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Highly microporous carbons derived from a complex of glutamic acid
and zinc chloride for use in supercapacitors
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h i g h l i g h t s
� L-glutamic acid is a new carbon precursor with nitrogen functionality.
� Pyrolysis of a complex from L-glutamic acid and ZnCl2 leads to carbon formation.
� Carbon is highly microporous due to the evaporation of zinc species.
� Carbon as electrode for EDLC possesses stable cycle life and low leakage current.
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a b s t r a c t

The selection of carbon precursor is an important factor when designing carbon materials. In this study, a
complex derived from L-glutamic acid and zinc chloride was used to prepare highly microporous carbons
via facile pyrolysis. L-glutamic acid, a new carbon precursor with nitrogen functionality, coordinated with
zinc chloride resulted in a homogeneous distribution of Zn2þ on the molecular level. During pyrolysis,
the evaporation of the in situ formed zinc species creates an abundance of micropores together with the
inert gases. The obtained carbons exhibit high specific surface area (SBET: 1203 m2 g�1) and a rich ni-
trogen content (4.52 wt%). In excess of 89% of the pore volume consists of micropores with pore size
ranging from 0.5 to 1.2 nm. These carbons have been shown to be suitable for use as supercapacitor
electrodes, and have been tested in 6 M KOH where a capacitance of 217 F g�1 was achieved at a current
density of 0.5 A g�1. A long cycling life of 30 000 cycles was achieved at a current density of 1 A g�1, with
only a 9% loss in capacity. The leakage current through a two-electrode device was measured as 2.3 mA
per mg of electrode and the self-discharge characteristics were minimal.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

Supercapacitors (also referred to as electrical double layer ca-
pacitors e EDLCs), have attracted considerable interest due to their
potential use in electrical vehicles, digital devices and pulsing
techniques [1e3]. Due to the high electrical conductivity, ease of
processability, controllable heteroatom doping, excellent electro-
chemical stability and good capacitive performance, porous car-
bons are regarded as first choice candidate electrode materials for
supercapacitors which store energy via the accumulation of elec-
trical charges across the electrode/electrolyte interface [4,5]. To
date, various porous carbons including carbon spheres [6,7], carbon
tubes [8], carbon fibers [9,10], carbon nanosheets [11,12] and
graphene [13,14] have been studied as electrodes in super-
capacitors. It has been generally accepted that micropores in these
porous carbons are crucial sites for strengthening the electric
double layer for high capacitance. The specific capacitance un-
dergoes a sharp increase in carbons with pore sizes of <1 nm
[15,16]. In addition, pores with sizes of 0.7e1.2 nm generate an
optimum specific capacitance in aqueous electrolyte on account of
the pore size being close to the desolvated electrolyte ions, thus
leading to a maximum electrical double-layer capacitance [17e22].
However, supercapacitors based on microporous carbons are
known to suffer from electrode kinetic problems that are related to
the limitation of electrolyte ions penetrating the inner pores of
electrodes [23]. To address this problem, one effective solution is to
introduce heteroatoms into the microporous carbon skeleton, thus
increasing the wettability of the electrode surface and the acces-
sibility of the micropores [24,25]. The focus of the current work is
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therefore to develop a synthesis approach for amicroporous carbon
integrating a narrow micropore size distribution and heteroatom
modification in order to simultaneously achieve properties of a
high capacitance, good rate performance and long cycle life.

To achieve this goal, herein we propose the use of L-glutamic
acid as a new and single carbon precursor. L-glutamic acid, which
contains abundant functional groups such as -NH2 and -COOH, has
a strong tendency to coordinate with inorganic cations, e.g. Zn2þ.
The advantage of using L-glutamic acid as a carbon precursor
therefore is that the zinc cations can be homogeneously distributed
on a molecular level. The synthesized carbon materials are ex-
pected to possess abundant micropores from the evaporation of the
in situ-formed and uniformly dispersed Zn species during the
carbonization process [26,27]. When such microporous carbons are
used as supercapacitor electrodes, they show an excellent capaci-
tive performance. It is anticipated that this synthesis can be rela-
tively easily scaled up to an industrial level.

