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In this work, a facile route for preparation of high-performance hierarchical porous carbons from
starch was described. The hierarchical porous carbons with developed micropores and mesopores were
prepared, and the pore size was distributed at 2, 9 and 13 nm. The high-performance porous carbons
with specific capacity of 221 F/g was obtained when the mass ratio of starch to zinc nitrate was 1:1 and
the carbonization temperature was 800 °C. It also possessed excellent specific capacitance retention
about 96.4 % of the initial value even after 5000 cycles, and the higher capacitance retention of 88.7%
was obtained when the current density changing from 0.2 to 2 A/g. The pore structure and the
electrochemical performance could be tuned by changing the reaction conditions. The experimental
results suggested the hierarchical porous carbons could be an ideal candidate for supercapacitor
applications.
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1. INTRODUCTION

Recently, supercapacitors have become an important energy storage system owing to their high
energy density, power density and long cycle stability compared to batteries [1-4]. It is great interested
in developing high performance supercapacitors due to the urgent needs in the field of electronics,
heavy electric vehicles, and industrial power management [5-7]. Carbons materials, transition metal
oxides and electronically conducting polymers are under close scrutiny for used as supercapacitor
electrode materials [8-12], which greatly influenced the capacitance performance of supercapacitors.
Among various electrode materials, porous carbons are considered to be a promising candidate for
application in supercapacitors due to the lowcost, high surface area, high chemical stability and better
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electronic conductivity [13-17]. So, it is significant to controllably prepare porous carbon materials
with graded micro- and mesoporous structures. The commonly preparation methods include template
method [18-21], carbonization of polymer [22], physical activation and chemical activation [23-26].
The templates like familiar inorganic zeolite and silica could be generally used to prepare porous
carbon with tailored pore sizes and textures [21]. However, it is hard to prepare hierarchical porous
carbons with wide pore size distribution using the uniform structure of templates. Therefore, it is
necessary to investigate the preparation of higher-performance porous carbons with wide pore size
distribution by a facile route.

In this work, the hierarchical porous carbons with wide pore size distribution were prepared
from starch. Zinc oxide derived from the thermal decomposition of zinc hydroxide in the carbonization
process of pretreated starch was the template. The obtained hierarchical porous carbons had developed
micropores and mesopores. The effects of reaction conditions such as the mass ratio of starch to zinc
nitrate and carbonization temperatures on the specific surface area, pore volume, and pore size
distribution of porous carbons have been studied. Moreover, the electrochemical property of obtained
porous carbons was investigated in detail, which indicated the products could be an ideal candidate for
supercapacitor applications.

2. MATERIALS AND METHODS

2.1. Materials

Starch was obtained from Shandong Jincheng Co., Ltd. Zinc nitrate, urea, potassium hydroxide,
acetylene black, poly tetrafluoroethylene and hydrochloric acid used in this work were of analytical
grade, and they were purchased from Beijing Chemicals Co. Ltd. Distilled water was applied in all the
processes of synthesis and treatment.

2.2. Preparation of hierarchical porous carbons

Typically, 7.0 g starch, 3.5 g (7.0 g, 14.0 g) ZnNO3 (the mass ratio of starch to ZnNO3; was 2:1,
1:1 and 1:2, respectively) and 60 ml deionized water were successively loaded into a 500 ml three-
neck round-bottom flask equipped with a thermometer and a mechanical stirrer, the mixtures were
heated to 100 °C for a certain time until starch was gelatinized, then 0.7 g urea was added into the
mixtures, and the mixtures were constantly stirred at 150 °C for 5 hours,then the mixtures were placed
into an oven with designed temperature of 80 °C for a certain time until the weight of mixtures was
constant, which was the precursor of hierarchical porous carbons. The carbons precursor was
carbonized in a tube furnace at 700, 800 and 900 °C for 2 hours with a heating rate of 3 °C/min under
N, atmosphere, respectively. Finally, the ZnO/C composite materials were obtained. The composite
materials were washed with HCI of 2 mol/L and distilled water until pH = 7, then the hierarchical
porous carbons were dried in an oven at 120 °C overnight and the final products were obtained .
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2.3. Analysis

Characterization of the hierarchical porous carbons were carried out by nitrogen adsorption-
desorption isotherms, which were measured at 77 K using Micromeritics instrument (ASAP 2020).
Before the measurement of gas adsorption , the porous carbons were degassed at 300 °C under vacuum
for 3 h. The BET surface area were calculated from N, adsorption isotherms by the equation of
Brunauer-Emmett-Teller (BET). The total pore volumes were estimated when the relative pressure was
0.995.

The structure and composition of the hierarchical porous carbons were analyzed by X-ray
powder diffraction (SHIMADZU XRD-6000 diffractometer with Ni-filtered Cu Ka radiation, the
scanning rate was 10°/min and 26 was ranged from 10 to 80°).

