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Abstract
This study aimed at developing supercapacitor electrode materials from textile industry waste, thereby mediating waste 
disposal problem through reuse. Through a simple two-step process, nitrogen-doped hierarchically porous carbons (NHPC) 
derived from sericin, a waste protein, were synthesized and used for electrochemical capacitors for the first time. The as-
prepared NHPC with a specific surface area of 2723 m2 g−1 and a pore volume of 1.42 cm3 g−1 exhibited a high specific 
capacitance of 287 F g−1 at the current density of 0.5 A g−1, which was comparable or even higher than that of numerous 
porous carbon materials reported previously. With this electrode, about 93% of the initial capacitance (221 F g−1/5 A g−1) 
was retained after 10,000 cycles, demonstrating a good cyclic stability. Moreover, the specific capacitance of sericin-derived 
NHPC is also better than that of fibroin-derived porous carbon. This work not only developed an effective way to prepare 
high-performance supercapacitor electrode materials from the waste protein, but also provided a strategy for its disposal 
issue and contributed to the environmental improvement.

1 Introduction

Supercapacitors, with combined advantages of conventional 
rechargeable batteries and capacitors, have attracted much 
attention in recent years [1–3]. These advantages, such as 
great power density and long cycle life, make it very prom-
ising in portable electronics, hybrid electric vehicles, and 
back-up power storage devices fields [4–6]. According to 
the energy storage mechanism, supercapacitors are divided 
into electrical double layer capacitors and pseudocapacitors 
[7]. In terms of the electrical double layer capacitors, carbon 
materials are the most commonly used electrode materials 
[8].

To date, various carbon materials, such as carbon nano-
tube [9], graphene [10], and carbon quantum dot [11], have 
been extensively studied as electrode materials for superca-
pacitors. Recent studies illustrated that doping with nitrogen 
could remarkably improve the electrochemical performance 
of carbon materials as nitrogen offered reversible pseudoca-
pacitance effects [12, 13]. Unfortunately, the incorporation 
of nitrogen into carbon materials is often time-consuming, 
complicated, and costly [14]. By contrast, utilizing abun-
dant and innoxius nitrogen-containing biomass to prepare 
nitrogen-doped carbon materials appears low-cost and very 
promising for commercial production [15–19].

Sericin, one of the two major proteins forming the 
cocoons [20, 21], is known as a waste material in the tex-
tile industry [22]. It is estimated that approximately 50,000 
tons of sericin is abandoned annually worldwide, which has 
caused serious problems for water resources [23]. Undoubt-
edly, formulating an effective strategy focusing on the dis-
posal issue of sericin is highly desired. In fact, sericin, as 
a natural protein, is rich in carbon and nitrogen elements. 
This feature makes it a very promising precursor to prepare 
nitrogen-doped carbon materials for supercapacitors. How-
ever, to the best of our knowledge, the study on this topic 
has not yet been reported.
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Herein, we report a simple and effective way to develop 
novel nitrogen-doped hierarchically porous carbon materi-
als (NHPC) using sericin as the raw material. The sericin-
derived NHPC was produced through a two-step pre-carbon-
ization and KOH activation process. The electrochemical 
performances of NHPC as supercapacitor electrode were 
investigated. As far as we know, this is the first research to 
evaluate the possible application of sericin in the electro-
chemical energy storage field.

2  Experimental

2.1  Materials

The Bombyx mori silkworm cocoons were provided by the 
Sericultural Research Institute, Chinese Academy of Agri-
cultural Sciences (Jiangsu, China). Hydrochloric acid (HCl), 
potassium hydroxide (KOH), and N-methyl-2-pyrrolidone 
(NMP) were bought from Sinopharm Chemical Regent Co. 
Ltd (Shanghai, China). Polyvinylidene fluoride (PVDF) 
was purchased from Aladdin Chemistry Co., Ltd. (Shang-
hai, China). All reagents are of analytical-grade, and used 
as received without further purification.

