Open Access Article. Published on 11 June 2019. Downloaded on 11/28/2025 2:33:44 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

ROYAL SOCIETY
OF CHEMISTRY

View Article Online

View Journal | View Issue,

i ") Check for updates ‘

Cite this: RSC Adv,, 2019, 9, 18333

Preparation of chrome-tanned leather shaving-
based hierarchical porous carbon and its

capacitance properties

Fei Ma, {2 *2 Shaolan Ding,® Huijun Ren® and Piaolin Peng?

Based on the complexes formed by the original Cr(i) in chrome-tanned leather shavings and the carboxyl

groups in collagen as raw materials, a chromium oxide-carbon composite material was formed by the high-

temperature carbonization of chromium-tanned leather shavings, followed by the leaching of chrome
oxide and activation by KOH. By this method, the hierarchical porous carbon with a high surface area
doped with oxygen and nitrogen was prepared. The forming process of the hierarchical porous structure

is discussed in detail. Through adjusting the mass ratio of KOH to carbon during the activation process,

with a mass ratio of 2, the chromium-tanned leather shavings-based hierarchical porous carbon (called
CTSHPC-2) was prepared with an optimal specific surface area (3211 m? gfl) and a large volume ratio of
mesopores to macropores (61.9%) as well as abundant oxygen (13.92 at%) and nitrogen (3.58 at%)
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functional groups. The results showed that CTSHPC-2 obtained a high specific capacitance of 335.5 F

g~! at a current density of 0.5 A g™, In addition, it had higher rate performance, low resistance, and
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1 Introduction

As alternative energy storage systems, supercapacitors have
attracted much attention due to their high power density, fast
charging capability and long cycle life. Their performance in
experiments depends mainly on their electrode materials."*
Therefore, the development of high-performance electrode
materials has particular significance.* At present, porous
carbon materials are regarded as the most promising electrode
materials for supercapacitors on account of their excellent
physicochemical stability, high surface area, high porosity and
relatively high conductivity.®® However, conventional porous
carbon usually contains a single type of pore, which makes it is
very difficult to exhibit high capacitance and good rate perfor-
mance simultaneously.®

Recently, adopting hierarchical porous carbon (HPC for
short) with 3D structures consisting of macropores, mesopores
and micropores to fabricate advanced supercapacitors has
become an active research topic. This hierarchical porous
carbon possesses the advantages of macropores, mesopores
and micropores at the same time and shows synergistic effects;
thus, it can provide higher capacitance and better rate perfor-
mance.”"* However, a template with a special structure is
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better cycle stability. Even when the current density is 10 A g~ over 5000 cycles, the specific capacity
retention rate is 93.5%. Therefore, CTSHPC-2 is a promising electrode material for supercapacitors.

usually used to prepare the hierarchical porous carbon. The
preparation of the template is relatively complicated, expensive
and time-consuming. This defect limits the commercial appli-
cation of HPC on a large scale.

In order to simplify the preparation of the templates or to
avoid using such templates, scholars have proposed some novel
methods for synthesizing hierarchical porous carbon (e.g. co-
assembly and self-template methods)."*** Among these, the
self-template method for preparing hierarchical porous carbon
has been widely studied using natural biomass materials, such
as banana peel, watermelon, hemp, human hair, rice husk, and
sakura.”*™ These natural biomass materials exhibit their own
porous structures without any artificial synthesis, and the
structures of the natural biomass can be chemically converted
into hierarchical porous structures.”*-** Furthermore, using the
renewable biomass to produce HPC is critical to sustainable
development and environmental protection. Although many
researchers have prepared HPC from a variety of biomasses, the
shortage of raw materials is one of the biggest obstacles to its
application. For the extensive application of supercapacitors,
developing HPC with low cost and abundant biomass is
potentially very beneficial and competitive.*

Leather manufacturing is a traditional process. It is esti-
mated that about 6.5 million tons of leather are globally pro-
cessed every year.”® During this processing, a large amount of
solid waste is generated. Because Cr(ur) and collagen fibers form
stable complexes during the tanning process, the tanning
industry produces large amounts of Cr(um)-containing waste
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leather shavings. The traditional treatments of these produced
Cr(m) leather shavings are mainly landfills and incineration,
which waste a great deal of resources and bring out a potential
damage to the environment.”” Oliveira prepared chromium
oxide-carbon composites with chromium-tanned leather shav-
ings under anaerobic conditions. These composites were used
to adsorb and oxidize methylene blue dyes and showed high
removal rates.”® However, there are few reports on the prepa-
ration of hierarchical porous carbon for supercapacitors using
chrome-tanned leather shavings.

