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Biomass-derived porous carbon has received increasing attention as an energy storage device due to its
cost-effectiveness, ease of manufacture, environmental friendliness, and sustainability. In this work,
phosphorus-doped porous carbon was prepared from biomass sawdust (carbon source) and a small
amount of phosphoric acid (P-doping source and gas expanding agent) by one-step carbonization. For
comparison, parallel studies without phosphate treatment were performed under the same conditions.
Benefiting from the addition of phosphoric acid, the prepared carbon material has higher carbon yield,
higher specific area and micropore volume. Due to the heteroatom doping of P in the carbon material,
the optimized PC-900 sample not only exhibits high specific capacitances of 292 F g~ and 169.4 F g~*

at current densities of 0.1 A g~ and 0.5 A g, respectively, but also excellent cycle longevity (98.3%
Received 15th March 2020 it tention after 5000 cycles) in 1 M H,50,. In addition, th itor exhibits a high
Accepted 27th April 2020 capacitance retention after cycles) in 2SO4. In addition, the supercapacitor exhibits a hig

energy density of 10.6 W h kg™ when the power density is 224.8 W kg~ at a discharge current density

DOI: 10.1039/d0ra02398a of 0.5 A g’l. This work proposes a sustainable strategy to reuse waste biomass in high-performance and
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Introduction

In recent years, due to global warming and the depletion of fossil
fuels, the production of low-cost, renewable and environmentally
friendly energy conversion and storage systems has become very
significant."” With the characteristics of high power density, high
charge and discharge efficiency, and long cycle life, electro-
chemical capacitors (EC) are considered as one of the advanced
energy storage systems, playing a crucial role in bridging the gap
between dielectric capacitors and traditional batteries.*”® Due to
its high specific surface area, pore size, high physicochemical
stability, electrochemical performance, and wettability, carbon-
based porous materials, including carbon nanotubes,® gra-
phene,”® activated carbon,’ and carbide-derived carbon' have
been used extensively for electrode materials. There are many
sources of materials for making carbon materials, such as fossil
materials, polymers, and biomass."* Among them, porous carbon
derived from renewable biomass is widely used due to its
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green supercapacitors for advanced energy storage equipment.

relatively low cost, environmentally friendly characteristics, and
simple synthetic process. Many studies have produced porous
carbon from biomass, such as wood,"” bamboo,” nutshells,**
seeds,'® peels,'® leaves,"”” and seaweed,'® which have excellent
electrochemical properties and can be used as electrode mate-
rials. In this case, we use fir sawdust, a low-cost and renewable
forestry residue, to produce porous carbon.

As reported in the literature, pure carbon materials can provide
only limited catalytically active sites, and heteroatom doping is
thought to cause redistribution of charges between carbon atoms,
thereby activating small molecules.”” Therefore, heteroatom
doping (e.g;, O, N, P, S, B) is elected as a useful method to enhance
the capacitive performance of carbon materials.®”*** Among them,
the main reasons for choosing P are lower electronegativity and
larger covalent radius. The lower electronegativity (2.19) of P atom
compared to that of C atom (2.55) and the high electron donating
property of the P atom makes the P dopant positively charged,
which is advantageous for charge transfer.”® In addition, a much
larger covalent radius of P (107 £+ 3 pm) than C (73 £ 1 pm) causes
many defects in the carbon material skeleton.” These defects
concentrate a large amount of charge, which may be the main
active site. Therefore, with these unique characteristics of the P
atom, P could be an ideal dopant for carbon.

At present, there have been reports of phosphorus-doped
carbon as electrodes.”*” However, there are only a few reports
on the preparation of phosphorus-doped porous carbon electrodes
using biomass as a raw material. A phosphorus-doped porous

This journal is © The Royal Society of Chemistry 2020
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carbon, prepared using leaves as raw materials and phosphoric
acid as a phosphorus dopant and its application in sodium ion
and lithium ion batteries was reported by Zhu et al.*® Jiang et al.
used NaH,PO, as a P-doping source to prepare P-doped carbon
derived from pinecone as an efficient catalyst for a Li-O, battery."
Nirosha et al. reported on preparation of phosphorus-doped
carbon for asymmetric supercapacitors using Elaeocarpus tector-
ius as a carbon source and phosphoric acid as phosphorus.” It is
worth noting that the weight ratio of the raw material to the
phosphorus dopant in the above work is relatively high, ranging
from 1 : 2 to 1 : 10. In this work, in order to reduce the amount of
phosphorus dopant and then reduce production cost, a small
amount of phosphoric acid (the mass ratio of sawdust to phos-
phoric acid is 1 : 0.03) was used as a phosphorus dopant to prepare
a phosphorus-doped porous carbon by one-step carbonization.

Based on these ideas, we developed a simple method for
preparing P-doped porous carbon for electrode materials of
supercapacitors, using sawdust and a small amount of phos-
phoric acid as raw materials. Sawdust is the main source of
carbon. Phosphoric acid acts as a P-doping source and a gas
expanding agent. To achieve high capacitance by doping
phosphorus atoms into a carbon matrix, sawdust was carbon-
ized with and without phosphoric acid at different temperatures
of 700, 800, 900 and 1000 °C. A series of characterization
methods were used to evaluate P-doped AC to clarify the role of
phosphoric acid at different temperatures. In conclusion, this
work is expected to provide new insights for the use of extremely
simple methods to make heteroatom-doped materials as elec-
trode materials for supercapacitors.