2.2  Sericin extraction

Sericin was extracted from cocoons using a chemical-free 
method [24]. In brief, cocoon pieces were mixed with dis-
tilled water in a mass ratio of 1:25 (4 g of silk cocoon: 100 g 
of water). The mixture was autoclaved at 120 °C for 1 h, and 
then filtered with a nonwoven filter paper. After that, the 
sericin solution was frozen overnight at − 20 °C, and finally 
lyophilized at − 50 °C for 48 h.

2.3  Preparation of sericin‑derived NHPC

The sericin-derived NHPC was prepared through a two-step 
pre-carbonization and KOH activation process. The sche-
matic diagram was shown (Fig. 1). In a typical synthesis, 
sericin was first pyrolyzed (pre-carbonized) at 400 °C for 

2 h. The obtained material was mixed with KOH, and then 
further pyrolyzed in the tube furnace at 800 °C for another 
2 h. The heating rate of 5 °C/min and Ar atmosphere were 
applied for the both carbonization processes. Three differ-
ent NHPC samples of  NHPC1,  NHPC2 and  NHPC3 were 
produced by using different mass ratios of KOH to pre-car-
bonized sericin powder of 1:1, 2:1 and 3:1, respectively. The 
solid products were grinded to powder, washed with 10% 
HCl, and thoroughly washed with distilled water. Finally, 
the products were dried at 100 °C.

2.4  Characterizations

X-ray diffractometer (XRD, D8 Advance, Bruker, Germany) 
with Cu Kα radiation operated at 40 kV and 40 mA was used 
to test the phase structure of NHPC. Raman spectrum was 
measured at room temperature using a DXR Raman spec-
trometer (Thermo Fisher Scientific, USA). The morphol-
ogy and microstructure of NHPC were determined by scan-
ning electron microscopy (SEM, S-4800, Hitachi, Japan) 
and transmission electron microscopy (TEM, Tecnai G2 
F30 S-TWIN, FEI, USA). Brunauer–Emmett–Teller (BET) 
specific surface area and pore size distribution of NHPC 
were studied by a Micromeritic TriStar II 3020 analyzer 
(Micromeritics, USA). Element determinations were per-
formed on a Flash1112A elemental analyzer (Thermo Fisher 
Scientific, USA). Surface chemistry was analyzed by X-ray 
photoelectron spectroscopy (XPS) using a RBD upgraded 
PHI-5000C ESCA system (Perkin Elmer, USA). XPS spec-
tra were calibrated by the C 1 s signal at 284.6 eV.

2.5  Electrochemical measurements

Three-electrode configuration was used to evaluate the capaci-
tive performance of NHPC on CHI 760E electrochemical 
workstation (Shanghai ChenHua Instruments Co., China). Hg/
Hg2Cl2 (Saturated KCl) and platinum foil were used as the 
reference and counter electrodes, respectively. The working 
electrode was prepared by mixing activated materials (NHPC), 
acetylene black, and polyvinylidene fluoride (PVDF) with a 
mass ratio of 8:1:1 onto a nickel foam substrate (1 cm × 1 cm), 

Fig. 1  Schematic illustration of the preparation process of NHPC
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followed by pressing under a pressure of 10 MPa. After that, 
the electrode was dried at 80 °C overnight in a vacuum. The 
mass loading of NHPC on the working electrode was about 
2 mg. The electrochemical characteristics of NHPC were 
studied by cyclic voltammetry (CV), galvanostatic charge–dis-
charge (GCD), and electrochemical impedance spectroscopy 
(EIS) in 6.0 M KOH solution. The CV scans were measured 
in a potential window from − 1.0 to 0 V (vs. Hg/Hg2Cl2). 
The EIS measurement was studied in the frequency range of 
100 kHz–10 mHz at open circuit potential with an ac pertur-
bation of 10 mV. The specific capacitances of NHPC were 
determined via GCD measurements. All electrochemical stud-
ies were tested at room temperature.