2. Experimental section

2.1. Chemicals

L-glutamic acid (99%) was purchased from J&K Scientific Ltd.
Zinc chloride (98%) was purchased from Sinopharm Chemical Re-
agent Co., Ltd. All chemicals were used as received without further
purification.

2.2. Synthesis of microporous carbons

In a typical synthesis procedure, L-glutamic acid was first dis-
solved in water to form a clear solution with vigorous stirring at
60 �C. Afterwards, zinc chloride dispersion was added to the above
solution and stirred until the reaction solution was again homo-
geneous. Subsequently, thewater in the homogeneous solutionwas
removed by reduced pressure distillation and the obtained com-
pound was transferred to an oven at 90 �C for 12 h followed by
pyrolysis at 910 �C (the evaporation temperature of metal Zinc) for
2 h under an argon atmosphere to obtain porous carbon. By varying
the molar ratio of zinc chloride to L-glutamic acid (2:1, 1:1 and
0.5:1), three samples (denoted as Glu-Zn-2, Glu-Zn-1 and Glu-Zn-
0.5) with different pore volumes were prepared. As a control
experiment, one sample (denoted as Glu-Zn-0) was also prepared
by direct pyrolysis of L-glutamic acid at 910 �C in an argon
atmosphere.

2.3. Structure characterization

Scanning electron microscopy (SEM) images were obtained on a
Hitachi S-4800 instrument. Transmission electron microscopy
(TEM) images were recorded on a FEI Technai F30 equipment
operating at 200 kV. The samples for TEM analysis were prepared
by placing a droplet of the products in EtOH onto carbon-coated
copper grids and drying at room temperature. The X-ray diffrac-
tion (XRD) patterns were obtained on a Rigaku D/Max 2400
diffractometer by using CuKa radiation (40 kV, 100 mA,
l ¼ 1.5406 Å). The specific surface area and porous structure were
determined by nitrogen sorption on a Micromeritics ASAP 2020
device at 77 K, and prior to analysis, all samples were degassed
under a pressure of 0.05 mbar at 200 �C for 12 h. The Brunauer-
Emmett-Teller (BET) method was used to calculate the specific
surface areas (SBET). Total pore volumes (Vtotal) were calculated
from the amount of nitrogen adsorbed at a relative pressure, P/P0 of
0.99. The pore size distribution was obtained using the Non-Local
Density Functional Theory (NLDFT) method. Elemental analysis
was carried out on a CHNO elemental analyzer (Vario EL III,
Elementar). The weight ratio of zinc was determined through
inductively coupled plasma optical emission spectrometry (ICPOES,
Perkin Elmer, Optima 2000 DV ICP-OES). X-ray photoelectron
spectroscopy (XPS) data were obtained with an ESCALAB250 elec-
tron spectrometer.

2.4. Electrochemical measurements

The working electrodes were prepared by mixing porous car-
bons, Ketjen Black and polytetrafluoroethylene (PTFE) binder with
weight ratio of 8:1:1. The slurry of the mixture was rolled into a
film, cut into suitable shapes and placed into an oven at 90 �C for
10 h, followed by placing it on a foam nickel current collector with
an area of 1 cm2 under a pressure of 10 MPa to fabricate an elec-
trode. The mass loading of the active material was approximately
4 mg cm�2. The capacitive performance of the single electrode was
carried out on an CHI660D electrochemical workstation (CH In-
struments Inc., Shanghai, China) using a standard three-electrode
test system composed of Hg/HgO as a reference electrode and a
Pt plate as a counter electrode in 6 M KOH electrolyte at 25 �C.
Cyclic voltammetry (CV) and galvanostatic charge-discharge
cycling (GC) measurements were employed in the evaluation of
the electrode electrochemical performance. Electrochemical
impedance spectroscopy measurements were carried out in the
range of 0.01 Hze100 kHz with ac amplitude of 5 mV. The specific
gravimetric capacitance based on the GC test was calculated using
the following equation: C ¼ IDt=mDV, where I (A), t (s), DV (V) and
m (g) are the discharge current, the discharge time, the voltage
window from the end of the internal resistance (IR) drop to the end
of the discharge process, and the mass of active material, respec-
tively. The cycle life, leakage current and self-discharging perfor-
mances were measured by a multichannel electrochemical
workstation (Arbin Instruments USA).