The morphology and size of the hierarchical porous carbons were examined using a Hitachi H-
800 transmission electron microscope (TEM), at an accelerator voltage of 200 kV.

The surface property of the samples was quantitatively analyzed by X-ray photoelectron
spectroscopy (XPS, Thermo ESCALAB 250).

The electrochemical performance of the hierarchical porous carbons were carried out in three
electrode configuration in 6 mol/L KOH aqueous solution. The working electrode was fabricated as
follows: 80 wt.% porous carbon, 10 wt.% acetylene black and 10 wt.% poly (tetrafluoroethylene) was
mixed, then the mixture was spread onto a piece of foam nickel (1 cmx1 cm), and then they were
pressed at 10 MPa. A platinum foil and a saturated calomel electrode (SCE) were used as the counter
electrode and the reference electrode, respectively. All the electrochemical measurements were carried
on a CHI 660D electrochemical workstation. The cyclic voltammetry (CV) measurement was carried
out at the scan rate of 60 mV/s when the potential was ranged from 0 to 1.0 V, and the galvanostatic
charge/discharge measurements were performed at the current density of 0.20 ~ 2.0 A/g.

3. RESULTS AND DISCUSSION

Zinc hydroxide was produced from the reaction of zinc nitrate and urea in heating process of
starch at 150 °C, and then zinc oxide was generated by the thermal decomposition of zinc hydroxide in
carbonization process, therefore, ZnO/C composite materials were prepared. The composite materials
obtained at carbonization temperature of 700 °C with the mass ratio of starch to ZnNOs of 2:1, 1:1 and
1:2 were defined as ZnO/C-2:1, ZnO/C-1:1 and ZnO/C-1:2, respectively. The corresponding
hierarchical porous carbons were obtained when the composite materials were washed with HCI of 2
mol/L and distilled water until pH = 7, which were defined as C-2:1, C-1:1 and C-1:2, respectively.
ZnO/C composite materials obtained with the mass ratio of ZnNOj to starch of 1:1 at carbonization
temperature of 700, 800 and 900 °C were defined as ZnO/C-700, ZnO/C-800 and ZnO/C-900,
respectively. The corresponding hierarchical porous carbons were defined as C—700, C-800, C-900,
respectively.
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3.1. TEM images of ZnO/C composite materials and hierarchical porous carbons

Figure 1. TEM images of (a) ZnO/C-2:1, (b) ZnO/C-1:1, (c) ZnO/C-1:2 and (d) C-2:1, (e) C-1:1 and
(f) C-1:2.

Fig. 1 shows the TEM images of ZnO/C composite materials (a, b, ¢) and hierarchical porous
carbons (d, e, f) prepared at carbonization temperature of 700 °C with the mass ratio of ZnNO3 to
starch of 2:1, 1:1 and 1:2, respectively. It can be seen from Fig. 1 (a, b, c) that there were some
particles in the carbon materials, which were ZnO nanoparticles derived from the thermal
decomposition of Zn(OH),. The number and size of ZnO particles were increased with the quality of
ZnNOjs increasing. Fig. la shows the particle size of ZnO is relatively large, and they disperses
unevenly in the carbon materials. So the pore size of corresponding porous carbons shown in Fig. 1d is
larger and the number of pore is relatively less than other porous carbons. ZnO particles were
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aggregated due to the excess added of ZnNOs, which was not conducive to the formation of pores in
carbon materials. Fig. 1b shows that ZnO particles disperses uniformly and the particle size is
relatively small. So the corresponding porous carbons contain more crosslinked pores, which facilitate
the infiltration of solution and electronic transmission. When the mass ratio of ZnNOj to starch is 1:2,
the size of ZnO particles is small shown in Fig. 1c, and the crosslinked pores of corresponding porous
carbons are less shown in Fig. 1f. The results indicated that the optimum mass ratio of starch to ZnNO3
was 1:1, which was facilitated to the formation of micropores and mesopores, and it made the porous
carbon have good electrochemical performance.

3.2. XRD of ZnO/C composite materials and hierarchical porous carbons
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Figure 2. XRD of (a) ZnO/C-700, ZnO/C-800 and ZnO/C-900; (b) C—700, C-800 and C—900.

X-ray diffraction patterns were used to characterize the crystal structures of ZnO/C composite
materials and hierarchical porous carbons. Fig. 2(a) presents the XRD patterns of ZnO/C composite
materials obtained at different carbonization temperatures (700, 800 and 900 °C), the sharp diffraction
peaks at 20=31.77°, 34.42°, 36.25°, 47.54°, 56.60°, 62.86°, 66.37°, 67.96°, 69.09°, 72.56° and 76.95°
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can be attributable to the crystal structures of ZnO. The existence of ZnO was proved by X-ray
diffraction and TEM images. The X-ray diffraction patterns shows broad diffraction peaks 20=24°,
which were the incomplete graphitization peaks of carbon.