The principal component of leather solid waste is collagen,
which is rich in C, O and N elements, and Cr(m); due to these
characteristics, it is highly advantageous to prepare porous
carbon with a high specific surface area doped with oxygen and
nitrogen using chrome-tanned leather shavings as a precursor.
In this study, using chrome-tanned leather shavings as raw
materials, high-temperature carbonization of the chrome-
containing leather shavings, dissolution of the chromium
oxide template and KOH chemical activation were used to
prepare high-surface-area hierarchical porous carbon doped
with oxygen and nitrogen. The formation process of the hier-
archical porous structure is discussed in detail. The electro-
chemical properties of the chrome-tanned leather shaving-
based hierarchical porous carbon were tested using cyclic vol-
tammetry (CV), galvanostatic charge/discharge (GCD) and
electrochemical impedance spectroscopy (EIS) studies. In
a three-electrode system with a current of 0.5 A g%, the highest
specific capacitance of the chrome-tanned leather shaving-
based porous carbon was 335.5 F g~ ', which exhibited better
cycle stability simultaneously. Due to these properties, chrome-
tanned leather shaving-based hierarchical porous carbon may
become a new biomass source of carbonaceous material for
high-performance supercapacitors.

2 Experimental

2.1 Materials and reagents

Hydrochloric acid (37 wt%, HCI), potassium hydroxide (KOH),
potassium bromate and absolute ethyl alcohol were purchased
from Sinopharm Group Chemical Reagent Co., Ltd. (Shanghai,
China). Acetylene black, polyvinylidene fluoride (PVDF) and
nickel foam were all purchased from Jinghong New Energy
Technology Co., Ltd. (Zhengzhou, China). The chrome-tanned
leather shavings were donated by a leather company in Jin-
jiang City, Fujian Province. All chemicals used in the experi-
ments were of analytical grade and were used without any
further purification.

2.2 Preparation of chrome-tanned leather shaving-based
hierarchical porous carbon

In the laboratory, using dry chrome-tanned leather shavings
(CTS) as the precursor material, chrome-tanned leather shaving
hierarchical porous carbon (CTSHPC) was prepared by pre-
carbonization, dissolution of the chromium oxide template
and chemical activation. In the process of pre-carbonization, 4 g
CTS was heated to 500 °C in a nitrogen-protected tube furnace
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at a heating rate of 5 °C min~' and was maintained at 500 °C for
3 h. Then, it was cooled to room temperature to obtain the
chromium oxide-carbon composite. The template carbon was
obtained by condensing and refluxing for 24 h in 100 ml solu-
tion with a mass ratio of 1:4 of potassium bromate to the
chromium oxide-carbon composite. The chromium-containing
solution was filtered and recovered to prevent environmental
pollution. The template carbon after dissolving in chromium
oxide was dried for 12 h at 80 °C. The template carbon and
potassium hydroxide were mixed and impregnated in the mass
ratiosof1:1,1: 2 and 1 : 3 for 24 hours, and dried in an oven at
80 °C. Each sample was placed into a corundum ark, placed in
a tube furnace, and heated to 800 °C for 1 h to activate it. The
heating rate was 5 °C min~' and the product was naturally
cooled to room temperature. Then, it was washed with 2 M
hydrochloric acid, deionized water and absolute ethyl alcohol,
respectively, dried in an oven at 80 °C, and then ground into
powder to complete the preparation of the samples of chrome-
tanned leather shaving-based hierarchical porous carbon. The
obtained samples were named CTSHPC-x (x represents the
impregnation ratio of KOH, where x = 1, 2 or 3). For compar-
ison, the chromium oxide-carbon composite without removing
the chromium oxide template after carbonization was impreg-
nated in a KOH mass ratio of 2 for 24 h, then dried and main-
tained at 800 °C for 1 h. The obtained sample was named
chromium-tanned leather shaving-based porous carbon, which
was abbreviated as CTSPC-2.

