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A B S T R A C T

Carbon has received an intensive consideration in view of its application as an anode in lithium storage and is
characterized by high electrical conductivity, excellent chemical and physical properties, and outstanding sta-
bility for insertion and deinsertion of Li ions. However, the due to the high-cost production requiring a high
temperature process, a limited storage capacity, and a poor rate capability. In the present study, we suggest a
novel protein as a raw material of carbon using simply carbonization. The nitrogen-doped carbon indicates the
nitrogen (N)-doped sites with graphitic–N and pyridinic–N sites, as well as high crystallizability. The optimized
electrode delivers an excellent cycling stability (284mA h g−1 after 100 cycles at 100mA g−1), an impressive
rate performance (154mA h g−1 at 2000mA g−1), and a remarkable ultrafast cycling stability (112mA h g−1

after 500 cycles at 2000mA g−1). Therefore, this unique nitrogen-doped carbon offers attractive advantages in
terms of the functional N-doped sites, a simple fabrication process, and a low-cost production.

1. Introduction

In the future technological life, energy is an essential demand for
use in electric vehicle, electric robotics, and so on [1–3]. Therefore, a
large number of approaches have been performed to respond to the
ever-increasing requirements of energy storage. In this regard, due to
their high energy density, high average output voltage, long cycle life,
eco-compatibility, low self-discharge rate, and low memory loss, li-
thium ion batteries (LIBs) can be considered as a promising storage
technology for portable electronic devices such as smart phones, cam-
eras, laptops, etc. [4–7] LIBs are composed of four main components:
the anode electrode, cathode electrode, separate, and electrolyte.
Among them, the storage capacities and cost of anode materials of LIBs
still cannot gratify the fast development of future applications such as
electric vehicles and electric robotics [8–10]. Graphite anode with a
limited storage capacity and a poor rate capability, which is mostly
used in commercial LIBs, is commonly synthesized from oil residues
such as coal-tar pitch and petroleum coke at the high temperature of
2000–3000 °C, leading to a high-cost production [11–15]. Therefore,
extensive research has sought to explore functional carbon with high
capacity, high-rate capability, easy approach, and low cost to replace
conventional graphite.

Previous studies have focused on various carbons as anode materials
for LIBs, including carbon nanofibers [16,17], carbon nanotubes [18],
and graphene [19,20]. However, most of the fabrication processes re-
quire a particular precursor, unique equipment, and intricate process.
Thus, as a renewable source, biomasses such as coffee shells [21], co-
conut [22], rice straw [23], and cherry stones [24] have recently ac-
quired much consideration as promising candidates in the fabrication of
carbon. The main reason of this interest was the abovementioned bio-
materials’ low cost and richness. In addition, it is widely known that the
physicochemical properties of carbon-based systems can be modified by
means of surface dopants [25–28]. The N-doped carbon can be further
increased to active sites and defects sites, leading to an improvement of
electrochemical performance [29–31]. Specifically, the defects sites
onto the surface can be helped to provide electrochemical reaction sites
for Li+ adsorption to increase the rate performance at high current
densities. However, the formation of N-doping sites in carbon implies a
unique synthetic method, such as the hydrothermal method, as well as
an additional precursor for doping sites, which creates some challenges.
Said differently, the fabrication of N-doped carbon from natural bio-
masses with ample amounts of nitrogen appears to be a very attractive
alternative.

In addition, another issue related to the application of carbon as an
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anode material is ultrafast performance to extend the LIB applications
[3,5,16]. The ultrafast performance of N-doped carbon is more favor-
able than that conventional graphite due to the excellent Li+ adsorp-
tion of the latter that results from defects sites [11].

Therefore, in the present study, we prepared N-doped carbon de-
rived from protein as anode material for LIBs. The protein, which
contains amino acid with carbon, nitrogen, oxygen, and hydrogen, is
one of the novel carbon sources [32,33]. The N-doped carbon area was
developed using carbon and nitrogen atoms. Moreover, we demon-
strated and optimized the electrochemical performance of N-doped
carbon from protein by definite conditions using the optimized syn-
thetic temperature. Our concept would widen the synthesis of carbon
from biomass and could contribute to the development of anode ma-
terials for high-performance LIBs, including ultrafast performance.