Fig. 2b presents the XRD patterns of hierarchical porous carbons obtained at different
carbonization temperature (700, 800 and 900 °C). The pattern shows a broad diffraction peaks at
20=24°, which is assigned to the plane of graphite (002), it indicates the existence of graphite
crystallites. When the carbonization temperature was higher (800 and 900 °C), the weak diffraction
peaks appeared at 20=44° , which was assigned to the plane of graphite (100). It illustrated higher
temperature was benifical to the formation of localized graphitization. Whereas the carbon material
was impossible to completely graphitize in such a lower temperature, so the macroscopy of the
samples show amorphous structure. The samples of C-2:1, C-1:1 and C-1:2 had the same structure as
the products prepared at different carbonization temperature (C—700, C-800 and C—900).

3.3. N2 adsorption isotherms and pore size distribution of hierarchical porous carbons
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Figure 3. N adsorption isotherms (a, b) and pore size distribution curves (c, d) of hierarchical porous
carbons.

N, adsorption isotherms and the pore size distribution calculated from adsorption isotherms by
the Barrett—Joyner—Halenda (BJH) method of porous carbons are exhibited in Fig. 3. According to the
BDDT (Brunauer-Deming-Deming-Teller) classification [23, 24], all the isotherms expect for C-1:2 in
this work were classified into type I and IV. It clearly demonstrated that the amount of adsorbed N,
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was increased at the relative pressures lower than 0.1, and there was obvious hysteresis loop at a
middle pressure of P/P® = 0.4, which suggested the presence of capillary condensation. The results
indicated there were micropores and mesopores in these products. Fig. 3c shows the pore size
distribution, it illustrates that pore size is mainly distributed at 2 nm (microporous) and 8~15 nm
(mesoporous), which is in accordance with N, adsorption isotherms of the products. The N, adsorption
isotherm of C-1:2 was classified into type IV, and there was a small hysteresis loop at middle pressure,
it indicated that the porous carbons had mesopores and there was nearly no micropores. The less
quality of ZnNOg3 added in the prepared process was not conducive to the formation of pores in carbon
materials. Therefore, there were little pores in the product of C-1:2, which was in accordance with N,
adsorption and pore size distribution isotherms of the product. The pore structure of porous carbon (C-
1:1) was well-developed than other porous carbon, the pore size is mainly distributed at 2 nm
(microporous), 9 and 13 nm (mesoporous), it indicated the optimum mass ratio of starch to ZnNO3; was
1:1.

The amount of adsorbed N, was not increase sharply when the relative pressures was lower
than 0.1, but the hysteresis loop was obvious at P/P® = 0.4 for C-900, it demonstrated that there were
more mesopores than micropores in the products. The pore size distribution shown in Fig. 3d illustrates
that pore size is mainly distributed at 2 nm (microporous), 9 and 13 nm (mesoporous), which is in
accordance with N, adsorption isotherm shown in Fig. 3c. The porous carbon prepared at different
carbonization temperatures (700, 800 and 900 °C) with the mass ratio of ZnNOjs to starch of 1:1 had
developed mesopores, which facilitated the transmission of electrolyte ions, and it enable the porous
carbon have good electrochemical performance.

The Brunauer—Emmett—Teller (BET) surface area (Sger), micropore and mesopore volume
(Vmicro @and Vmeso) OF the prepared porous carbons are shown in Table 1.

Table 1. The porous texture characterizations of hierarchical porous carbons.

Samples  Sger (M7/Q) Viicro Vimeso
(cm®/g) (cm°/g)
C-700 236 0.07 0.26
C-800 751 0.26 0.29
C-900 143 0.03 0.20
C-1:2 31 - 0.03
c-1:1 236 0.07 0.26
c-2:1 99 0.06 0.21

The specific surface area of C-800 °C is 751 m?/g, which is relatively larger than that of other
hierarchical porous carbons, and it have more developed pore structure. It indicated that the optimum
carbonization temperature was 800 °C and the optimum mass ratio of ZnNOjs to starch was 1:1. Higher
temperature would lead to the collapse of pores, so the pore volume and BET surface area of C-900 °C
was quite small. Whereas, the pore structure was not sufficiently formed at lower temperature (700
°C). The porous characteristics also influenced by the mass ratio of ZnNOs to starch, more or less
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quality of ZnNOg3 added in prepared process were not good for the formation of pores, so the optimum
mass ratio was 1:1.

3.4. XPS spectrum of the C-800 sample
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Figure 4. High-resolution C1s XPS of the C-800 sample.

Fig. 4 shows the high-resolution XPS spectrum of C1s peak of C-800 sample. The spectra of
C1s peak can be deconvoluted into four components with the binding energy at 284.4, 285.4, 286.5
and 288.9 eV, respectively, and the results are summarized in Table 2.