3. Results and discussion

To synthesize desired microporous carbons, the selection of
carbon precursor is crucial. In this study, we use L-glutamic acid as a
single carbon precursor based on the consideration that it contains
abundant functional groups such as -NH2 and -COOH, and has a
strong tendency to coordinate with zinc cations. The FTIR spectrum
of the as-prepared carbon precursor in Fig. S1 is evidence that the L-
glutamic acid can indeed coordinate with Zn2þ. Moreover, Zn2þ can
combine with the lone pair electrons of the nitrogen atom in
nitrogen-containing ligands such as -NH2 [28]. This in turn facili-
tates the immobilization of the nitrogen atoms in the carbon
framework. Based on the above, we used L-glutamic acid and ZnCl2
as the starting materials, with the expectation that the highly
dispersed Zn cations would act as facile porogens by volatilization
of in situ formed Zn clusters and thus lead to the formation of an
abundance of micropores [27].

By varying the molar ratio of zinc chloride to L-glutamic acid
(2:1, 1:1 and 0.5:1), three carbon samples were prepared with a
carbonization yields of ca. 19 wt% (910 �C). The synthesized carbon
materials were characterized by TEM, to gain an insight into the
microstructures. Since the structures of all the samples are very
similar from TEM observations, representative TEM images of Glu-
Zn-2 are shown in Fig. 1a and b. It can be seen that the carbon
skeleton of Glu-Zn-2 is highly amorphous and homogeneous in
absence of visible Zn clusters. To check the homogeneity of the Zn2þ

distribution in the carbon precursor, the carbon product derived
from the Glu-Zn-2 precursor carbonized at 600 �C (denoted as Glu-
Zn-2-600) was characterized using Energy-dispersive X-ray spec-
troscopy (EDX). As shown in Fig. S2, the element mappings of the
representative regions show a concordance of the Zn, C, and O



Fig. 1. (a, b)TEM images of Glu-Zn-2. (c) XRD pattern of Glu-Zn-2 (d) Nitrogen sorption isotherms of Glu-Zn-2, Glu-Zn-1, Glu-Zn-0.5 and Glu-Zn-0 (e) Micropore and (f) Mesopore
size distribution of the samples prepared with different weight ratios of ZnCl2.

Table 1
Structure parameters of the glutamic acid derived microporous carbons.

Samples SBET/m2 g�1 Vtotal/cm3 g�1 Vmicro/cm3 g�1

Glu-Zn-2 1203 0.62 0.55
Glu-Zn-1 989 0.47 0.45
Glu-Zn-0.5 761 0.37 0.35
Glu-Zn-0 39 0.023 0.01
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signals, suggesting the existence and uniform distribution of Zn and
O elements. On the basis of the EDX results, we conclude that the
molecular porogens are uniformly dispersed in the carbon pre-
cursor. The XRD pattern included in Fig. 1c also confirms the
amorphous structure of the carbon materials in which broad and
low-intensity (002) and (10) bands can be identified. Moreover, no
detectable peaks corresponding to Zn species are found on the XRD
of carbon samples calcined at 910 �C, indicating that Zn species
were released from the carbon matrix during the carbonization
process. This conclusion is in agreement with the 0.02% weight
ratio of Zn in Glu-Zn-2 determined through inductively coupled
plasma optical emission spectrometry (ICP-OES).