2. Experimental

2.1. Synthesis of nitrogen-doped carbon derived from protein (NCP)

Protein from tofu (Pulmuone Co., Ltd.) was used. The nitrogen-
doped carbon derived from protein (NCP) was simply synthesized by
carbonization. The protein was firstly dried in an oven at 100 °C to take
out water, and then heated at 400 °C for 3 h with the heating rate of
10 °Cmin−1 to remove any impurities as organic materials. Afterwards,
to eliminate the inorganic materials, the prepared sample was washed
using nitric acid. Finally, the carbonization was performed in N2 at-
mosphere. To obtain the optimization of energy storage performance in
LIBs, the carbonization was gradationally performed using different
temperatures of 1100, 1200, and 1300 °C for 2 h with the heating rate of
10 °Cmin−1, which are henceforth referred to as NCP 1100, NCP 1200,
and NCP 1300, respectively.

2.2. Characterization

The structure and morphology were inspected using scanning
electron microcopy (SEM, Hitachi S-4800), and transmission electron

microscopy with dispersive spectrometer (TEM-EDS, KBSI Gwangju
Center, Tecnai G2). To investigate the crystal structure, X-ray dif-
fractometry (XRD, Rigaku, D/Max 2500 V) was confirmed in the range
from 10° to 90° and by a Cu Kα source. The empirical parameter of
intensities for main peaks was used to investigate the crystallinity of
carbon. Thus, the ratio of height of the main peak to the background
was calculated. Also, the standard deviation of the calculated data
is± 0.1. X-ray photoelectron spectroscopy (XPS, Thermo scientific,
ESCALAB 250) was used to analyze the chemical bonding states. The
binding energies of the XPS peaks were calibrated by the C 1s core level
(284.5 eV) before fitting.

2.3. Electrochemical characterization

Energy storage performance with electrochemical reactions were
executed by the half-cell system using coin cells (CR2032). The working
electrode was fabricated on copper foil substrate as the current collector
from a slurry, made up of the NCP as the active material (80 wt%),
Ketjen black (10 wt%) as the conducting material, and polyvinylidene
difluoride (10 wt%) as the binder. The prepared electrode was dried in
an oven at 100 °C for 10 h. The Li metal foil and a porous polypropylene
membrane were used for the counter electrode and the separator, re-
spectively, in a 1.0M LiPF6 solution in a mixture of ethylene carbonate
dimethyl carbonate (1:1) as the electrolyte. The coin cells were pre-
pared in a argon-filled glove box with O2 and H2O contents less than
5 ppm. The charging/discharging measurements were tested in the
potential range of 0.05–3.00 V (vs Li/Li+) at the current density of
100mA g−1 up to 100 cycles at 25 °C. The rate capability test was ob-
served at the following current densities: 100, 300, 500, 700, 1000, and
2000mA g−1. The ultrafast cycling stability was examined at the cur-
rent density of 2000mA g−1 up to 500 cycles.

3. Results and discussion

Fig. 1 elucidates the synthesis process of NCP by the protein using a
facile method, including the dry procedure and carbonization. The

Fig. 1. Schematic illustration of the fabrication process for (a) protein-based tofu, (b) dried protein, and (c) nitrogen-doped carbon derived from protein (NCP).
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protein (see Fig. 1a) consisting of an amino acid was prepared as the
raw material for carbon due to its carbon and nitrogen source. The
protein was dried to remove the water, as shown in Fig. 1b. Afterwards,
the as-prepared sample was pulverized and then carbonized under the
nitrogen atmosphere. As a result, NCP (see Fig. 1c) was successfully
synthesized with various carbonization temperature to obtain the op-
timum condition in electrochemical performance.

Fig. 2a–f shows the SEM images of NCP 1100 (Fig. 2a and d), NCP
1200 (Fig. 2b and e) and NCP 1300 (Fig. 2c and f), respectively. The
morphology of NCP indicates a block-like shape. The main distribution
of particle sizes for NCP 1100 (Fig. 2g), NCP 1200 (Fig. 2h), and NCP
1300 (Fig. 2i) gradually moved to large size section due to a high
carbonization temperature. To further survey the nanostructural fea-
tures of NCP, the TEM measurements were performed.