2.3 Characterization of materials

The microscopic morphologies of the chromium-tanned leather
shaving-based porous carbon materials were observed using
a scanning electron microscope (SEM, Sirion 200 FEI Nether-
lands) and a transmission electron microscope (TEM, JEM 2100,
JEOL, Japan). The chemical properties of the surfaces of the
carbon materials were determined using X-ray photoelectron
spectroscopy (XPS, Escalab 250, USA). The crystal structures of
the carbon materials were analyzed by X-ray diffraction (XRD,
Bruker D8 Advance diffraction) and Raman spectroscopy (Lab-
RAM HRS800, Horiba). The porosity of the as-prepared carbon
was determined by nitrogen adsorption/desorption measure-
ments (Micromeritics ASAP 2020 system, USA) at about 196 °C.
The Brunauer-Emmett-Teller (BET) and Langmuir surface area
(Sger) were calculated from the N, adsorption isotherm data in
a relative pressure range of 0.05-0.30. The total pore volume
(Vrotal) was obtained at p/p, = 0.995. The microporous (<2 nm)
volume (Vinicro), the mesoporous (2 to 50 nm) volume (Vineso)
and the pore size distribution (PSD) were determined using
a non-local density functional theory (NLDFT) model by
applying slit pores to the N, adsorption isotherms.

2.4 Electrochemical tests

The capacitance properties of the obtained activated carbon
materials were evaluated with a three-electrode system. The
working electrode was prepared as a uniform mixture with
a mass ratio of 80% active material, 10% polyvinylidene fluoride
and 10% acetylene black in an agate mortar with dropwise

This journal is © The Royal Society of Chemistry 2019
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addition of ethanol with stirring. The mixture was pressed on
nickel foam (1 cm x 1 cm). The assembled electrodes were
finally dried in air at 80 °C for 16 h, and each electrode con-
tained about 2 to 3 mg carbon material.

The cyclic voltammetry (CV), electrochemical impedance
spectroscopy (EIS) and galvanostatic charge/discharge (GCD)
measurements were performed using a CHI 660E electro-
chemical workstation. A platinum plate (1.5 cm x 1.5 cm) and
a saturated calomel electrode were used as the counter electrode
and reference electrode, respectively, and KOH aqueous solu-
tion (6 M) was used as the electrolyte. The CV measurements
were performed in a potential window of —1 V to 0 V with a scan
rate range of 10 mV s~ to 500 mV s '. At an open circuit
voltage, the EIS was measured at a frequency range of 10 kHz to
10 mHz, and the alternating current amplitude was 5 mV. GCD
measurements were performed at different current densities
from 0.5 Ag ' to 50 Ag~ !, and the voltage window was 0 to 1 V.
The corresponding specific capacitance was calculated as
follows:

Iy x At
C. = 4= 1
"AV xm @
where I; (mA) is the galvanostatic discharge current, A¢ (s) is the
discharge time, AV (V) is the potential discharge voltage range,
and m (mg) is the mass of active material in the working

electrode.

3 Results and discussion

3.1 Formation mechanism of the hierarchical porous
structure in CTSHPC-x

As shown in Fig. 1, the leather shaving-based 3D porous carbon
material was prepared by the direct carbonization of chrome-
containing leather shavings, dissolution of the chromium
oxide template and chemical activation by KOH.

First, because the trivalent chromium ions in the chrome-
containing leather shavings are complexed with carboxyl
groups on the collagen fibers,” strong coordinate bonds are
formed, and the coordination bond formed by Cr(m) and
collagen is shown in Fig. 2.
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Fig. 2 Schematic of the combination of Cr(i) and collagen fibers.