Experimental
Materials

Fir sawdust was crushed and sieved to obtain a particle size of
0.2 to 1 mm and dried in an oven at 110 °C for 24 h. Phosphoric
acid (H5PO,, 85%) was purchased from Aladdin Industrial Co.

Preparation of phosphorus-doped porous carbon

To synthesize phosphorus-doped porous carbon, 10 g of sawdust
and 30 ml of 1.0 wt% H3;PO, was mixed, and the mass ratio of
sawdust to phosphoric acid was 1 : 0.03. The mixture was dried in
an oven at 120 °C for 6 h. After that, the mixture was pyrolyzed in
a furnace at 700, 800, 900 and 1000 °C for 4 h. For comparison,
samples without H;PO, were also prepared under the same
conditions. The as-prepared sample was washed with 0.1 M
hydrochloric acid and warm distilled water to neutrality, and then
dried in an oven at 110 °C. Porous carbon was produced and
weighted to determine its yield. Phosphorus-doped porous carbon
was designated as PC-X, and the porous carbon prepared without
H3PO, was specified as C-X, where X represents the carbonization
temperature (700, 800, 900 and 1000 °C). The strategy for
preparing biomass-derived porous carbon is shown in Fig. 1.

Characterization

N, adsorption/desorption was collected by a Micromeritics
(ASAP-2020) at 77 K. The specific surface area was measured by

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 Preparation process of phosphorus-doped porous carbon.

the Brunauer-Emmett-Teller (BET) method. The pore size
distribution was analyzed by the density functional theory (DFT)
model. The crystallinity and phase structure of the samples
were evaluated by X-ray diffractometer (XRD, Philips-FEI,
Netherlands) with Cu Ko radiation (A = 0.1544 nm). Raman
spectra were obtained on a JYHR800 Raman spectrometer,
using a 514 nm laser source. Chemical composition was
analyzed by X-ray photoelectron spectroscopy (XPS, Thermo
Scientific ESCALAB 250Xi). The surface morphology of porous
carbons was observed by a field emission scanning electron
microscope (FSEM, Nova Nano SEM 230).

Electrochemical performance

A uniform black paste was made by mixing 80 wt% porous
carbon, 10 wt% acetylene black, and 10 wt% polytetrafluoro-
ethylene (PTFE), and then coating it on a nickel foam to prepare
a working electrode. The electrode was dried at 60 °C for 24 h,
and compressed at 10 MPa for 1 min.

The electrochemical properties of the electrodes were evalu-
ated in a three-electrode system, via VMP3 instrument (Bio-Logic,
France) at room temperature. A 1 M H,SO, aqueous solution was
used as the electrolyte. In the three-electrode system, porous
carbon electrode, Pt foil and Hg/HgO were used as working,
counter, and reference electrodes, respectively. In the two-elec-
trode system, both the positive and negative were the above-
mentioned working electrode. Cyclic voltammetry (CV) experi-
ments were performed at a potential range of 0-0.8 V, with a scan
rate of 5 to 100 mV s~ . For galvanostatic charge/discharge (GCD)
measurement, the current density varied within the range of 0.1-
10 A g '. The frequency of electrochemical impedance spec-
troscopy (EIS) analysis was 0.1 Hz to 10° Hz.

The specific capacitance (C, F g~ ') of the electrode was
calculated from the GCD curve, according to the following
equation:"*

C = IAt/mAV (1)

where I (A) is the discharge current, At (s) is the discharge time,
AV (V) is the potential window, and m (g) is the mass of the
active material. The energy density and power density were
calculated from the GCD curves of two-electrode system
according to the following equation:**

RSC Adv, 2020, 10, 17768-17776 | 17769
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E=Cx AV*(2 x 3.6) (2)
P = E x 3600/At 3)

where E (W h kg™ ") is the energy density, P (W kg™ ) is the power
density, C (F g™ ") is the specific capacitance, AV (V) is the voltage
change during the discharging process, and At (s) is the dis-
charging time.

Results and discussion

Preparation and characterization of phosphorus-doped
porous carbon

Carbon yield is a key factor in the preparation of porous carbon
materials using various biomass derivatives. Therefore, the
effect of temperature on the yield of porous carbon was dis-
cussed, and the results are shown in Fig. 2. As shown in Fig. 2,
with the increase in carbonization temperature, the yields of
porous carbon prepared with H;PO, (PC-X) and without H;PO,
(C-X) decreased from 30.24% and 18.10% at 700 °C to 13.76%
and 5.90% at 1000 °C, respectively. This is due to the large
amount of volatile gases produced by the thermal decomposi-
tion of sawdust, especially at higher carbonization tempera-
tures. Compared with the preparation of C-X, H;PO, was
incorporated into sawdust to form a phosphorous precursor of
PC-X, and the carbon yield of the H;PO,-incorporated sample
(PC-X) was higher than that of C-X due to the H;PO, induced
phosphorylation reaction in the pyrolysis process, which
inhibited tar formation and protected the carbon skeleton.*® It
was pointed out that the formation of phosphoric acid would
reduce the formation of levoglucose and then enhance the yield
of porous carbon.* Suarez-Garcia et al. also pointed out that the
addition of phosphoric acid was beneficial to increase carbon
yield.*>

