0 at%, and 2.3

at%, respectively (Fig. 2C). Similar capacitance enhancement

was seen on N-doped aMEGO that was produced at 800 �C
(Fig. 2D). Since the micro-porosity is similar in these carbon

materials, the main parameter affecting the specific capacitance is

the extent and type of N doping. To further test the effect of N

doping, a two-electrode symmetrical supercapacitor cell was

constructed using N-doped aMEGO as the electrodes and an

aprotic electrolyte, 1 M TEABF4 in acetonitrile (AN); aqueous

KOH (6 M) electrolyte was also used in separate measurements.

The two electrode cell yielded similar capacitance enhancements

for N-doped aMEGO electrodes when tested in aqueous and

aprotic electrolytes (Fig. 2D and S2†). These results prompted us

try to understand the mechanism(s) for the increase in capaci-

tance by N doping of aMEGO.

The values of interfacial capacitance of monolayer graphene

and monolayer N-doped graphene might help in understanding
This journal is ª The Royal Society of Chemistry 2012
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Fig. 1 (A) Nitrogen adsorption/desorption isotherms and pore size distribution for various aMEGO electrodes. (B) XPSN 1s spectrum of the N-doped

aMEGO at different activation temperatures. Each N 1s peak is deconvoluted into two sub-peaks that correspond to pyridinic N (N-6) and pyrrolic N

(N-5) bonding configurations.

Fig. 2 Electrochemical performance of N–aMEGO based electrodes. (A) Cyclic voltammetry curves of aMEGO and N-doped aMEGO (with 1.0 at%

of N and activation temperature of 700 �C) at a scan rate of 20 mV s�1. (B) Gravimetric capacitance of various N-doped aMEGO electrodes in

comparison to pure aMEGOmeasured at different current densities. The legend indicates various N–aMEGO samples with different N concentrations.

(C) Specific surface-area (SSA) normalized capacitance as a function of N concentration at various current densities. (D) The SSA-normalized

capacitance at various N concentrations for samples tested in both 6 M KOH electrolyte using a three-electrode setup and 1 M TEA BF4/AN using a

two-electrode cell configuration.

This journal is ª The Royal Society of Chemistry 2012 Energy Environ. Sci., 2012, 5, 9618–9625 | 9621
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the mechanism(s) of the improved capacitance in N-doped

aMEGO, given that the walls of the pores in the latter are atom-

thick, like monolayer graphene. Pristine monolayer graphene

and N-doped monolayer graphene were prepared by chemical

vapor deposition on copper foils.23,24Raman spectroscopy can be

used to identify the number of layers, structure, doping, and

impurity levels as well as the ‘quality’ of graphene,25–30 and

Raman spectra are shown in Fig. 3 for pristine graphene (PG)

and N-doped graphene (NG) that were transferred onto SiO2

substrates. Fig. 3A shows maps of the G peak over a large area

for PG and NG, respectively. The optical microscope image of

the NG sample in Fig. 3B indicates a clean surface. The presence

of the N dopants in the NG sample is confirmed by analysis of

XPS data (Fig. 3C). Two types of N dopants were observed in the

NG samples and they have the same bonding configurations as

are present in the N-doped aMEGO samples (pyridinic N (N6)

and pyrrolic N (N5)). Thus the N doping in NG resembles the

N-doping in aMEGO. The histograms of the G peak positions

for the pristine and N-doped graphene samples are shown in

Fig. 3D. There is a clear shift in the position of the G peak for

N-doped graphene, indicating the charge carrier concentration is

significantly altered by the N doping.29,31 The charge carrier

concentration based on the shift in the position of the G peak in

the Raman spectrum is estimated to be 1.1 � 1013 cm�2 for the

NG sample,29 which is much higher than the intrinsic electron

and hole sheet densities in pristine graphene (�9 � 1010 cm�2).32

The ratio of the 2D/G peak intensity was shown to be sensitive to

dopant, charge carrier, and defect concentration.29,31 Fig. 3E

shows the Raman 2D/G peak intensity ratio mapping for PG and
Fig. 3 Micro-Raman characteristics of pristine andN-doped graphene. (A)M

(NG2) after transferring to a SiO2/Si substrate. (B) Optical microscope ima

positions of PG and NG2 from the maps in (A). (E) Raman mapping of the ra

shown in (A). (F and G) Raman spectra taken at different positions in (E) fo

9622 | Energy Environ. Sci., 2012, 5, 9618–9625
NG measured in the same area as that shown in Fig. 3A. The

Raman spectra measured at different positions of PG (Fig. 3F)

showed typical features of monolayer graphene: IG/I2D of �0.5

and a symmetric 2D band centered at �2680 cm�1 with a full

width at half-maximum of �33 cm�1.23 Little or no signal at the

D band was observed, indicating a low defect density. In

contrast, the NG sample has a large D peak (Fig. 3G) as well as

changes in the intensity of the G and 2D bands in the dark

regions of the 2D/G map as seen from the Raman spectra

recorded in the regions indicated by (II) and (III) in Fig. 3E; in

the bright region marked by (I), the Raman spectrum has

features similar to that of pristine graphene. The Raman spectra

of NG were consistent with the presence of dopants or defects

while preserving the basic structural properties of the graphene

sheet. In addition, the 2D/G maps showed relatively uniform N

doping over the entire mapping area.