Therefore, in the carbonization process, as the temperature
is increased, the volatile substances gradually evaporate to form
a chromium oxide-carbon composite, which is consistent with
previously reported literature,*® and the size of the chrome oxide
ranges from 102 to 824 nm, with an average size of 235 nm. It is
believed that the appearance of hierarchical porous structures
is related to the removal of chromium oxide. To verify this
finding, the template structure of chromium oxide in leather
shaving-based carbon was dissolved from the chromium oxide-
carbon composite using potassium bromate. The three-
dimensional structure of the dissolved chromium oxide is
retained in the carbon matrix. Thus, template carbon with 3D
structures on its surface is obtained. During the KOH activation,
the unique structure of the template carbon is gradually trans-
formed into a hierarchical porous structure (the detailed
process is shown in Fig. 1). At the onset of the KOH activation,
the active metal potassium is aggregated by interactions on the
carbon surface of the chromium-tanned leather shaving base
and in the 3D pores after removal of the template. As the acti-
vation progresses, the 3D pores in the removed template are
enlarged to form macropores, and a large quantity of inter-
connected micropores and mesopores are formed in these
macropores.®*>** When the activation is increased to some
extent, the disconnected pores are connected to each other to

Fig.1 Schematic of the preparation of chromium-tanned leather shaving-based hierarchical porous carbon.

This journal is © The Royal Society of Chemistry 2019
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obtain a hierarchical porous structure. This process can
significantly increase the specific surface area and provide
efficient electroactive sites for charge regulation, which can
greatly increase the charge storage in supercapacitors. The
activation mechanism of KOH is reported as follows:**3

6KOH + 2C — 2K + 3H, + 2K,CO; (2)
K,CO; — K,0 + CO, 3)

CO, + C — 2CO (4)

K,CO; +2C — 2K + 3CO (5)
C+K,0 — 2K+ CO (6)

3.2 Morphology and microstructural characterization

The morphologies and structures of the as-prepared hierar-
chical porous carbon CTSHPC-x materials were observed using
scanning electron microscopy (SEM). Fig. 3(a-c) shows SEM
images of three CTSHPC-x samples after activation with
different KOH masses. It can be clearly seen that all the samples
showed porous structures on the surface of the carbon mate-
rials due to the presence of the activator; this is because KOH
reacts with the carbon matrix to produce numerous pores
during the activation process, so the as-prepared activated
carbon has a higher specific surface area. However, when the
mass ratio of KOH to the template carbon is 2, the carbon
material sample has abundant, interconnected and complete
mesopores and macropores. When the KOH mass ratio is 3,
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some of the pore structure of the carbon material is destroyed,
as the figure shows. It can be seen that the amount of KOH plays
a crucial role in etching the porosity of the carbon material; that
is, excess activator may have a negative effect on the pore
structure. For contrast, chromium-tanned leather shaving-
based porous carbon treated by the conventional KOH activa-
tion process is shown in Fig. 3d. From Fig. 3d, it can be seen
that the pore structure exhibited by the KOH activation is much
less uniform, and the pores are not connected to each other.
The template structure of chromium oxide in the chromium
oxide-carbon composite material is not sufficient to develop the
hierarchical porous structure.

The morphologies and microstructures of the samples were
observed by transmission electron microscopy (TEM) at
different magnifications. Fig. 4a shows that the sample has
a cellular porous network structure. The high resolution TEM
micrograph of CTSHPC-2 shows that the predominantly non-
uniform mesopores in Fig. 4b enable the preparation of elec-
trodes that are capable of storing large amounts of electrons.>*
Fig. 4c also shows that there is a small fraction of the ordered
carbon structure in the sample because of the partial graphiti-
zation of the carbon-based material due to the KOH etching.**%”
However, the graphitized structure shows good electrical
conductivity in the course of rapid charge and discharge and
can also enhance ion transport, which is very beneficial for
improving the performance of supercapacitors.*

To further determine the pore structures and the specific
surface areas of CTSHPC-x, Fig. 5a shows the adsorption/
desorption isotherms of the samples in nitrogen (77 K). The
3D porous carbon prepared by the carbonization of chromium-
tanned leather shavings and KOH activation in different
proportions shows isotherms that are a combination of type I

Fig. 3 SEM images of CTSHPC-1 (a), CTSHPC-2 (b), CTSHPC-3 (c) and CTSPC-2 (d) at the same magnification.
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Fig. 4 TEM images of CTSHPC-2 (a—c) at different magnifications.