The N, adsorption-desorption isotherms and pore size
distribution (PSD) of samples with and without H;PO, treat-
ment at different carbonization temperature are presented in
Fig. 3. And the pore structure parameters of the samples are
presented in Table 1. For PC-X, all samples showed a typical type
I, and the N, adsorption-desorption isotherms showed a sharp
increase in adsorption at P/P, < 0.05, which reflects the
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Fig. 2 The yield of C-X and PC-X.
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Fig. 3 Nitrogen adsorption—desorption isotherms and pore size
distribution of C-X and PC-X.

advantages of micropores. For C-X, the shape of the isotherm
was an I/IV type curve, and it had an obvious hysteresis loop in
the high-pressure range, which could be attributed to the
micropore and mesopore characteristics. At high temperatures,
H;PO, can act as a catalyst to promote bond cleavage reactions
and the formation of crosslinks. Therefore, it might develop the
micropores during pyrolysis. As shown in Table 1, as the
carbonization temperature increases, the specific surface area
(Sger) and total pore volume (Vi) of C-X and PC-X first
increased and then decreased, and the Sggr and Vi, of C-900
and PC-900 reached as high as 1094.0 m*> g™, 0.829 cm® g™*
and 1281.6 m”® g7, 0.638 cm® g, respectively. PC-X samples
with H;PO, exhibited a greater Sgpr and Vi, than that of C-X
samples without H;PO, at temperatures of 800 °C and 900 °C,
indicating that a small amount of H;PO, is an effective activated
agent (gas expanding agent) at this temperature. However, when
the temperature was 700 °C and 1000 °C, the Sggr and Vi of
samples with H;PO, were smaller than C-X samples without
H;PO,. This is due to the fact that at temperatures above 750 °C,
the gas produced by partial decomposition of H;PO,, (4H3;PO, +
10C — P, +10CO + 6H,0) will lead to the development of pore
structure.” Therefore, when the temperature is lower than
750 °C, H3PO, will not decompose, so it cannot promote the
enhancement of pore structures. When the temperature is too
high (1000 °C), the decomposed gas quickly escapes, destroying
the preliminary structure of the activated carbon. Suarez-Garcia

This journal is © The Royal Society of Chemistry 2020
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Table 1 Pore parameters of C-X and PC-X
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Samples Sger (M> g™ 1) Smic (M> g™ Viot (cm® g7 1) Vimic (cm® g7) D (nm)
C-700 804.2 442.2 0.483 0.207 2.40
PC-700 743.0 603.6 0.382 0.286 2.06
C-800 844.7 548.4 0.490 0.259 2.32
PC-800 1059.2 706.1 0.540 0.330 2.04
C-900 1094.0 468.5 0.829 0.453 3.03
PC-900 1281.6 835.6 0.638 0.535 1.99
C-1000 976.6 412.6 0.713 0.191 2.92
PC-1000 875.9 725.0 0.438 0.343 2.00

et al. reported that the volatilization of P-compounds promoted
a new increase in wider micropores and narrow micropores.* It
was observed that the micropore surface area (Smi.) and
micropore volume (Vi) of PC-X at the same temperature was
higher than that of C-X, and the average pore size (d) showed the
opposite trend, which further demonstrates that H;PO, can
develop micropores during pyrolysis. The pore size distribu-
tions of C-X and PC-X are shown in Fig. 3. The pores for C-X and
PC-X were composed mainly of micropores (<2 nm), especially
subnanopores (<1 nm). The main subnanopores of 0.5 to 1 nm
provide accessible locations for penetration of aqueous elec-
trolyte ions, thereby enhancing capacitance. C-X and PC-X also
contained a small part of mesopores, which could be used as
ion transport pathways. In addition, the mesopores of C-X were
higher than that of PC-X. These results indicate that the pres-
ence of a small amount of H;PO, is beneficial to the preparation
of activated carbon with a microporous concentration.

XRD patterns of C-X and PC-X are shown in Fig. 4. Two broad
peaks centered at 24° and 43° can correspond to the (002) and
(100) crystal planes, indicating the amorphous graphitic struc-
ture of the sample.** The (002) plane of C-X and PC-X showed
a shift from 26.4° of graphite to a lower value of 23.4-24.7°,
which indicates an expansion in interlayer spacing. For C-X
samples without H3;PO,, as the carbonization temperature
increased, its peak values (002) gradually approached 26.4°,
which indicates that the increase in temperature promoted the
generation of porous carbon graphitized crystallites. For PC-X
samples with H;PO,, the peak values (002) of PC-700, PC-800,
and PC-900 were almost the same, while the peak value of PC-
1000 was far from 26.4°. This could be due to the flat defor-
mation of graphite caused by the addition of a small amount of
H;PO,. Interestingly, Compared to C-X, PC-X had a reduction in
peak values (002) at 800, 900 and 1000 °C, especially at 1000 °C.
This is because during the high-temperature heat treatment,
the gas generated by the decomposition of phosphoric acid
increases the interlayer spacing (consistent with the results of
SEM analysis) and reduces the degree of graphitization of
porous carbon.