Table 2. Deconvolution results of XPS spectra of the C1s.

Position (eV) Assignment Percentage (%)
284.4 graphite 58.23
285.4 R-OH + C-0-C 23.31
286.5 C=0+>C=0 11.53
288.9 COOH + —-C(0) -0-C 6.93

The carbon species correspond to graphite carbon (284.4 eV), carbon in alcohol and ether
groups (285.4 eV), carbon in carbonyl groups (286.5 eV) and carboxyl and/or ester groups (288.9 eV)
[27]. The percentage of carbonyl groups, carboxyl and/or ester groups was 11.53 and 6.93%,
respectively, and the presence of these functional group enabled the sample have good electrochemical
performance.

3.5. Electrochemical performances of hierarchical porous carbons

In order to examine the electrochemical performances of obtained hierarchical porous carbons
prepared at different carbonization temperature (700, 800 and 900 °C) with the mass ratio of ZnNOs to
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starch of 1:1, the cyclic voltammetry (CV) and galvanostatic charge discharge measurements were
carried out. The specific capacitance of the porous carbons was calculated from the galvanostatic

charge-discharge curve using the equation: C =Ai\,Afn, where C is the specific capacitance obtained

from the discharge cycle under constant current charge/discharge measurements, i is the constant
current, At is the discharge time, AV is the potential range, and m is the mass of the sample.
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Figure 5. (a) CV curves at the scan rate of 60 mV/s and (b) Galvanostatic charge-discharge curves at
the current density of 0.2 A/g of the porous carbons.
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Figure 6. Cycling performance of the porous carbons at a current density of 0.2 A/g.

Fig. 5a shows the CV curves of the porous carbons at the scan rate of 60 mV/s. All the curves
present similar symmetric triangular shape and they were a little deviation from ideal rectangular plots.
The CV curve enclosed area for C-800 was larger than other materials, which indicated the capacitance
of C-800 was higher. Fig. 5b shows the galvanostatic charge/discharge curves of the porous carbons at
a current density of 0.2 A/g. The charge/discharge curves exhibited an extremely small deviation from
ideal voltage-time curves and similar symmetric triangular shape. There was no obvious voltage drop
at the current switches, which suggested that the low resistance of the porous carbon electrode. The
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specific capacitances of C-800, C-900 and C-700 obtained at the current density were 221, 212 and
181 F/g, respectively. The porous carbon of C-800 had developed pore structure, and there were a
large number of available crosslinked pores. The electrolyte ions could easily shuttled into the carbon
materials in the process of charge-discharge, so its specific capacitance was higher than other porous
carbons. Compared with the electrochemical performance of other similar materials (189 and 204 F/g
at the current density of 0.5 A/g respectively [28, 29], 202.7 and 200 F/g at the current density of 1 A/g
respectively [30, 31]), the porous carbon prepared in this work was better. Such excellent
electrochemical performance illustrated they had more accessible surface area for the formation of
electric double layer and they were expected to be promising electrode materials.

The specific capacitance of porous carbons was influenced by cycle numbers, so the cycling
performance of the samples was studied. Fig. 6 shows the change of specific capacitance of porous
carbons when the cycle number changes from 1~5000 at a current density of 0.2 A/g. The porous
carbons of C-700, C-800 and C-900 showed good cycle stability and there was nearly no loss for their
specific capacitance even after 5000 cycles. Whereas, the cycling stability of C-800 was the best, and
its specific capacitance retention was about 96.4 % (213 F/g) of the initial value (221 F/g) after 5000
cycles, which was because there were more available crosslinked pores in the material.
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Figure 7. Effect of charge-discharge current density on specific capacitance of the porous carbons.

The relationship between the specific capacitance and the current density was also investigated.
Fig. 7 shows the effect of charge-discharge current density on specific capacitance of the porous
carbons. Even at a higher current density of 2 A/g, the specific capacitances of C-800, C-900 and C-
700 can remain 88.7% (196 F/g), 81.4% (172 F/g) and 73.3% (132 F/g) of the initial value,
respectively. At a current density changing from 0.2 to 2 A/g, the C-800 showed higher capacitance
retention than other materials.
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4. CONCLUSION

In summary, the hierarchical porous carbon material was synthesized by a facile route. The
effects of the reaction conditions on pore structure and the electrochemical performance had been
studied. The porous carbons presented wide pore size distribution, the pore sizes was mainly
distributed at 2 nm (microporous), 9 and 13 nm (mesoporous), which was facilitate to the development
of electrochemical performance. In this paper, the capacitance of C-800 was the largest, its maximum
specific capacity could achieve 221 F/g, and it demonstrated a superior cyclic stability, which was a
promising electrode material for supercapacitors.
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