and type IV.>*** In the area of the relative pressure (p/p, < 0.05),
a sharp increase in the amount of adsorption observed in all the
samples indicates that numerous micropores are present. The
hysteresis loops with p/p, = 0.1 to 0.5 and p/p, = 0.5 to 0.9
indicate the presence of numerous mesopores and some
micropores. In the high relative pressure area (p/p, > 0.9), the
observed increases for all the samples indicate that there exists
a portion of the macropores. The nitrogen adsorption capacity
of CTSHPC-x (x = 1, 2, 3) shows a trend of initial increase, fol-
lowed by decrease as the KOH proportion is increased; this
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indicates that excess KOH content may cause collapse of the
pore structure during the activation process, resulting in
a decrease in the amount of nitrogen adsorption. It can be seen
that when the impregnation ratio of KOH is 2, the maximal
nitrogen adsorption capacity is obtained. In the comparison
between CTSPC-2 and CTSHPC-2, it was found that the nitrogen
adsorption capacity of CTSPC-2 containing chromium oxide
after carbonization without dissolving the chromium-tanned
leather shavings was obviously lower than that of CTSHPC-2
after removing chromium oxide. The reason for this may be
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(a) N, adsorption isotherms, (b) pore size distributions, (c) volume ratios of micropores, mesopores and macropores, and (d) average pore
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that the undissolved chromium oxide occupies the activation
sites of KOH.

The porosities and specific surface area parameters of
CTSHPC-x are shown in Fig. 5b-d. The porous characteristics of
the samples are listed in Table 1. Obviously, as the mass of KOH
is increased, the pore volume and the specific surface area first
increase and then decrease. The maximal specific surface area
of CTSHPC-2 is 3211 m® g~ ', and the maximal total pore volume
is as high as 2.02 cm® g~'. However, the proportions of the
micropore volumes do not apparently change, which are 42.2%,
38.1% and 41.2%, respectively. Interestingly, the proportions of
the micropore volumes in the unremoved chromium oxide
template CTSPC-2 and the removed chromium oxide template
CTSHPC-2 are almost the same, namely 37.8% and 38.1%,
respectively. However, there are significant differences between
the specific surface areas and the pore volumes. The specific
surface area increased from 2182 m* g~ ' to 3211 m* g~ ', and the
pore volume increased from 1.40 cm® g to 2.02 cm?® g™, This
can be attributed to the fact that chromium oxide occupies the
activation sites of KOH in CTSPC-2, resulting in a decrease in
the specific surface area and the pore volume, while the pore
structure and the average pore size are not significantly
changed. In summary, the analyses of the pore sizes and
structures of the samples confirm that the samples contain pore
structures that combine micropores, mesopores and macro-
pores. This structural feature favors the excellent performance
of supercapacitors, in which the micropores provide sufficient
vacancies for charge accumulation and the mesopores serve as
a pathway for shortening the ion diffusion distance, while the
macropores can provide memory for buffering the electrolyte
ions.

Fig. 6a shows the XRD patterns of the chromium-tanned
leather shaving-based hierarchical porous carbon samples
prepared with different mass ratios of alkali and carbon.
From Fig. 6a, it can be seen that the as-prepared activated
carbon exhibits a broad (002) crystal plane diffraction peak at
260 = 15 to 30° and a (100) crystal plane diffraction peak
centered at 43°, which indicates that the as-prepared leather
shaving-based activated carbon has an amorphous struc-
ture.** The BWLPC-2 peaks at 36° and 64° indicate the pres-
ence of a certain proportion of chromium oxide, which is
similar to results reported in the literature.?® Moreover, it was
found that as the amount of KOH increased, the (002) crystal
plane diffraction peak in the leather shaving-based activated
carbon gradually weakened until it completely disappeared.
This is due to the fact that as the amount of the activator KOH
is increased, the etching effect of the activator on the lamellar
crystal structure becomes increasingly strong. The K
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generated in the process of activation is inserted into the
graphite crystallites, causing damage to the structure.**