Fig. 3a–f shows the TEM images of NCP 1100 (Fig. 3a and d), NCP
1200 (Fig. 3b and e), and NCP1300 (Fig. 3c and f), respectively. All
samples showed a uniform contrast, involving only a single phase of
carbon. In addition, as the temperature of carbonization increased, NCP

1200 (Fig. 3e) and NCP 1300 (Fig. 3f) exhibited the localized nano-
crystallites structure at the edge, which is favourable for the adsorption
and intercalation of Li ions [34–36]. Moreover, the crystalline nanos-
tructures of NCP 1100, NCP 1200, and NCP 1300 were proved by the
selected area electron diffraction patterns (see Fig. 3d–f, inserted
images). With an increase of the temperature, the dispersed diffraction
rings gradually faded up, implying an improvement of the graphitic
local structure. Fig. 3g presents TEM–EDS mapping data of NCP 1200,
implying the evenly homogeneous distribution of carbon and nitrogen.

The XRD patterns of NCP 1100, NCP 1200, and NCP 1300 are shown
in Fig. 4a-c, respectively. All XRD patterns are observed using two
broad peaks at around 24° and 43°, which can be attributed to the
(0 0 2) and (1 0 0) planes of amorphous carbon, respectively. Further-
more, from the (0 0 2) peak of graphitic layers, the empirical parameter
was calculated to investigate the crystallizability by the ratio of height
of the (0 0 2) peak to the background [37–39]. The empirical parameter
of NCP 1300 had the high value of 16.7 as compared to NCP 1100
(16.1) and NCP 1200 (16.5), suggesting that an increase of the

Fig. 2. (a–c) Low-magnification and (d–f) high-magnification SEM images of NCP 1100, NCP 1200, and NCP 1300. The particle size distribution of (g) NCP 1100, (e)
NCP 1200, and (f) NCP 1300.
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temperature may result in a higher degree of graphitization of the
structure. Thus, the XRD results means that the different crystallinity of
NCP 1100, NCP 1200, and NCP 1300 is attributed to the increased
carbonization temperature. The high crystallizability of carbon could
provide the excellent cycling stability in LIBs.

The surface elemental compositions of NCP 1100, NCP 1200, and
NCP 1300 were examined by the XPS measurement. Fig. 5a–c presents
the full scan spectrum of NCP 1100, NCP 1200, and NCP 1300, re-
spectively, consisting of O 1s, N 1s and C 1s spectra, implying the ex-
istence of O, N, and C, element compositions without other impurity
phases. The C 1 s spectrums of NCP 1100, NCP 1200, and NCP 1300
were CeC groups (284.5 eV), CeN groups (285.5 eV), CeO groups
(286.5 eV), and N]CeO groups (288.1 eV), respectively [40–42] (see
Fig. 5d–f). With an increase of the carbonization temperature from
1100 to 1300 °C, the concentration of N atom decreased to 6.3, 5.2, and
4.7 at%, respectively (see Fig. 5g–i). The carbonization temperature has
a significant effect on the N atom content into the carbon, indicating
that the concentration of N atom was reduced in a high carbonization
temperature due to the increased atom ratio of C, as well as due to a
higher degree of graphitization of the structure. In general, N 1s spectra
of N-doped carbon can be de divided to four nitrogen species such as to
pyridinic–N, pyrrolic–N, graphitic–N, and pyridine–N–oxide, which can

be further increased to electrochemical active sites, leading to an en-
hancement of electrochemical performance [43–47]. Thus, for all
samples, the N 1s spectra can be divided using the XPS peak fitting
program (XPSPEAK Version 4.1) into four peaks located at 398.3,
400.2, 401.1, and 403.1 eV, which are identified to pyridinic–N, pyr-
rolic–N, graphitic–N, and pyridine–N–oxide, respectively [46,47]. Par-
ticularly, they showed a higher concentration of graphitic–N and pyr-
idinic–N. respectively. The concentrations of pyridinic–N, pyrrolic–N,
graphitic–N, and pyridine–N–oxide are summarized in Table 1. The
graphitic–N peak can provide an improved electrical conductivity re-
sulting from the graphitic N embeds into the honeycomb carbon,
leading to rate capability in LIBs [43–45]. Furthermore, the pyridinic-N
can constitute many active sites and extrinsic defects and provide a high
electrochemical performance with a low energy barrier for the insertion
of Li ion, leading to an improvement of reversible capacity in LIBs
[43–45]. Compared to the traditionally post-modification process using
the additional nitrogen source, our approach offers a unique and eco-
nomic method to obtain the N-doped carbon.