Moreover, the higher the temperature, the faster the gas
volatilizes, and the greater the interval between the carbon
matrix layers. Panja et al. reported that P is likely to be incor-
porated into the edges of the graphene, which might widen the
interlayer spacing.®® To further verify the graphitization of
porous carbon with and without phosphoric acid, C-900 and PC-

This journal is © The Royal Society of Chemistry 2020

900 were selected for Raman spectra analysis. Fig. 4b shows the
Raman spectra of C-900 and PC-900. The two discrete broad
peaks around 1320 and 1580 cm™ ' are designated as D-band
and G-band, respectively, and are related to disordered carbon
and sp*bonded carbons.** As shown in Fig. 4b, Is/I of C-900
was higher than that of PC-900, which implies that the degree
of graphitization of P-900 is higher (consistent with the results
of XRD analysis), and the addition of a small amount of H;PO,
could not only open closed pores, but also etch graphitized
carbon to create a more disordered structure. In addition, the
incorporation of heteroatoms in carbon atoms can cause edge
defects on the carbon surface, leading to increased D-band
intensity.” Therefore, the PC-900 sample showed higher D-
band intensity, indicating that the P-doping produced disorder.

The surface chemical composition of C-X and PC-X was further
analyzed by XPS (Fig. 5 and S1t). As shown in Fig. 5 and S1, the
survey spectrum of C-X was composed mainly of C and O
elements. The peak with binding energy of 284.7 and 533.3 eV
represented C1ls and O1s. Compared with C-X, PC-X had a tiny
peak near 133.4 eV, which corresponds to P2p, indicating that
adding a small amount of phosphoric acid can achieve the
phosphorus doping of porous carbon. C-900 and PC-900 were
performed by deconvolution analysis, and the deconvolution
spectrum of Cl1s was divided into three main peaks, including
284.6 eV (C=C), and 285.1 eV (C-C/C-P), and at 288.2 eV (C=0).”*
There were two peaks in the O1s spectrum (Fig. 5¢), and the
sample surface included 531.9 eV (C=0/C-O-P) and 533.4 eV (C-
0O)." P 2p can be divided into the tetrahedral C-POj; (134.1 eV) and
C3-PO (132.7 eV).? It has been reported that the incorporation of
heteroatoms such as N and P will provide electrochemically active
sites, enhance the wettability of the electrolyte on the electrode
surface, and thus improve electrochemical performance.”

FE-SEM images of C-900 and PC-900 are shown in Fig. 6. The
images showed the ordered porous network structure for C-900
and PC-900. Both samples had uniform pores that help promote
ion migration and provide more accessible active sites in the
carbon matrix. As shown in Fig. 6, PC-900 was relatively loosely
arranged with many micropores in the carbon matrix. This is
due to the fact that doping of phosphorus has a great influence
on the morphology of the carbon matrix, which leads to the
expansion of interlayer space and induces the development of
pore structures. Therefore, the carbon surface provides an ionic
buffer to enrich the electrolyte transport during the electro-
chemical process.

RSC Adv, 2020, 10,17768-17776 | 17771
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Fig. 4 (a) XRD patterns of C-X and PC-X; (b) Raman spectra of C-900
and PC-900.

Electrochemical performances of phosphorus-doped porous
carbon

Fig. 7 shows the electrochemical performance of electrodes
prepared with C-X and PC-X in a three-electrode system, in
which a 1 M H,SO, aqueous solution was used as the electrolyte.
It was observed that all CV curves were quasirectangular and
had a pair of small humps (Fig. 7a), indicating that pseudoca-
pacitors and electric double-layer capacitors (EDLC) coexist.
The samples (PC-X) with a small amount of H;PO, appeared to
have a much larger area at the corresponding temperature,
which indicates that the capacitance is greatly enhanced. The
enhancing of EDLC can be attributed to the increase in Sggr
(800 and 900 °C) and the doping of phosphorus after the
addition of a small amount of H3PO,. Interestingly, the Sggr of
PC-700 and PC-1000 was lower than that of C-700 and C-1000,
but the surrounding area in the CV curve was larger, which
illustrates that adding a small amount of phosphoric acid can
achieve phosphorus doping in porous carbon materials, and
phosphorus-doped porous carbon can accept protons to prevent
water decomposition to a certain extent, which is beneficial to
improve its EDLC. It is worth noting that although Spgr is an
important parameter for capacitors, not all pore structures are
suitable for entering electrolyte ions. Therefore, high Sggr may
increase the risk of electrolyte decomposition during charging and
discharging.” In addition, Guo et al. reported that the increased
phosphorus content acts as an electron donor for carbon, causing
the conduction band to shift from the Fermi level, thereby
allowing electrolyte ions to be adsorbed.*” The electrochemical
properties of C-X and PC-X are shown in Fig. 7b and S2.T As shown
in Fig. 7b, even at scan rates up to 50 mV s~ ', the CV curves of the
PC-900 at different scan rates showed no obvious deformation,
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indicating the ideal capacitive behaviour of the electrode material.
In addition, PC-X maintained the shape of the curve better than C-
X at the corresponding temperature, which indicates that doping