The graphitization structures of the samples were further
investigated by Raman spectroscopy. It can be seen from Fig. 6b
that there are two characteristic peaks of carbon: (1) the D peak
at around 1330 cm ™' represents amorphous carbon with a small
grain size; (2) the G peak at around 1590 cm ' represents
crystalline graphite. Moreover, the relative intensity ratio (Ip/Ig)
of the two bands is in direct proportion to the amount of defect
sites in the graphite carbon.**** The lower the ratio, the higher
the graphitization. As the KOH ratio increases from 1 to 3, the
Ip/Ig value increases from 1 of CTSHPC-1 to 1.06 of CTSHPC-3,
demonstrating amorphous properties and a low degree of
graphitization. In contrast, the Ip/Ig value of CTSPC-2 is 0.99,
which is lower than that of the chromium-free activated sample.
This is because the presence of chromium oxide prevents K
from destroying the graphitized structure.

The chemical properties of the carbon surfaces were
determined by XPS studies. The XPS spectra of CTSHPC-x are
shown in Fig. 7a, which indicates that there are four elements
of C, O, N and Cr on the surface of CTSHPC-x. The content
ratio of each element is listed in Table 2. Because the main
component of leather shavings is protein, it is reasonable
that the leather shaving-based porous carbon contains O
and N elements. The nitrogen content decreases significantly
with increasing amount of KOH. When the mass ratiois 2 : 1,
the nitrogen content of CTSHPC-2 (3.58 at%) is the highest,
and the nitrogen content is decreased. The reason for this is
that KOH activation may result in the loss of doped nitrogen
content, which is similar to the reported literature.***° In
order to further determine the surface chemical composition
of CTSHPC-2 carbon material, the C1s, O1s, and N1s spectra
of the samples were carefully analyzed by the peak fitting
method, as shown in Fig. 7b-d. The C1s of CTSHPC-2 was
fitted into four peaks (Fig. 7b), which correspond to the
aliphatic carbon at 284.4 eV (C-C), the hydroxyl and phenolic
groups at 285.9 eV (COR), the ketone and quinone groups at
287.6 eV (C=0), and carboxyl groups at 289.1 eV (COOR).*®

The four characteristic peaks of O1s (Fig. 6¢) are concen-
trated at 531.5 eV, 532.4 eV, 533.3 eV and 534.2 eV, respec-
tively.***> These peaks are attributed to the C=0 group (the
1st), the carbonyl oxygen atom in the ester, the amide in the
hydroxyl or ether, the anhydride and the carbonyl oxygen
atom (the 2nd), the ether oxygen atom in the ester and
anhydride (the 3rd) and the atoms in the oxygen carboxyl
group (the 4th).***”

Similarly, the co-existence of pyridine nitrogen (398.3 eV),
pyrrole/pyridone-N (400.2 eV) and pyridine-N-oxygen (402.7 eV)

Table 1 Specific surface areas and pore volumes of CTSPC-2 and CTSHPC-x

Sample SBET (mZ gil) SLangmuir (mz gil) Vp()re (Cm3 gil) Vmicr() (Cm3 gil) Vmeso—macr() (Cm3 gil) Daver (nm)
CTSPC-2 2182 3025 1.40 0.53 0.87 2.58
CTSHPC-1 1397 1959 0.83 0.35 0.48 2.38
CTSHPC-2 3211 4477 2.02 0.77 1.25 2.51
CTSHPC-3 2968 4299 1.72 0.71 1.01 2.32
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in CTSHPC-2 is demonstrated in the N1s spectrum (Fig. 7d).** It bind with electrolyte ions to increase charge storage. The
has been reported that both pyridine nitrogen and pyrrole/ pyridine-N-oxygen (402.7 eV) may play an important role in
pyridone-N have high chemical activity and can reversibly enhancing the electron transfer.>**
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Fig. 7 (a) XPS spectra of CTSPC-2 and CTSHPC-x, (b) Cls peak fitting of the XPS spectrum of CTSPC-2, (c) Ols peak fitting of the XPS spectrum
of CTSHPC-2, (d) N1s peak fitting of the XPS spectrum of CTSHPC-2.
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Table 2 Surface element compositions determined by XPS

Sample O/at% Clat% N/at% Cr/at%
CTSPC-2 19.28 71.38 4.42 4.92
CTSHPC-1 17.90 80.48 1.11 0.52
CTSHPC-2 13.92 81.67 3.58 0.83
CTSHPC-3 16.69 81.85 1.10 0.36