The interfacial capacitance of relatively residue-free N-doped

and pristine graphene was obtained as follows. The experi-

mental setup is shown in Fig. 4A. A three-electrode cell was

used with Pt wire and Ag/AgCl as the counter and reference

electrodes, respectively. A high concentration aqueous electro-

lyte (6 M KOH) was used to minimize the effect of the diffuse-

layer capacitance.1 The graphene working electrode was formed

by covering one side of the CVD grown graphene on a Cu foil

substrate first with thin PMMA and then with insulating tape.

The Cu substrate was then removed from the graphene in a bath

of ammonium persulfate (0.5 M). A small portion of the Cu at

the edges of the sample that is not immersed into the ammo-

nium persulfate solution is protected from the etching and
aps of G peak position for pristine graphene (PG) andN-doped graphene

ge and (C) XPS N 1s spectrum of NG2. (D) Histogram of the G peak

tio of the 2D/G peak intensities for PG and NG2 at the same position as

r NG and PG, respectively.

This journal is ª The Royal Society of Chemistry 2012
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Fig. 4 (A) Scheme showing the quantum capacitance measurement setup. Photograph (right top) shows the dimension of the working electrode, where

graphene with the un-dissolved portion of Cu foil as the electrode contact is on top of the PMMA and protected by the tape. The SEM image (bottom

right) clearly shows the good contact between the graphene and Cu. (B) Total capacitance (CT) obtained as a function of the total gate potential VT. (C)

Dependence of quantum capacitance (CQ) on N dopant concentration as a function of graphene potential (Vch). Experimentally measuredCQ of PG and

the different NGs (solid symbols with dashed lines) in comparison to the theoretical curve of ideal G. (D) The correlation between the bulk capacitance

obtained from the N–aMEGO based electrodes and the quantum capacitance from NGs as a function of N concentration. An increase for the bulk

capacitance and quantum capacitance as a function of increasing N dopant concentration of the graphene is observed.
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serves as the metal contact. This procedure eliminates the need

to use the more conventional graphene transfer process and

leaves the graphene electrode relatively free of residue. This is

very important as the residual PMMA residue is essentially

unavoidable during the normal graphene transfer (onto a SiO2/

Si substrate) process. Since both the interfacial capacitance and

quantum capacitance are very sensitive to various impuri-

ties,18,32,33 various residues on the graphene would cause

secondary-doping (with the substitutional N contributing the

primary doping).

Fig. 4B shows the measured total interfacial capacitance (CT)

as a function of the total gate potential (VT) and Fig. 4C shows

the quantum capacitance (CQ) of various N-doped graphene and

pristine graphene samples as a function of the graphene potential

(Vch), respectively. The theoretically predicted CQ for ideal gra-

phene is shown as a solid gray line in Fig. 4C for comparison.

The quantum capacitance arises from the kinetic, exchange–

correlation, and electron–phonon interaction energies in the

total-energy function.34 The kinetic term kbT � eVch, then CQ

can be expressed as:32

CQ y e2
2

p

eVch

ðh-vFÞ2
; or CQ ¼ e2 DOSðeVchÞ2D

where vF is the Fermi velocity of the Dirac electron, Vch is the

graphene potential and h- is the Planck constant. DOS(eVch)2D is

the linear density of states (DOS) of intrinsic carriers in the
This journal is ª The Royal Society of Chemistry 2012
graphene sheet: DOSðeVchÞ2D ¼ gsgv

2pðh-nFÞ2
jeVchj, where gs ¼ 2

for twofold spin degenerate and gv ¼ 2 (two valleys K and K0 in
the first Brillouin zone).

From the above expression, it can be seen that the quantum

capacitance is closely related to the DOS, and increases linearly

with Vch with a slope of about 23 mF cm�1 V�1. The measured

interfacial capacitance of graphene can be considered as the

result of the capacitance due to the EDL formed at the graphene–

electrolyte interface connected in series with the quantum

capacitance of graphene (Fig. 4B inset). The capacitance from

the diffuse layer (Cdiff) in the electrolyte can be neglected since

highly concentrated electrolyte was used (Cdiff [ CEDL). The

CEDL in 6 M KOH electrolyte on a flat Pt surface was measured

to be 28 mF cm�2 (Fig. S3†), similar to previous reports.6 Since

both the interfacial capacitance and graphene potential depends

on VT, the following equations can be used to describe the

system:

1

CT

¼ 1

CQ

þ 1

CEDL

CQvVch ¼ CTvVT ¼ CEDLvVEDL

vVT ¼ vVch + vVEDL
Energy Environ. Sci., 2012, 5, 9618–9625 | 9623
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Hence, the graphene potential can be written as:

Vch ¼ VT �
ðVT

0

CT

CEDL

vVT

The graphene potential (Vch) dependant CQ is therefore

extracted from CT and is plotted in Fig. 4C. The shape of the

measured CQ of PG (blue dashed line) is very similar to the

theoretically predicted curve for ideal graphene (solid gray line).