A symmetric supercapacitor was fabricated by two NHPC-
based electrodes with same mass loading (about 2 mg) and a 
porous cellulose membrane, and 6.0 M KOH was used as the 
electrolyte solution. The specific capacitance of single elec-
trode is determined with equation of C = 4It/(mV), in which 
C is the capacitance of the single electrode; I, t, V, and m 
stands for the discharge current (A), the discharging time (s), 
the potential change within the discharging time (V), and the 
total mass loading of active materials in both electrodes (g). 
The energy density (E) and power density (P) of the symmetric 
supercapacitor system are defined by equation of E = CV2/28.8 
and P = 3600 E/t, where V is the voltage range, and t is the 
discharge time.

3  Results and discussion

3.1  Synthesis and characterization

Specific surface area, porous structure and pore size distribu-
tion were of great significance for the electrochemical per-
formance of carbon materials [19]. During the past decades, 
various reagents, such as  ZnCl2,  H3PO4, KOH,  K2CO3, have 
been used to activate the raw carbon materials. In this work, 
KOH was selected as the activator because of its lower activa-
tion temperature and higher yield. Although the transformation 
of nitrogen species during the activation process has not been 
well understood, the activation mechanism for the resulting 
NHPC products might be explained as follows [25]:

SEM and TEM tests were carried out to study the micro-
structure of NHPC (Fig.  2). For comparison, the other 
carbon material produced by direct carbonization without 

6KOH + 2C → 2K + 3H2 + 2K2CO3;

K2CO3 → K2O + CO2;

CO2 + C → 2CO;

K2CO3 + 2C → 2K + 3CO;

K2O + C → 2K + CO.

KOH activation was also studied (Fig. S1). It is clear that the 
non-activated carbon material has a very dense surface (Fig. 
S1), while a well-developed porous structure is exhibited for 
NHPC with the help of KOH activation process (Fig. 2a, 
b). TEM images also reveal a porous structure for NHPC, 
as shown in Fig. 2c, d. From the images, a large amount of 
nano-scale pores are observed on NHPC. These pores could 
provide many convenient paths for transportation and pen-
etration of electrolyte ions, which are of great importance 
for the fast ion transfer [18]. On the other hand, according to 
the Fig. 2, the pore size of NHPC is estimated ranging from 
a few nanometers to several micrometers. This phenomenon 
is consistent with the corresponding results reported in other 
literatures [26–28].

To further clarify the pore structure of NHPC, the sam-
ples  (NHPC1,  NHPC2, and  NHPC3) were examined by nitro-
gen adsorption–desorption isotherms. The results are shown 
in Fig. 3, and the corresponding parameters are summarized 
in Table 1. As shown, the BET specific surface areas of these 
samples are all higher than 1200 m2 g−1, demonstrating a 
good activation effect caused by KOH. Specifically,  NHPC2 
possesses a large BET specific surface area of 2723 m2 g−1, 
which is 29 and 114% higher than that of  NHPC1 and 
 NHPC3, respectively. This result indicates that the used 
amount of KOH (activator) has a remarkable effect on the 
specific surface area of the resulting porous carbon materi-
als, which is in good agreement with other studies [29–33].

According to the pore size distribution from BJH method, 
these NHPC samples possess a mixed microporosity 
(< 2 nm) and mesoporosity (2 ~ 50 nm) structure, as shown 
in Fig. 3b. The average pore sizes of NHPC are calculated 
to be about 2.2 nm (Table 1). It is evident that the specific 
surface area and pore volume increase as the mass ratios of 
KOH to the pre-carbonized sericin powder increases from 
1 to 2. As the ratio rises to 3, although the average pore 
size and pore size distribution of the sample are almost 
unchanged, the specific surface area and pore volume are 
distinctly reduced, which are possibly owing to the collapse 
of the pores [34]. Actually, through SEM and TEM tests, 
macroporosity (> 50 nm) was also found on NHPC (Fig. S2). 
It confirms that the as-prepared NHPC is a combination of 
microporosity, mesoporosity and macroporosity, resulting 
in a hierarchically porous structure. This structural feature 
likely leads to a better electrochemical performance. Notice-
ably, compared with  NHPC1 and  NHPC3,  NHPC2 exhibits 
a much higher specific surface area and a similar pore size 
distribution. As a result, further study was mainly focused 
on  NHPC2.