3.3 Electrochemical characterization

In order to verify the electrochemical performance of the leather
shaving-based porous carbon as a supercapacitor electrode
material, CV, GCD and EIS were measured using a three-
electrode system in 6 mol KOH aqueous solution. Fig. 8a
shows the CV curves of all the samples at different scan rates in
a potential window of —1 to 0 V. It can be observed that all the
curves show approximately rectangular shapes, which indicates
double-layer capacitance behavior. A voltage hump occurs from
—0.4 V to 0 V, which can be attributed to a redox reaction of an
oxygen- or nitrogen-containing functional group on the surface
of the porous carbon.*®*” In addition, the CV curve area of
CTSHPC-(1-3) tends to increase first and then decrease; the CV
curve area of CTSHPC-2 is the largest, which indicates that it
has the highest capacitance. The increased specific capacitance
may arise from the increased contents of nitrogen and oxygen
functional groups and the increased specific surface area of the
porous carbon material. It is reported that changes in the
specific surface area and amounts of nitrogen and oxygen
functional groups are determined by the quality of the KOH
activator, which indicates that selecting an appropriate amount
of KOH activator is very beneficial to improve the capacitance.
In contrast, the CV curve of CTSHPC-2 is greater than that of
CTSPC-2.

Fig. 8b shows the GCD curves of CTSHPC-x at the current
density of 1 A g~ . The specific capacitance of each electrode
material was calculated according to the discharge curves of the
supercapacitor using eqn (2). The specific capacitances of
CTSPC-2 and CTSHPC-x (x = 1 to 3) are 193.4, 180.2, 318.4, and
249.1 F g, respectively. It is worth noting that CTSHPC-2
obviously shows a longer discharge time than the other
samples, which is consistent with the CV results in Fig. 8a; this
arises primarily because CTSHPC-2 contains oxygen and
nitrogen groups and unique 3D hierarchical network structures,
which can create larger accessible areas and suitable ion/
electron transport paths.

Fig. 8c further shows the CV curves of CTSHPC-2 at scan
rates of 5 mV s~ ' to 500 mV s~ '. As shown in Fig. 8c, all the CV
curves of CTSHPC-2 are similar rectangles without any apparent
distortion, even at the high scan rate of 500 mV s~ . This can be
attributed to the porous hierarchical carbon structure and good
wettability derived from CTSHPC-2, which facilitate electrolyte
migration through the electrodes. Furthermore, these changes
are basically due to insufficient storage time for the migration
and accumulation of ions in the porous material at higher
scanning rates; the decrease of the surface area of the electrolyte
ions in contact with the carbon material leads to the formation
of poor electric double-layer capacitance.
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The GCD curves of CTSHPC-2 electrodes at different current
densities are shown in Fig. 8d. The approximately symmetric
GCD curves confirm that the reversible charge-discharge
process is consistent with the abovementioned CV results,
which is characteristic of an ideal capacitor. As shown in
Fig. 8d, the capacitance of CTSHPC-2 was calculated to be as
high as 335.5 F ¢~ at 0.5 A g~ '. This capacitance is evidently
higher than those of previously reported porous carbons,
including three-dimensional interconnected nitrogen-doped
mesoporous carbon (178.5 F g~ " at 0.5 A g ')*® and biomass-
derived nitrogen-doped carbon (243.2 F g ' at 0.5 A g 1).%°
Moreover, at a current density of 50 A g ', CTSHPC-2 still
exhibits a relatively high specific capacitance of 213 F g~ '. It can
be seen that the specific capacitance decreased as the current
density increased, because the large current density limits the
diffusion of ions, according to reports.

The specific capacitances of the samples at current densities
of 0.5 to 50 A g ' were analyzed by galvanostatic charge-
discharge studies. Fig. 8e shows the relationship between the
specific capacitance of the electrode and the current density. As
the current density increases, the retention rates of the samples
are 72%, 67%, 70%, and 68%, respectively; the CTSPC-2 sample
has the highest capacitance retention. This phenomenon can be
explained by the ratios of the mesopores to the macropores in
CTSPC-2 (62.2%), CTSHPC-1 (57.8%), CTSHPC-2 (61.9%) and
CTSHPC-3 (58.8%). Among them, the ratio of the mesopores to
the macropores of CTSHPC-2 is the largest, which makes it
possible rapidly help electrolyte ions enter the active layer in the
electrode matrix at higher current densities.