This journal is © The Royal Society of Chemistry 2020
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Fig. 6 SEM images of C-900 (a and b) and PC-900 (c and d).

phosphorus on the surface of porous carbon will improve its
EDLC. It has been reported that the introduction of P heteroatom
reduces the total resistance, which helps to improve electro-
chemical performance.’**

As shown in Fig. 7c, all GCD curves at 0.5 A g~ ' were closed
linear and presented an isosceles triangular shape, which is
a typical indicator of capacitive behaviour. The discharge curve
of PC-900 does not have a noticeable voltage drop, showing
a small internal resistance and excellent conductivity. Accord-
ing to the GCD curve calculation, PC-900 showed the best
performances, and the specific capacitance of the electrode
material calculated at a current density of 0.5 A g~ was 169 F
¢ ". Fig. 7d and S31 show the GCD curves of C-X and PC-X at
different current densities. All GCD curves of C-X and PC-X
electrodes were shown as linear and isosceles triangular
shapes,* indicating good electrochemical reversibility during
charging/discharging storage. The calculated gravimetric (Cg)
capacitances based on the GCD results are presented in Fig. 7e.
As shown in Fig. 7e, the C, capacitance of all samples decreased
with increasing current density. This might be because ions
cannot diffuse into all micropores to form an electric double
layer, and some faradaic reactions caused by heteroatom func-
tional groups might not occur at high current density. At the
same time, at low current density, such as PC-900, the C,
capacitance was greatly reduced.

When the current density was increased from 0.1 A g~ ' to
0.5Ag ', the C, capacitance was reduced by 41.99%. This is due
to the side reactions and irreversible redox reactions that occur
at low current densities, which reduce the C, capacitance. PC-
900 provided the highest C, capacitance of 292, 169.4, 152.8,
136.5, 118.5 and 98.5 F g~ ! at current densities of 0.1, 0.5, 1.0,
2.0 5.0 and 10.0 A g™, respectively. Table 2 presents the elec-
trochemical performance of various biomass-derived carbons
prepared by different methods. Compared to other biomass-
derived carbons, we can use a small number of chemical
reagents to prepare porous activated carbon with good perfor-
mance, and the method is low-cost and effective.

Compared with C-X, PC-X had a higher C, capacitance at the
corresponding temperature, which indicates that the

This journal is © The Royal Society of Chemistry 2020
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Fig. 7 Electrochemical performance tested by a three-electrode
system: (a) CV curves of C-X and PC-X at 10mV s~ (b) CV curves of
PC-900 at different scan rates, (c) GCD curves of C-X and PC-X at
0.5A g%, (d) GCD curves of PC-900 at different current densities, (e)
the specific capacitances of C-X and PC-X at different current density,
and (f) Nyquist plots of C-X and PC-X.
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Table 2 Comparison of the properties of various biomass-derived carbons

Mass ratio
Biomass precursor Preparation method (biomass : reagent)  Sggr C, capacitance =~ Measurement condition  Ref.
Eucommia ulmoides wood = Hydrothermal + H;PO, 1:3.3 1456 185 Fg ! 1M H,SO,, 5mV s~ * 41
Rubberwood KOH 1:2 1932 100 1.0 m Li-TFSI, 0.1 A g71 42
Rubberwood H;PO, 1:1 693 129 1 M H,SO,, ImV s~ * 43
Firewood KOH 1:1 1064 180 0.5M H,S0,, 10 mV s ' 44
Pinecone KOH 1:1 1515 137 1 M Na,SO,4, 0.1 A g’1 45
Elaeocarpus tectorius H;PO, 1:3.4 858 201 1MH,S0,,1Ag " 29
Borassus flabellifer flower H;PO, 1:4.25 633 238 1MKOH,1Ag "' 46
Lignocellulose powders NaH,PO, + ZnCl, 1:(0.67 +1.33) 658 193.6 6 M KOH 47
Fir sawdust H;PO, 1:0.03 1281.6 292 and 1 M H,S0,, 0.1 This work

169.4 F g ' and 0.5 Ag™"

electrochemical performance of porous carbon is enhanced after
phosphorus doping. The doping of the P-functional group can
improve the wettability of the electrode and directly generate
a pseudocapacitance through a redox reaction. This reaction is
presented later.>>*