Nitrogen physisorption measurements were carried out to gain
further insight into the porosities of the carbons. The N2 sorption
isotherms of the samples are shown in Fig. 1d. It can be seen that
the curves for all the samples exhibit typical type I isotherms with
sharp uptake at low relative pressure (P/P0 < 0.05), which indicate
they are microporous. Fig. 1e shows the pore size distributions
determined using the DFT method, in which distributions of mi-
cropores 0.5e1.2 nm in size are evident for all the carbons. This
narrow distribution of micropores further confirms the homoge-
neous pore formation created by the zinc species. For Glu-Zn-2, a
small number of mesopores with pore diameter ranging from 2 to
5 nm was also observed (Fig. 1f), which may be attributed to the
evaporation of aggregated residual Zn that was not coordinated
with L-glutamic acid when using the higher ZnCl2 dosage. The
surface areas and pore volume of all samples measured with N2
sorption analysis are shown in Table 1. It can be seen that Glu-Zn-
0 prepared without the use of zinc precursor as the porogen, has
the lowest specific surface area of 39m2 g�1, while the surface areas
of the carbon samples using zinc precursor as the porogen increase
steadily to 761, 989 and 1203 m2 g�1 for samples Glu-Zn-0.5,Glu-
Zn-1 and Glu-Zn-2 respectively. This shows that the higher the
amount of zinc precursor used, the higher the SBET of the resulting
carbon materials.

The surface properties of a carbon electrode play an important
role in the electrochemical performance, as they can influence the
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wettability of the electrolyte on the carbon electrode. Thus, the
surface and bulk composition of the samples were analyzed by XPS
and elemental analysis. The chemical compositions of the obtained
carbon materials are shown in Table 2. It can be seen that a rela-
tively high amount of nitrogen (2.59e6.06 wt%) and oxygen
(6.35e17.34 wt%) species are present in the samples, derived from
the intrinsic nitrogen and oxygen in the L-glutamic acid. The
presence of nitrogen and oxygen groups on the carbon surface are
considered to enhance the wettability of the carbon materials,
facilitate the accessibility of the electrolyte ions, and give rise to
Faradaic pseudocapacitive reactions [21,24,25]. It can be seen that
the content of bulk nitrogen (6.06 wt%) in Glu-Zn-0 is higher than
that of the samples prepared using the zinc porogen. This is
possibly due to its low porosity, thus restricting the evaporation of
the nitrogen, i.e., a high surface area indicates more open pores
allowing the easy escape of nitrogen atoms from the substrate.
Among the samples prepared using zinc porogen, a trend can be
seen of increasing nitrogen content with an increase in the amount
of zinc porogen that is associated with a more developed pore
structure. This is related to the enhanced interaction between zinc
cations and the lone pair electrons in nitrogen and the subsequent
immobilization of the nitrogen in the carbon framework.

The percent of doped nitrogen was estimated by XPS analysis to
be 3.38, 2.99 and 1.78 atom% for Glu-Zn-2, Glu-Zn-1 and Glu-Zn-0.5
respectively. These values are slightly lower than the bulk nitrogen
values from the elemental analysis. The full scan XPS curves of the
four samples (Fig. S3) have three peaks centered at binding en-
ergies of ca. 284.6, 398.2 and 531.9 eV, corresponding to C 1s, N 1s
and O 1s respectively. Fig. 2 shows the N 1s spectra of the samples,
which can be fit to four peaks with binding energies of
398.0± 0.2 eV, 399.7 ± 0.2 eV, 400.8± 0.2 eV and 402.5± 0.2 eV and
assigned to pyridinic N (N-6), pyrrolic or pyridonic N (N-5), qua-
ternary N (N-Q) and oxidized N (N-X), respectively. These have all
been proven to be active in supercapacitors [29e33]. The contri-
bution of each species obtained by fitting the N1s core level spectra
for all samples studied are listed in Table 2. As shown in previous
studies, N-6 and N-5 are considered to enhance the electron donor/
acceptor properties in an alkaline aqueous solution and further
improve the pseudo-capacitance [30]. The N atom substituents N-Q
within the carbon layers and N-X can enhance the electronic con-
ductivity of carbon materials [31e33].