To further investigate the capacitive behavior of CTSPC-2
and CTSHPC-x, EIS was used to evaluate the charge transport
and ion diffusion properties. The electrochemical impedance
spectra of the electrode materials are shown in Fig. 8f, all of
which are similar and contain three areas: a semicircle in the
high frequency region, a straight line with a slope of 45° in the
low frequency region and a straight line with a slope greater
than 45° in the very low frequency region. The intercept on the
X-axis refers to the solution resistance (R;), which includes the
basic resistance of the material, the electrical resistance of the
electrolyte solution, and the contact resistance at the interface
between the active porous material and the current collector.
The charge transfer resistance (R.,) is expressed by the diameter
of the semicircle on the X-axis in the low frequency region.®**
As can be seen from the Nyquist diagram, the intercepts of the
Z, axis are in the following order: CTSPC-2 (0.128) > CTSHPC-3
(0.114) > CTSHPC-1 (0.098) > CTSHPC-2 (0.083). Meanwhile, the
diameter of the semicircle of CTSHPC-2 is much smaller than
that of the other semicircles, which indicates that the charge
transfer resistance is smaller but the specific capacitance is
higher. This is consistent with the results of the CV and GCD
analyses.

For practical applications of electrochemical super-
capacitors, cycle stability is a key factor. The cycle performance
of the CTSHPC-2 electrode was evaluated at 10 A g, as shown
in Fig. 8g. About 93.5% of the capacitance retention was
retained after 5000 charge-discharge cycles, indicating that the
CTSHPC-2 electrode possesses excellent cycle stability and good
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Fig. 8 Electrochemical performance of CTSPC-2 and CTSHPC-x in a three-electrode system: (a) CV curves of CTSPC-2 and CTSHPC-x at
100 mV s~%; (b) GCD curves of CTSPC-2 and CTSHPC-xat 1A g~ (c) CV curves of CTSHPC-2 at various scan rates; (d) GCD curves of CTSHPC-2
at various current densities; (e) Nyquist diagrams of CTSPC-2 and CTSHPC-x; (f) specific capacitances of CTSPC-2 and CTSHPC-x at 0.2 to
20 A g% (g) cycle stability test of CTSHPC-2 at 10 A g%,

rate capability. The insets in Fig. 8¢ show the first three cycles
and the last three cycles of the durability test curves. Obviously,
the shapes of the last three cycles changed little; only the voltage
drop slightly increased. According to the previous reports, this

This journal is © The Royal Society of Chemistry 2019

may be due to aging of the adhesive in the electrode. All the
electrochemical results indicate that CTSHPC-2 is a potential
candidate for supercapacitor electrode materials due to its high
specific capacitance, good rate performance and cycle stability.
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4 Conclusion

In this study, oxygen-nitrogen-doped hierarchical porous
carbon prepared from chromium-tanned leather shavings was
developed by carbonization, leaching of the chromium oxide
templates by potassium bromate and KOH activation. The
chromium oxide-carbon composite material was prepared by
high-temperature carbonization of chromium-tanned leather
shavings, and the template carbon with a 3D structure was
obtained by removing the chromium oxide. During the KOH
activation, the unique structure of the template carbon gradu-
ally transformed into a hierarchical porous structure with
micropores, mesopores and macropores. In addition, some
oxygen and nitrogen impurity functional groups were retained
on the surface of CTSHPC-2. Due to its unique combination of
hierarchical pores and oxygen-nitrogen-doping, CTSHPC-2
possesses high specific capacitance, good rate performance,
low resistance and excellent cycle stability. Especially, CTSHPC-
2 obtains a high specific capacitance of 335.5 Fg ' at 0.5 Ag™".
Even at a current density of 10 A g™, the specific capacitance
remains at 247 F g~ after 5000 cycles, and the retention rate is
93.5%. These optimal results further prove that CTSHPC-2 can
be regarded as a potential electrode material for high-
performance supercapacitors.
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