XRD pattern of  NHPC2 displays two diffraction peaks, 
as shown in Fig. 4a. The broad peak located at 2θ = 23.3° 
corresponds to the (002) diffraction, and the weak peak 
at 2θ = 43.8° is attributed to the (100) diffraction. Both 
of them represent graphitic carbon with some disorder 
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structures [25, 35–37]. Furthermore,  NHPC2 was stud-
ied by Raman spectroscopy (Fig. 4b). As expected, two 
typical peaks located at around 1353 cm−1 (D-band) and 
1590 cm−1 (G-band) are observed. The D-band is due to 
the breathing mode of k-point phonons of A1g symmetry 
for the disordered graphite structure, while the G-band 

results from the E2g phonon of  sp2-hybridized carbon 
atoms [38, 39]. It is known that the relative intensity of 
D-band to G-band  (ID/IG) indicates the degree of structural 
disorder with respect to a perfect graphitic structure [40, 
41]. Herein, the  ID/IG value of  NHPC2 is determined to 
be 1.15, confirming the presence of disorder structure in 

Fig. 2  a, b Typical SEM images and c, d TEM images of NHPC

Fig. 3  a Nitrogen adsorption/desorption isotherms, and b corresponding pore size distribution curves of NHPC
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the carbon matrix, which is in good accordance with the 
XRD result.

The nitrogen chemical state and nitrogen content of 
the resulting nitrogen-doped porous carbon materials are 
markedly influenced by activation process [42]. In order to 
evaluate the nitrogen doping degree and nitrogen bonding 
configuration in  NHPC2, XPS and elemental analyses were 
carried out (Fig. 5; Table 2). The results reveal the presence 
of carbon, nitrogen and oxygen in the product. The nitrogen 
content evaluated from the elemental analysis is higher than 

2%, and the oxygen content in  NHPC2 is about 10%. XPS 
measurement showed a similar result. The presence of nitro-
gen and oxygen could provide a hydrophilic and wettability 
characteristic for  NHPC2, demonstrating that  NHPC2 has a 
suitable heteroatom content, and a higher specific surface 
area with hierarchically porous structure at the same time.

High-resolution C 1s spectrum of  NHPC2 is presented in 
Fig. 5b. Several distinct peaks are found, including a main 
C–C peak at 284.6 eV, C–N peak centered at 285.3 eV, C–O 
peak at 286.6 eV, and C=O/C=N peaks at 289.1 eV [5, 13, 
14]. As shown in Fig. 5c, high-resolution N 1s spectrum 
is adequately fitted by three component peaks, namely, 
pyridinic N (N-6, 398.6 eV), pyrrolic N (N-5, 400.5 eV), 
and quaternary N (N-Q, 401.3 eV), respectively [19, 42]. 

Table 1  Textural and structural characteristics of the NHPC

a BET surface area
b Total pore volume
c Micropore volume (d < 2 nm), obtained from the BJH distribution

Sample SBET
a

(m2 g−1)
Vt

b  (cm3 g−1) Vmicro
c

(cm3 g−1)
Average pore 
diameter (nm)

NHPC1 2015 1.07 0.03 2.24
NHPC2 2723 1.42 0.08 2.25
NHPC3 1271 0.70 0.05 2.28

Fig. 4  a XRD pattern and b Raman spectrum of  NHPC2

Fig. 5  a XPS survey spectrum, b high-resolution C 1s and c N 1s spectrum of  NHPC2

Table 2  Elemental composition of  NHPC2 determined by XPS and 
elemental analyses

Elemental analysis (wt%) XPS (wt%)

C N O C N O

87.66 2.28 10.06 83.45 3.03 13.52
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As known, the quaternary N bonded to three carbon atoms 
could enhance conductivity, and also, the presence of pyri-
dinic N and pyrrolic N could induce pseudocapacitance for 
carbon materials [18]. Therefore, in our experiment, it is 
reasonable to consider that the nitrogen species (N-5, N-6, 
N-Q) in  NHPC2 contribute to the capacitance performance.