The high surface areas, abundant micropores and nitrogen
doping make the glutamic acid derived carbon materials ideal
candidates for use as electrodes for supercapacitors. Thus, a three-
electrode system in 6 M KOH was used to characterize the capaci-
tive properties of the obtained carbons. As indicated in Fig. 3a, the
cyclic voltammograms of the three samples show approximately
rectangular-like shapes with -broadened redox peaks at lower
potential, indicating the possible coexistence of double layer
capacitance and pseudocapacitance due to redox reaction of N
atoms [34]. Additionally, electrochemically active nitrogen atoms
could easily control local electronic structures, which contribute to
Table 2
Elemental analysis of the carbon samples.

Samples Elemental analysisa (wt%) XPSc (at

C H N Ob C

Glu-Zn-2 79.03 1.67 4.52 14.79 91.05
Glu-Zn-1 77.46 1.32 3.88 17.34 92.05
Glu-Zn-0.5 86.06 0.90 2.59 10.45 93.31
Glu-Zn-0 83.72 0.85 6.06 6.35 86.14

a The C, H, N contents were directly measured by elemental analysis.
b Calculated by difference.
c Weight percentage of C, N and O elements obtained from XPS analysis.
enhance the band between the electrolyte ions of Kþ and the N
atoms in the solution, resulting in plentiful Kþ ions accommodated
on the electrode surface. Meanwhile the larger number of H2O
around the Kþ ions is also brought to the electrode surface [35]. It is
noted that sample Glu-Zn-2 demonstrates a larger capacitive
response than Glu-Zn-1 and Glu-Zn-0.5. This is further confirmed
by the triangular-shaped galvanostatic charge/discharge cycling
curves shown in Fig. 3b. Unsurprisingly, the time of accomplishing a
charge/discharge cycle is longer for Glu-Zn-2 than that for Glu-Zn-1
and Glu-Zn-0.5. The calculated mass capacitance (Cg) of Glu-Zn-2
reaches 217 F g�1 at a current density of 0.5 A g�1, which is close
to the previously reported supercapacitance of graphene film [36],
B-/N-porous carbon [25] and N-doped carbon fiber [37], but su-
perior to that of hierarchical nitrogen-doped porous carbon [38]
carbon nanosheets [39] and ordered mesoporous carbon/gra-
phene aerogel [40].

Electrochemical impedance spectroscopy (EIS) was used to gain
an insight into the kinetic behaviors of the samples for super-
capacitance. In Fig. 3c, all three electrodes show a similar Nyquist
plot shape with, at the high frequency region a depressed semi-
circle on the Z'axis, and at the low-frequency region an approxi-
mately straight line parallel to the Z00 axis. These shapes indicate
ideal capacitive behavior. The Nyquist curves were fit using the
equivalent circuit illustrated in Fig. 3 (the inset in the upper right).
In this circuit, Rs represents the combined resistance involving
intrinsic resistance of substrate, ionic resistance of electrolyte and
the contact resistance at the active material-current collector
interface. Rct is the charge transfer resistance, which is caused by
the faradic interactions between the nitrogen species on the ma-
terials and ion in solution and the double-layer capacitance at the
electrode electrolyte interface. Zw is associated with the Warburg
impedance. CPE represents the capacitance inside the pores. All
fitted results are shown in Table S1. On the basis of the same testing
conditions, Glu-Zn-2 has the lowest Rs (0.43 U), better than that of
Glu-Zn-1 and Glu-Zn-0.5. This may be ascribed to the enhanced
electrical conductivity resulting from its higher N content [31e33].
The charge transfer resistances of electrodes Glu-Zn-1 and Glu-Zn-
2 (0.08U) are lower than that of Glu-Zn-0.5 (0.15U), possibly due to
their higher nitrogen doping that quaternary N and oxidized N
species possibly due to their higher quaternary N and oxidized N
species, on which the positive charge helps in electron transport
through the carbon materials [31e33]. Additionally, their higher
nitrogen doping results in better wetting on them, which lowers
the transfer resistance by increasing the effective contact area [41].
In the low frequency region, the Glu-Zn-2 electrode shows a
smaller Zw (0.17 U) denoted by a sharp line, which is a result of the
presence of some mesopores giving improved electrolyte diffusion
efficiency. For the Glu-Zn-2 electrode, the relatively low values of
Rs, Rct and Zw indicate higher diffusion andmigration pathways for
electrolyte ions during charge/discharge processes which are
responsible for the superior electrochemical performance of
supercapacitors.
om%) Relative surface contents of nitrogen