The slope is approximately 22 mF cm�1 V�1 on each side of the

Dirac Point and decreases when approaching the Dirac Point.

The CQ minimum appears around Vch ¼ 0 V, with a value of

2.5 mF cm�2, higher than the predicated value of 0.8 mF cm�2.

The theoretical prediction is based on the assumption of a

perfectly uniform and clean graphene sample. Imperfections exist

in the real graphene sample, such as various kinds of defects,

impurities, electron and hole puddles as a result of potential

fluctuations in graphene, and thus the local density of states at a

given Fermi energy fluctuates.35–37 On the other hand, the slopes

of the CQ curves decrease and the CQ minimum shifts upwards

for N-doped graphene samples over a wide potential range. The

results also show that as N concentration increases, the minimum

CQ value increases. The distinct and significant deviation from

the theoretical prediction of the intrinsic quantum capacitance is

greater than what is expected by a microscopic model of

quantum capacitance in graphene developed by Xu et al., using

the local potential fluctuation as a parameter.38 It is known that

N-doping changes the electronic structure of the graphene and

alters the charge carrier density significantly.31,39 Therefore, the

dopant induced carrier density is much larger than the carrier

fluctuations caused by the local potential fluctuation. The change

in the shape of the CQ curves of the N-doped graphene samples

are consistent with that predicted by considering the charge

carrier density as one variable.18 Note that the carrier density

that arises from the local channel electrostatic potential of gra-

phene without considering the dopant induced carrier density

can be expressed as nQ ¼ CQVch

e
¼ �

�
eVch

h-VF

ffiffiffiffi
p

p
�2

. Thus CQ is

related to nQ by:

CQ ¼ e2

h-VF

ffiffiffiffi
p

p ffiffiffiffiffiffi
nQ

p

Since N-doping donates additional mobile electrons to the

graphene lattice (Zhao et al.31 obtain on average �0.42 � 0.07

mobile carriers for each N dopant), the additional dopant-

induced mobile carriers will modify the quantum capacitance

expression that is shown above. Though there is a similarity

between our experimentally measured CQ of the NG samples and

the numerically simulated CQ by Xia’s model18 in which the

quantum capacitance is related to
ffiffiffi
n

p
; CQf

ffiffiffi
n

p
, it does not fit

well to our experimental observations. A more complete model

describing the quantum capacitance based on basic physical

parameters such as potential fluctuation, impurities, and dopant

types, still needs to be developed. Our results strongly suggest

that the quantum capacitance and its contribution to the inter-

facial capacitance are closely related to dopant concentration for
9624 | Energy Environ. Sci., 2012, 5, 9618–9625
monolayer graphene. Clearly, there is a correlation between the

modified quantum capacitance in N-doped versus un-doped

graphene, and the observed increase in capacitance of the

N-doped aMEGO versus un-doped aMEGO as shown in

Fig. 4D. Increasing the N dopant concentration leads to both an

enhancement of the total capacitance of aMEGO, and to an

upward shift of the interfacial capacitance and CQ of NGs. These

results strongly suggest that the EDL charge storage by the

N-doped aMEGO electrodes studied here has a quantum

capacitance component.

Besides the ‘pseudocapacitance’ effect of the N functionalities

from proton transfer that many researchers have adopted as the

only explanation for the change in interfacial capacitance for

N-doped carbons when compared to the values of the pure C

analogs, another factor, the quantum capacitance, may thus be

relevant for some carbons having thin walls where the response

of the charge inside the near 2-D walls may have to be

considered.

Conclusions

In summary, we have investigated the effect of N doping on

specific capacitance in both lightly N-doped aMEGO materials

and monolayer graphene. The strong correlation between the

increase in capacitance of the N-doped aMEGO electrodes and

the upward shift of the quantum capacitance of N-doped

monolayer graphene suggests that the interfacial capacitance of

N-doped aMEGO electrodes does have a quantum component.

N doping changes the electronic structure of the graphene,

increasing the charge carrier density and thus modifying the

quantum capacitance, and leads to larger values of interfacial

capacitance. Understanding the relationship between the

quantum capacitance and the interfacial capacitance of carbon

electrodes is fundamentally important, and also relevant if

further increases in capacitance are to be made. A quantum

capacitance model quantitatively describing the change of the

DOS by the dopants will lead to a better understanding of to

what extent the quantum capacitance (if present as a limiting

factor) affects the interfacial or electrode capacitance. This may

lead to optimal design of the carbon electrodes (including their

doping), and then to the optimal design of the overall ultra-

capacitor cells to yield high values of specific capacitance and

stored electrical energy.
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