\T o
—<|:—P=o + H'+ ¢ —>» —C—P—O0H
o o
N ~

To further understand the capacitive behavior, an electro-
chemical impedance spectroscopy (EIS) was tested. The Nyquist
spectra of C-X and PC-X are shown in Fig. 7f. As shown in Fig. 7f,
the EIS curves of C-X and PC-X were similar, consisting of
a semicircle at high frequencies and a linear component at low
frequencies. The line represented Warburg diffusion resistance,
which comes from the ion diffusion of the electrolyte. It is
generally accepted that the more perpendicular the straight
line, the better the capacitive performance of porous carbon.?
Thus, at the corresponding temperature, the perpendicularity of
PC-X is higher than that of C-X, which indicates that PC-X has
better capacitance performance. A semicircle indicates the
charge transfer resistance from electrode/electrolyte interface,
whereas a smaller circle signifies a faster charge transfer rate.*
The presence of small semicircles reveals the pseudocapacitive
behavior of porous carbon. Nian et al. pointed out that the
semicircle of pseudocapacity was due to the interfacial redox
reactions of impurities and surface functional groups.*® As
shown in Fig. 7f, the semicircle of PC-X was smaller than that of
C-X, which further indicates that the capacitance performance
of PC-X is better. Compared with other electrodes, the vertical
line of the PC-900 electrode was the largest, and the semicircle
was the smallest, indicating that its diffusion and transfer
resistance are lower.

Cycle stability is the most important feature determining
whether or not a material can be put to practical use.** The long-
term cycle stability of PC-900 was evaluated under the high
current density of 2 A g™, After 5000 charge-discharge cycles, it
showed excellent cycle stability with a capacitance retention rate
of 98.3% (Fig. 8a). The inset of Fig. 8a shows the first and last

17774 | RSC Adv, 2020, 10, 17768-17776

cycles of the GCD curve, and they still show a symmetrical
triangle shape during the cycle test, which indicates excellent
electrochemical cycle stability.

Energy density and power density are two practical parame-
ters for evaluating supercapacitors, and they were calculated
based on the GCD of a two-electrode system (Fig. S4f). The
energy density and power density of PC-900 were calculated and
summarized in the Ragone plot (Fig. 8b). As shown in Fig. 8b,
the PC-900 based supercapacitor showed a high energy density
of 10.6 W h kg™ when the power density was 224.8 W kg™ ' at
the discharging current density of 0.5 A g~'. The obtained
results show that the potential applications of PC-900-based
supercapacitors in energy storage equipment are broad.

150 100
N ]
& <
2 )
o 1o {80 %
[0]
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Fig. 8 (a) specific capacitances and capacitance retention of PC-900
at 2A g~ (the inset are the first cycle and the 5000 cycle of GCD of
PC-900 at 2A g %), (b) Ragone plots of PC-900.
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Conclusions

In short, this paper used a small amount of phosphoric acid to
impregnate naturally rich biomass sawdust as a carbon
precursor and prepare phosphorus-doped porous carbon by
a one-step carbonization process. The carbon yield of PC-X
treated with H;PO, was higher than that of untreated C-X. In
addition, it has been demonstrated that phosphorus having
dual properties such as dopant and gas expanding agent plays
a vital role in forming uniform micropores and increasing the
interlayer distance of carbon, resulting in the formation of
excellent EDLC. The obtained carbon PC-900 has a high surface
area, a narrow pore size distribution, and phosphorus atoms
doped in the carbon material skeleton, which gives it excellent
capacitive performance. The specific capacitances of PC-900
reached the maximum values of 292 F ¢"* and 169.4 F g~ * at
the current density of 0.1 A g~ " and 0.5A g~ '. Additionally, the
porous carbon-based supercapacitor was able to provide a high
energy density of 10.6 W h kg™" when the power density was
224.8 W kg~ ' at a discharging current density of 0.5 A g~ ', and
has an excellent cyclic longevity with 98.3% capacitance reten-
tion after 5000 cycles. Therefore, this work provides a simple,
low-cost, and environmentally friendly design approach to the
preparation of phosphorus-doped porous carbon for energy
storage applications.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

The authors are grateful to the support from Key Laboratory of
Bio-based Material Science & Technology (Northeast Forestry
University), Ministry of Education (SWZ-MS201909); China
National Scholarship Fund (2019); National Natural Science
Foundation of China (Grant No.31770611, Grant No. 31870561);
Science and Technology Projects of Fujian (2017N5001).

References

1 B. Chen, W. Wu, C. Li, Y. Wang, Y. Zhang, L. Fu, Y. Zhu,
L. Zhang and Y. Wu, Sci. Rep., 2019, 9, 5431.

2 F.Wang, X. Wu, C. Li, Y. Zhu, L. Fu, Y. Wu and X. Liu, Energy
Environ. Sci., 2016, 9, 3570-3611.

3 Y. Wang, M. Zhang, Y. Dai, H. Wang, H. Zhang, Q. Wang,
W. Hou, H. Yan, W. Li and J. Zheng, J. Power Sources, 2019,
438, 227045.

4 Y. Wang, S. Zuo and Y. Liu, Electrochim. Acta, 2018, 263, 465—
473.

5 Y. Wang, S. Zuo, M. Miao, Y. Liu, Z. Gu and Y. Jin, Int. J.
Hydrogen Energy, 2019, 44, 2811-2822.

6 L.Yuan, Z. Wu, W. Jiang, T. Tang, S. Niu and J. Hu, Nano Res.,
2020, DOI: 10.1007/s12274-020-2637-8.

7 R. Li, Z. Wei and X. Gou, ACS Catal., 2015, 5, 4133-4142.

8 Z. Lin, G. Waller, Y. Liu, M. Liu and C.-P. Wong, Adv. Energy
Mater., 2012, 2, 884-888.

This journal is © The Royal Society of Chemistry 2020

View Article Online

RSC Advances

9 J. Yan, J. Shen, L. Li, X. Ma, J. Cui, L. Wang and Y. Zhang,
Diamond Relat. Mater., 2020, 102, 107693.

10 C. Venkateswara Raju, G. Kalaiyarasan, S. Paramasivam,
J. Joseph and S. Senthil Kumar, Electrochim. Acta, 2020,
331, 135391.