N O N-6 N-5 N-Q N-X

3.38 5.57 28.6 28.1 35.4 7.9
2.99 4.96 29.6 13.9 38.7 17.8
1.78 4.91 17.2 22.3 37.9 22.6
1.99 11.87 15.9 44.8 21.6 17.7



Fig. 2. XPS N 1s spectra of (a) Glu-Zn-2, (b) Glu-Zn-1, (c) Glu-Zn-0.5 and (d) Glu-Zn-0.

Fig. 3. Electrochemical performance of the synthesized microporous carbons Glu-Zn-2, Glu-Zn-1 and Glu-Zn-0.5 (a) CVs measured at 5 mV s�1 and (b) GC curves measured at
0.5 A g�1 of samples. (c) Nyquist plots in the frequency range of 100 kHz to 10 mHz in KOH electrolyte at 25 �C (d) The specific capacitance of Glu-Zn-2 at different current densities
(0.3e20 A g�1).
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The enhanced capacitive performance of Glu-Zn-2 can possibly
be correlated to the combined effect of the carbon texture charac-
teristics and surface functionalities. First, Glu-Zn-2 has the similar
micropore size distribution to the other two samples, but has a
largest surface area, which is necessary to provide an electrode/
electrolyte interface for the formation of electrostatic charge-
separation layers in the pores. Moreover, the existence of some
amount of mesopores in Glu-Zn-2 is beneficial to the diffusion of
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ions. Second, the highly doped nitrogen in Glu-Zn-2 will contribute
to pseudocapacitive charge storage and electron conductivity. It has
been reported that N-5 and N-6 groups are primarily responsible
for the pseudocapacitive charge storage via the redox reaction of
the negatively charged surface groups (N-5 and N-6), while N-Q
and N-X groups aid electron transfer through their positive charge
[30e33]. The fitted impedance data also indicates a high conduc-
tivity of the Glu-Zn-2 electrode. Thus the higher doped N content
(4.52 wt%) in Glu-Zn-2 plays an important role in boosting the
capacitive performance.

Rate capability is an important factor for the utilization of
supercapacitors in power applications. A good electrochemical
energy storage device is required to provide high energy density (or
gravimetric capacitance) at a high charge/discharge rate. CV tests at
different scan rates and GC tests at different current densities for
the representative samples are shown in Fig. S4. It can be seen that
when the scan rate gradually increases from 5 to 200 mV s�1, the
rectangular shape is retained (Fig. S4a), indicating a good capaci-
tance performance at a high scan rate. Moreover, all GC curves
show symmetrical triangular shapes, exhibiting only a small IR
drop at a high current density (Fig. S4b), implying that the super-
capacitor has a high reversibility of a typical capacitor with a rapid
I-V response and a small equivalent series resistance. This is in
accordance with the result of EIS. The variation of specific capaci-
tances at different current densities for Glu-Zn-2 is summarized in
Fig. 3d. Glu-Zn-2 exhibits a high rate capability of 160 F g�1 at a
current density as high as 20 A g�1. A high capacitance retention
ratio of 73.7% is observed at current densities from 0.5 to 20 A g�1.
These results indicate a very fast and efficient charge transfer and
high capacitance of the Glu-Zn-2 electrode which is maintained
under high current densites. It can therefore be concluded that such
microporous carbons facilitate the efficient access of electrolytes
with the surface wettability and electronic conductivity required
for a high specific capacitance.