3.2  Electrochemical performance 
in the three‑electrode system

Owing to the hierarchically porous structure and nitrogen-
containing functional groups,  NHPC2 is expected to be a 
candidate high-performance electrode material for superca-
pacitors. The CV and GCD results for  NHPC2 at different 
scan rates and current densities are shown in Fig. 6. CV 
curves show a slightly distorted quasi-rectangular shape in 
Fig. 6a, suggesting the formation of an electrical double 
layer [29]. At a higher sweep rate of 100 mV s−1, the quasi-
rectangular shape is still well preserved, indicating an excel-
lent capacitance behavior and fast diffusion of electrolyte 
ions into  NHPC2 [43].

Figure 6b depicts the GCD curves of  NHPC2 at different 
current densities. At the current density of 0.5 A g−1,  NHPC2 
exhibits a high specific capacitance of 287 F g−1, which is 
7.7% higher than that of chitin-derived heteroatom-doped 
porous carbon (266.5 F g−1). The superior capacitance of 
 NHPC2 is possibly due to its higher BET specific surface 
area (chitin-derived carbon ~ 1745 m2 g−1), as the nitrogen 
contents of them are nearly the same [29]. The specific 
capacitances of  NHPC2 are as high as 273 and 242 F g−1 
at 1 and 2 A g−1, respectively, which are comparable or 
even higher than that of numerous porous carbon materi-
als reported previously [44]. This good performance might 
be due to the synergistic effect of the large specific surface 
area, suitable pore size distribution and nitrogen doping. It 
should be emphasized that, even at a higher current density 
of 10 A g−1,  NHPC2 still maintains a decent specific capaci-
tance of 213 F g−1, which is 74% of the initial capacitance at 
0.5 A g−1, indicating an excellent rate capability.

The cyclic stability of  NHPC2 was studied by GCD meas-
urement at the current density of 5 A g−1. Figure 6c exhibits 
a slight variation of specific capacitance with the increasing 

Fig. 6  a Electrochemical performances of  NHPC2. Representa-
tive cyclic voltammograms for the  NHPC2 electrode at different 
scan rates. b Charge–discharge curves at different constant current 
densities. c Cyclic stability of  NHPC2 electrode at the charge–dis-

charge current density of 5 A g−1 for 10,000 cycles. d EIS results for 
 NHPC2 electrode in 6.0 M KOH, and the inset showed the magnified 
medium–high frequency region and the equivalent circuit



Journal of Materials Science: Materials in Electronics 

1 3

cycle numbers. After a long-term cyclic charge–discharge 
process (10,000 cycles), about 93% of the initial specific 
capacitance (221 F g−1) is retained, which illustrates that 
 NHPC2 displays excellent cyclic stability. It is interesting 
to notice that the specific capacitance of  NHPC2 increases 
after a slight decrease during the long-term cyclic process. 
This might be owing to the effects from the doped nitrogen 
and oxygen or in situ activation of the electrode to expose 
additional surface area [18].

EIS measurement was employed to further investigate 
the resistive behavior of the  NHPC2 electrode for superca-
pacitors. The Nyquist plots are presented in Fig. 6d, and the 
equivalent circuit used to fit the impedance curves is shown 
in the inset of Fig. 6d. In terms of this EIS result, the Nyquist 
plot could be divided into three parts: a semicircle at high 
frequencies, a slash (about 45°) and a nearly vertical line at 
low frequencies. In the equivalent circuit,  Rs represents the 
resistance related to the ionic conductivity of the electrolyte 
and the electronic conductivity of the electrodes and cur-
rent collectors;  Rct is the charge-transfer resistance;  C1 is the 
capacitance of the electrode materials;  R2 is the interfacial 
resistance between the surface of electrode and electrolyte 
solution; Q is the constant phase element accounting for a 
double-layer capacitance at the interface; Zw is the Warburg 
resistance from the ion diffusion and transport in the elec-
trolyte, and  CL is the limit capacitance [3, 6]. According to 
the fitted result, the Rs here is 0.72 Ω, indicating a pretty low 
equivalent series resistance. Charge transfer resistance (Rct) 
of 0.05 Ω calculated from the radius of the semicircle in 
the high-frequency region confirms a quick charge transfer 
process, and the  R2 of 0.61 Ω implies an interfacial resist-
ance which may be caused by the high content of oxygen. 
In the low-frequency region, the Nyquist plot is a straight 
line for an EDLC supercapacitor, which behaves as an ideal 
capacitor.