As shown in Fig. 6a–c, NCP 1100, NCP 1200, and NCP 1300 elec-
trodes demonstrate typical voltage capacity profiles of carbon anodes,
indicating that the successful synthesis of carbon derived from protein
[3,5,25]. During the discharging process, the sloping region had the

Fig. 3. (a–c) Low-magnification and (d–f) high-magnification TEM images of NCP 1100, NCP 1200, and NCP 1300. (g) TEM–EDS spectra of NCP 1200.
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voltage plateau under 1.00 V, meaning that more Li ions partake in the
electrochemical reaction at a low potential. Also, the charging curve
rise in a voltage ranges from 0.05 to 3.00 V. In addition, due to the
development of a solid electrolyte interphase (SEI) film from electrolyte
decomposition on the electrode surface, the large initial irreversible
capacity of all electrodes appeared [6,9,20].

Coulombic efficiency of NCP 1100, NCP 1200, and NCP 1300
electrodes over 100 cycles at the current density of 100mA g−1 are
shown in Fig. 7a. Due to the development of SEI layer on the electrode
surface, all electrodes indicated the low initial Coulombic efficiency at
the first cycle. Notwithstanding, NCP 1100 electrode revealed a highest
initial Coulombic efficiency of 57% as compared to NCP 1200 electrode
(55%) and NCP 1300 electrode (49%), indicating that the N-doped sites
of carbon could improve the initial Coulombic efficiency. In addition,
the reversible capacity of all electrodes reached 100%, meaning the
excellent reversible activity. Fig. 7b displays the cycling stability with
the discharge capacities of NCP 1100, NCP 1200, and NCP 1300 elec-
trodes over 100 cycles at the current density of 100mA g−1. NCP 1100
electrode exhibited high discharge capacities of 394mA h g−1 after 2
cycles, as compared to the NCP 1200 electrode (349mA h g−1) and NCP
1300 electrode (303mA h g−1). These results confirm that the im-
proved energy storage performance of NCP 1100 electrode is attributed
to the large number of N-doped sites with a low energy barrier for the Li
ion insertion. By contrast, the cycling stability of NCP 1100 electrode
after 100 cycles has the lowest value of 75% due to its low crystal-
lizability. On the other hand, NCP 1200 and NCP 1300 electrodes
showed the high cycling stability of 81% and 82%, respectively, owing
to high crystallizability as compared to NCP 1100 electrode. As a result,
NCP 1200 presented the highest discharge capacities of 284mA h g−1

after 100 cycles as compared to the NCP 1100 electrode (273mA h g−1)
and NCP 1300 electrode (251mA h g−1). Therefore, the number of N-
doped sites and crystallizability of NCP 1200 electrode was optimized
for anode materials in LIBs. Particularly, the NCP 1200 electrode held a

higher discharge specific capacity than the previously reported elec-
trodes using biomass such as pomelo pericarp (116mA h g−1) [48],
walnut shells (200mA h g−1) [49], and microalgal biomass
(160mA h g−1) [50]. Fig. 7c shows the results of the rate capability test
from 100mA g−1 to 2000mA g−1. Among the electrodes, NCP 1200
electrode delivered the high discharge capacities of 299, 251, 207, 190,
and 154mA h g−1 at the current density of 100, 300, 700, 1000, 1500
and 2000mA g−1 for 10 cycles at each step, respectively. Of note, the
discharge capacity could completely restore to the original value of
299mA h g−1 when the current density recovered to 100mA g−1. The
excellent rate capability can be ascribed to the number of N-doped sites
related to the enhanced electrical conductivity resulting from the gra-
phitic N embeds into the honeycomb carbon. The rapid growth of the
LIB industry guides the high requirements as ultrafast cycling stability
[51]. Fig. 7d shows the ultrafast cycling stability of NCP 1100, NCP
1200, and NCP 1300 electrodes over 500 cycles at the high current
density of 2000mA g−1. As compared to NCP 1100 electrode
(80mA h g−1) and NCP 1300 electrode (83mA h g−1), NCP 1200
electrode showed an impressive capability for ultrafast cycling stability
with 112mA h g−1 after 500 cycles. The enhanced ultrafast cycling
stability of NCP 1200 electrode should be credited to the specific op-
timization of N-doped sites and crystallizability.