11 Z. Wang, Y. Tan, Y. Yang, X. Zhao, Y. Liu, L. Niu, B. Tichnell,
L. Kong, L. Kang, Z. Liu and F. Ran, J. Power Sources, 2018,
378, 499-510.

12 J. Phiri, J. Dou, T. Vuorinen, P. A. C. Gane and T. C. Maloney,
ACS Omega, 2019, 4, 18108-18117.

13 Z. Zou, Y. Lei, Y. Li, Y. Zhang and W. Xiao, Molecules, 2019,
24, 3677.

14 J. Fang, D. Guo, C. Kang, S. Wan, S. Li, L. Fu, G. Liu and
Q. Liu, Int. J. Energy Res., 2019, 43, 8811-8821.

15 C. Quan, X. Jia and N. Gao, Int. J. Energy Res., 2019, 44, 1218-
1232.

16 M. D. Mehare, A. D. Deshmukh and S. J. Dhoble, J. Mater.
Sci., 2019, 55, 4213-4224.

17 P. Divya and R. Rajalakshmi, Journal of Energy Storage, 2020,
27, 101149.

18 E. Raymundo-Pifiero, F. Leroux and F. Béguin, Adv. Mater.,
2006, 18, 1877-1882.

19 Z. Jiang, H. Sun, W. Shi, J. Cheng, J. Hu, H. Guo, M. Gao,
H. Zhou and S. Sun, ACS Sustainable Chem. Eng., 2019, 7,
14161-14169.

20 X. Hu, M. Fan, Y. Zhu, Q. Zhu, Q. Song and Z. Dong, Green
Chem., 2019, 21, 5274-5283.

21 L.Ji, B. Wang, Y. Yu, N. Wang and ]J. Zhao, Journal, 2020, 331,
135348.

22 Y. Liu, Y. Ouyang, D. Huang, C. Jiang, X. Liu, Y. Wang, Y. Dai,
D. Yuan and J. W. Chew, Sci. Total Environ., 2020, 706,
136019.

23 F. Zhang, X. Liu, M. Yang, X. Cao, X. Huang, Y. Tian,
F. Zhang and H. Li, Nano Energy, 2020, 69, 104443.

24 M. H. Yeh, Y. A. Leu, W. H. Chiang, Y. S. Li, G. L. Chen,
T. J. Li, L. Y. Chang, L. Y. Lin, J. J. Lin and K. C. Ho, J.
Power Sources, 2018, 375, 29-36.

25 X. Liu, L. Rao, Y. Yao and H. Chen, Chemosphere, 2019, 246,
125783.

26 M. Wang, Y. Li, J. Fang, C.J. Villa, Y. Xu, S. Hao, J. Li, Y. Liu,
C. Wolverton, X. Chen, V. P. Dravid and Y. Lai, Adv. Energy
Mater., 2019, 10, 1902736.

27 Y. Zhang, B. Liu, T. Borjigin, S. Xia, X. Yang, S. Sun and
H. Guo, J. Power Sources, 2020, 450, 227696.

28 Y. Zhu, Y. Huang, C. Chen, M. Wang and P. Liu, Electrochim.
Acta, 2019, 321, 134698.

29 B. Nirosha, R. Selvakumar, J. Jeyanthi and S. Vairam, New J.
Chem., 2020, 44, 181-193.

30 G. Lin, K. Kaijin Wu and B. Huang, Materials Science, 2018,
24, 362-366.

31 X. Zhou, P. Wang, Y. Zhang, X. Zhang and Y. Jiang, ACS
Sustainable Chem. Eng., 2016, 4, 5585-5593.

32 F. Suarez-Garcia, J. 1. Paredes, A. Martinez-Alonso and
J. M. D. Tascon, J. Mater. Chem., 2002, 12, 3213-3219.

33 F. Suarez-Garcia, A. Martinez-Alonso and J. M. D. Tascon,
Microporous Mesoporous Mater., 2004, 75, 73-80.

RSC Adv, 2020, 10, 17768-17776 | 17775


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0ra02398a

Open Access Article. Published on 06 May 2020. Downloaded on 2/8/2026 4:40:38 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Advances

34 R. Wang, P. Wang, X. Yan, J. Lang, C. Peng and Q. Xue, ACS
Appl. Mater. Interfaces, 2012, 4, 5800-5806.

35 T. Panja, D. Bhattacharjya and J.-S. Yu, J. Mater. Chem. A,
2015, 3, 18001-18009.

36 M. Liu, J. Niu, Z. Zhang, M. Dou and F. Wang, Nano Energy,
2018, 51, 366-372.

37 M. Guo, J. Huang, X. Kong, H. Peng, H. Shui, F. Qian, L. Zhu,
W. Zhu and Q. Zhang, New Carbon Materials, 2016, 31, 352—
362.