3.3  A comparison of  NHPC2 and fibroin‑derived 
porous carbons

Silk cocoons consist of two components: fibroin, the key 
structural protein, and sericin, a waste protein that is aban-
doned during degumming process [20]. Actually, using 
cocoon or fibroin as precursor to develop supercapacitor 
electrode materials has recently been reported [15, 16, 
19, 45]. In this experiment, the specific capacitances of 
sericin-derived  NHPC2 and fibroin-derived nitrogen-doped 
porous carbon (prepared via pre-carbonization and 1:2 
KOH activation) were compared (Fig. 7). As shown, at the 
current densities ranging from 0.5 to 10 A g−1, the specific 
capacitance of  NHPC2 is about 20 F g−1 higher than that of 
the fibroin-derived carbon. This might be because that the 
cylindrical appearance of fibroin hindered the sufficient 

contact with KOH, resulting in a smaller specific surface 
area (Fig. S3). Nevertheless, the fibroin-derived porous 
carbon still shows an attractive electrochemical perfor-
mance. At the current density of 10 A g−1, it has a specific 
capacitance of 195 F g−1, which is significantly higher 
than that of many cellulose-derived porous carbons [33, 
44], suggesting that using protein as the raw material is an 
effective strategy to develop high-performance nitrogen-
doped supercapacitor electrode materials.

3.4  Electrochemical performance 
in the two‑electrode system

The excellent capacitive performances of  NHPC2-based 
electrodes were further tested in a two-electrode sys-
tem. As shown in Fig. 8a, the  NHPC2-based symmetrical 
device displays characteristic capacitive behavior with 
quasi-rectangular-shaped CV curves even at a higher scan 
rate of 100 mV s−1, demonstrating the charge transfer rate 
within  NHPC2 was rapid and effective. The GCD curves 
exhibits outstanding performance with a considerable spe-
cific capacitance of 183.2 F g−1 at the current density of 
0.5 A g−1, while maintaining a decent value of 144 F g−1 
at a high current density of 10 A g−1 (Fig. 8b, c). From 
the Ragone plot for the  NHPC2-based electrode (Fig. 8d), 
it is observed that the energy density is 6.13 Wh kg−1 
at the current density of 1 A g−1. As the current density 
increases to 5 A g−1, the energy density and power den-
sity are 5.35 Wh kg−1 and 2500.30 W kg−1, respectively. 
It demonstrates that the  NHPC2-based electrode is very 
promising for the practical energy storage devices owing 
to the desirable electrochemical performance.

Fig. 7  A comparation of the specific capacitances between sericin 
and fibroin-derived porous carbons at various current densities
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4  Conclusions

In this work, nitrogen-doped hierarchically porous carbon 
has been successfully prepared from sericin using a two-
step pre-carbonization and KOH activation method. The 
as-prepared  NHPC2 possesses a suitable nitrogen content 
and higher specific surface area with hierarchically porous 
structure. Benefited from the unique composition and micro-
structure, the  NHPC2 material demonstrated a high specific 
capacitance, superior rate capability, and excellent cycle 
stability. This work not only developed a high-performance 
supercapacitor electrode material from the waste sericin 
protein, but also provided a strategy for its disposal issue 
and contributed to the environmental improvement. Fur-
thermore, the methodology established in this research is 
green, low-cost, and sustainable, and might shed light on 
the utilization of waste protein to prepare high-performance 
supercapacitor electrode materials.
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