The cycling stability of Glu-Zn-2 was examined using
Fig. 4. (a) Cycle performance of the assembled supercapacitor based on Glu-Zn-2 at the curr
(d) Leakage current curve of the supercapacitor charged at 0.5 A g�1 to a floating potential
galvanostatic charge/discharge cycling at a current density of
1 A g�1 for 30,000 cycles (Fig. 4a) in a symmetrical two-electrode
system. A capacitance retention of 90% (44 F g�1) was obtained
after 30,000 cycles, indicating an excellent performance stability of
the microporous carbons. The GC curves of the last 5 cycles (Fig. 4c)
retained an almost identical shape to the first 5 cycles (Fig. 4b) by
maintaining their linearity and symmetry. This further reveals that
the Glu-Zn-2 electrode has a good electrochemical capacitance and
excellent long-term cycle stability.

For practical applications, it is important to evaluate the leakage
current and self-discharge characteristics of the assembled super-
capacitors. These are typically not discussed in the literature. Our
Glu-Zn-2 based two-electrode symmetrical supercapacitor was
first charged to 1.0 V at 0.5 A g�1, and then the potential was
maintained at 1.0 V for 4 h and the current flowing through the
supercapacitor was recorded. In this constant voltage mode, the
current through the stabilized device compensates the current loss
by the capacitor itself, which can be viewed as the leakage current.
For the supercapacitor assembled from the glutamic acid derived
microporous carbon, the current quickly stabilizes at 15.7 mA, which
is essentially the leakage current through the device (Fig. 4d). This
value (2.3 mA per mg electrode) is comparable to those of a carbon
nanotube/polyaniline composite supercapacitor (17.2 mA, 5.5 mA per
mg electrode) [42], hierarchically porous carbons based super-
capacitor (0.04 mA) [43] and polyaniline-coated carbon paper
based supercapacitor (16 mA) [44], indicating a relatively small
leakage current and high stability of our supercapacitor. A lower
leakage current implies a higher leakage resistance that ensures
slow self-discharge phenomenon of supercapacitors [45]. The sta-
bility of the device and its capability for retaining charges were
further demonstrated by a self-discharge test represented by the
time course of the open-circuit voltage. As shown in Fig. 4e, the
device after being charged at 1.0 V underwent a rapid self-
discharge process in the first half hour and then slowed down af-
ter several hours. Finally the output voltage of the device reached
ent density of 1.0 A g�1 upon 30 000 cycles. (b, c) the first and last 5 cycles of GC curves.
of 1 V and kept at 1 V for 4 h. (e) Self-discharge curve after charge at 1 V for 24 h.
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approximately 0.63 V after 24 h. These studies demonstrate that
our devices exhibit low self-discharge characteristics, which is
highly desirable in practical applications.

4. Conclusions

By using L-glutamic acid as new and single carbon precursor,
highly microporous carbons have been synthesized via facile py-
rolysis of a complex derived from L-glutamic acid and zinc chloride.
By simply adjusting the ratio of L-glutamic acid to ZnCl2, carbon
with high specific surface area and an abundance of micropores can
easily be prepared. During the preparation process, the in situ-
formed and uniformly dispersed Zn species acting as molecular
porogens evaporate to form these micropores. The obtained porous
materials possess excellent capacitive performance as electrodes of
supercapacitors, due predominantly to a narrow micropore distri-
bution and N doping. Moreover, the unique properties and the
potential scalable synthesis make these novel microporous carbons
suitable for many other applications, such as sorbents and catalyst
supports.
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