38 Z. Chen, K. Li and L. Pu, Bioresour. Technol., 2014, 170, 379-
384.

39 Y. Liu, K. Li, Y. Liu, L. Pu, Z. Chen and S. Deng, J. Mater.
Chem. A, 2015, 3, 21149-21158.

40 H. Cui, G. Zhu, X. Liu, F. Liu, Y. Xie, C. Yang, T. Lin, H. Gu
and F. Huang, Adv. Sci., 2015, 2, 1500126.

41 G. Sun, L. Qiu, M. Zhu, K. Kang and X. Guo, Ind. Crops Prod.,
2018, 125, 41-49.

42 E. Le Calvez, S. Sathyamoorthi, N. Phattharasupakun,
S. Sarawutanukal and M. Sawangphruk, Electrochim. Acta,
2019, 313, 31-40.

17776 | RSC Adv, 2020, 10, 17768-17776

View Article Online

Paper

43 U. Thubsuang, S. Laebang, N. Manmuanpom,
S. Wongkasemjit and T. Chaisuwan, J. Mater. Sci., 2017, 52,
6837-6855.

44 F. C. Wu, R. L. Tseng, C. C. Hu and C. C. Wang, J. Power
Sources, 2005, 144, 302-309.

45 A. Bello, N. Manyala, F. Barzegar, A. A. Khaleed,
D. Y. Momodu and ]. K. Dangbegnon, RSC Adv., 2016, 6,
1800-1809.

46 M. Sivachidambaram, J. J. Vijaya, L. J. Kennedy,
R. Jothiramalingam, H. A. Al-Lohedan, M. A. Munusamy,
E. Elanthamilan and J. P. Merlin, New J. Chem., 2017, 41,
3939-3949.

47 J. Yi, Y. Qing, C. Wu, Y. Zeng, Y. Wu, X. Lu and Y. Tong, J.
Power Sources, 2017, 351, 130-137.

48 J. M. Rosas, R. Ruiz-Rosas, ]J. Rodriguez-Mirasol and
T. Cordero, Carbon, 2012, 50, 1523-1537.

49 H. Wang, S. Yu and B. Xu, Chem. Commun., 2016, 52, 11512-
11515.

50 Y. R. Nian and H. Teng, J. Electroanal. Chem., 2003, 540, 119-
127.

51 A. Wang, K. Sun, J. Li, W. Xu and J. Jiang, Mater. Chem. Phys.,
2019, 231, 311-321.

This journal is © The Royal Society of Chemistry 2020


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0ra02398a

	Preparation of phosphorus-doped porous carbon for high performance supercapacitors by one-step carbonizationElectronic supplementary information (ESI) available. See DOI: 10.1039/d0ra02398a
	Preparation of phosphorus-doped porous carbon for high performance supercapacitors by one-step carbonizationElectronic supplementary information (ESI) available. See DOI: 10.1039/d0ra02398a
	Preparation of phosphorus-doped porous carbon for high performance supercapacitors by one-step carbonizationElectronic supplementary information (ESI) available. See DOI: 10.1039/d0ra02398a
	Preparation of phosphorus-doped porous carbon for high performance supercapacitors by one-step carbonizationElectronic supplementary information (ESI) available. See DOI: 10.1039/d0ra02398a
	Preparation of phosphorus-doped porous carbon for high performance supercapacitors by one-step carbonizationElectronic supplementary information (ESI) available. See DOI: 10.1039/d0ra02398a
	Preparation of phosphorus-doped porous carbon for high performance supercapacitors by one-step carbonizationElectronic supplementary information (ESI) available. See DOI: 10.1039/d0ra02398a
	Preparation of phosphorus-doped porous carbon for high performance supercapacitors by one-step carbonizationElectronic supplementary information (ESI) available. See DOI: 10.1039/d0ra02398a

	Preparation of phosphorus-doped porous carbon for high performance supercapacitors by one-step carbonizationElectronic supplementary information (ESI) available. See DOI: 10.1039/d0ra02398a
	Preparation of phosphorus-doped porous carbon for high performance supercapacitors by one-step carbonizationElectronic supplementary information (ESI) available. See DOI: 10.1039/d0ra02398a
	Preparation of phosphorus-doped porous carbon for high performance supercapacitors by one-step carbonizationElectronic supplementary information (ESI) available. See DOI: 10.1039/d0ra02398a

	Preparation of phosphorus-doped porous carbon for high performance supercapacitors by one-step carbonizationElectronic supplementary information (ESI) available. See DOI: 10.1039/d0ra02398a
	Preparation of phosphorus-doped porous carbon for high performance supercapacitors by one-step carbonizationElectronic supplementary information (ESI) available. See DOI: 10.1039/d0ra02398a
	Preparation of phosphorus-doped porous carbon for high performance supercapacitors by one-step carbonizationElectronic supplementary information (ESI) available. See DOI: 10.1039/d0ra02398a