Therefore, in the present study, we demonstrated that the improved
energy storage performance using the carbon derived from protein can
be explained as shown in Fig. 8. The N-doped sites could efficiently
deliver high discharge capacities after 2 cycles (see Fig. 8a) from nu-
merous active sites and extrinsic defects during the insertion and
deinsertion of Li ions. The crystallizability of carbon could contribute
the cycling stability over 100 cycles (see Fig. 8b) due to their excellent
physical property. In addition, the specific optimization of N-doped
sites and crystallizability of carbon leads to the improved ultrafast cy-
cling stability over 500 cycles at the high current density (see Fig. 8c).
These results indicate that the improved performance of ultrafast

Fig. 4. The XRD patterns of (a) NCP 1100, (b) NCP 1200, and (c) NCP 1300.
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cycling of NCP 1200 electrode is ascribed to the two effects. Firstly, the
high amount of the N-doped sites could permit the high discharge ca-
pacity. In addition, the high crystallizability with high value of 16.5
about the ratio of height of the (0 0 2) peak to the background could
enable the enhanced cycling stability.

4. Conclusions

In the present study, the protein-based NCP 1200 electrode as an

electrode material in LIBs was simply synthesized using carbonization.
Of note, we suggested that the protein is a novel raw material for
carbon. The optimized NCP 1200 had the N-doped sites (5.2 at%) with
graphitic–N and pyridinic–N sites, as well as high crystallizability. The
impressive electrochemical performances of NCP 1200 electrode with a
high discharge capacity (284mA h g−1 after 100 cycles at 100mA g−1),
an outstanding rate performance (154mA h g−1 at 2000mA g−1), and
an excellent ultrafast cycling stability (112mA h g−1 after 500 cycles at
2000mA g−1) can definitely be ascribed to the following two effects: (i)

Fig. 5. The XPS spectra of (a–c) full scan spectrum, (d–f) C 1s, and (d–f) N 1s of NCP 1100, NCP 1200, and NCP 1300.

Table 1
Concentration of different nitrogen species of NCP 1100, NCP 1200, and NCP 1300.

Samples Concentration of different nitrogen species (%)

Pyridinic–N
(398.3 eV ± 0.1 eV)

Pyrrolic–N
(400.2 eV ± 0.1 eV)

Graphitic–N
(401.1 eV ± 0.1 eV)

Pyridine–N–oxide
(403.1 eV ± 0.1 eV)

NCP 1100 35.8 10.5 37.2 16.5
NCP 1200 34.0 16.3 34.0 15.7
NCP 1300 33.4 18.1 33.6 14.9
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the high discharge capacity and outstanding rate performance are due
to the N-doped sites in carbon with favorable active sites and the in-
creased electrical conductivity; (ii) the excellent cycling stability at low
and high current densities is obtained using the optimization of N-

doped sites and crystallizability of carbon. Taken together, out results
indicate that the protein might be a one of the most powerful and
promising raw materials for carbon as an anode material in LIBs.

Fig. 6. Charge-discharge curves of NCP 1100, NCP 1200, and NCP 1300 electrodes at the current density of 100mA g−1 in the potential range of 0.05–3.00 V for 1st,
2nd, and 3rd cycles.

Fig. 7. (a) Coulombic efficiency, (b) cycling stability over 100 cycles at current densities of 100mA g−1. (c) rate capability at current densities of 100, 300, 500, 700,
1000, and 2000mA g−1. (d) ultrafast cycling stability over 500 cycles at the current density of 2000mA g−1.
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