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Due to the unique physicochemical propertieteroatom doping of porous carbon has attracted wide
attention. However, the complicated synthesis process and high cost limit itpnoésgstion. In this

work, nitrogen and oxygen atoped porous carbon materials@NPCMs) derived from pine mushroom
(PM)werepr epared -asepg aafboai zapproachnithpaotassiue bydroxide t i
(KOH) as active agent and at differ&@i/KOH mass ratios. The gwepared hierarchical porous carbon
materials are shown to not only contain rich N and O species, but also have an appropriate mesopor
ratio and a narrow mesopore sdistribution. Among all samples, the samplONPCM-3 exhilits the

largest specific surface area (935.8g'), greatest total pore volume (0.56%ght), highest content of
oxygen (20.1 at.%) and nitrogen (4.9 at.%) as well as optimal hierarchical porous structureOThe N
PCMs were tested in two electrode systausing 1 M Nz5Qs aqueous electrolyte.-®-PCM-3 shows

an energy density of up to 35.9 Wh' kgt 360 W k' and an outstanding lortgrm stability (89.7 %

after 10,000 cycles). This work proposes a facile anddost method for synthesizing multiple
heteroatomdoped hierarchical porous carbfmn supercapacitors.
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1. INTRODUCTION

Thanks to their ultrahigh power density, excellent cyclical stability and supbaogedischarge
rates, supercapacitors (SCs), a novel clean and efficient energy conversion and storage-8gvice [1
have attracted tremendous attention from bothhiadt r y and academi a, and a
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The N/O cedoped hierarchical porous carbon materials were synthesized by facile KOH
activation of PM without other templates (8ale 1). The synthetic strategy features the following
advantages: (i) The naturally sustainable pine mushroom containing a large amount of functional groups
serves as carbon precursor, (ii) the heteroatom content, specific surface area, and porecsinusture
tuned by the dosage of KOH, and (iii) the prepared carbon materials not only contain rich N and O, but
also have an appropriate mesopore ratio and narrow mesopodessiibeition. The optimal sample-N
O-PCM-3 was shown to possess a hierarchicabpe structure with a large specific surface area (SSA),
and a rich content of oxygen (20.1 at.%) and nitrogen (4.9 at.%). SCs\tRGIM-3 as the electrode
material exhibit a significantly high specific capacitangith an energy density of up to 35/¢h kg *
at 360 W ké* and 89.7 % stability after 10,000 cycles in 1 MbSI@&: aqueous electrolyte. The excellent
electrochemical performance suggests the potential applications of the hetefichtporous carbon
from PM in energy storage and conversion.
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Scheme 1Schematic diagram for preparation ofONPCMs from PM.
2. EXPERIMENTAL

2.1 Materials

PM was purchased from Taobao (www.taobao.com; Chashuling, Jilin province, China).
Potassium hydroxide (KOH, wt%>85%, Aladdin Chemistry Co. Ltd), hydrochémid and absolute
ethyl alcohol were of analytical grade.

2.2 Fabrication of NO-PCMs from pine mushroom

As shown in Scheme 1, PM was cleaned thoroughly by deionized waterdavene d a't 1
for 24 h and designated as DPM. Subsequently, the prepafdd(DPg) was impregnated in KOH
solution (400 mL), soaked overnight at room temperature and dried at Lib@il complete evaporation
of water. Next, the obtained nRitr o wn pr ecur sor s wer e ¢ a spbotectionz e d
ata heating ratefo 5 'L Finally) the activated PM samples were immersed in dilute hydrochloric
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acid, followed by washing unti/l neutral and dr
doped porous carbons, which were named-&RCM-x, where x (x=0, 2, 34) indicates the mass ratio

of PM to KOH. For instance, 10-PCM-2 represents a type of carbon material prepared with a PM/KOH
weight ratio of 2:1; meanwhile,4-PCM-0 was activated without KOH addition and used as the blank
sample.

2.3 Characterization

The morphologies and crystal structure GONPCMs were investigated by scanning electron
microcopy (SEM, Hitachi 2600N) and transmission electron microscopy (TEM and HRTEM, JEOL
JEM-2100F). The structural properties ofOdPCMs were characterized byawder Xray diffraction
(XRD, Rigaku D/MAX-2500 system) and Raman spectroscopy (LabRAM,-8G8). Xray
photoelectron spectroscopy (XPS, Thermo Fisher Scienti#tdpgka) was carried out to determine the
elemental compositions of the samples. The spesiiitace area (SSA) of-W-PCMs was determined
by the BrunaueEmmettTeller (BET, ASAP 2020 Plus HD88 System, Micrometitics), and the pore size
distributions were analyzed by density functional theory (DFT) calculations

2.4 Electrochemical measurement

The electrochemical measurements were performed on the same CHI760D electrochemical
workstation via a threelectrode test system, including a working electrode, a counter electrode (Pt plate)
and a reference electrode (Hg/HgO). The working electrodesn@bs loading density was about 3 mg
cm' 2 for each electrode) were prepared as follows: firsQ-RCM powders, acetylene black and
polytetrafluoroethylendinder were mixed together at a weight ratio of 80:15:5 with an appropriate
amount of absolute ethaly followed by smearing the homogeneous paste uniformly on a nickel foam
(about 1 c¢cmlil1l cm) and drying at 85 overnight
M NaSOy electrolyte at room temperature.

In the threeelectrode system, the specifiapacitance G, F d!) was calculated by the
galvanostatic chargeischarge (GCD) curves using Eq. (1) [38].

Co=(IT &/(ml 2 (1)

wherel (A), m( g )t( s e \a(v)dre dee applied current, the mass of the activated carbon
material, the dischargane, and the discharge voltage range, respectively.

In the twoelectrode system, the material capacitai@e(d ') was calculated by Eq. (2) [31,

39].
C=(4IT &/(ml &) (2)

The energy densityg{ Wh kd ') and power density W kg 1) were determined b§gs. (3) and
(4), respectively [40].

E=Cl \)%#&.2 (3)
P=3600>E/ te (4)
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Wherem( g) i s the tot al mass | oadiWwW(\g,the poteptials i t i
range within tit(s} theldissharpedmege t i me; @

3. RESULTS ANDDISCUSSION

Figure 1. SEM images ofd) N-O-PCM-0, (b) N-O-PCM-4, (c) N-O-PCM-3, and (1) N-O-PCM-2.
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K:COs+ 2C Y 2K + @)

C+KO Y 2K + CO (8)
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Figure 2. TEM images of NO-PCM-3.

The NO-PCM-3 nanostructures were further investigated by TEM. Fig. 2a shows the mesopores
andmacropores resulting from the etching of KOH, with a micron@inated surface being observed
in the highresolution TEM image without distinct lattice fringes (Fig.2b), indicating a positive effect of
its amorphous nature on fast ion diffusion in SG3.[Besides, the amorphous nature eONPCM-3
can also be demonstrated by the selected area electron diffraction (SAED) pattern (inset of Fig. 2b). The
SEM and TEM results demonstrate thaONPCM-3 possesses the mdiével pore distribution from
micro t macro scale and a hierarchical porous structure, which favors fast ion and charge transfer wher
used as an electrode material for supercapacitors.
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Figure 3. XRD pattern & and Roman spectrurb) of N-O-PCMs.

The cryst-@PCMsai wg snoelde Noeyr iRD ( Fig. 3a). I n t
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Table 1.The chemical composition and pore structure parameters®BPCMs.

Chemical compositior
Pore structure parameter

Sample (at.%)
P SS/_A\ Vmicrg Vmes_) Vtota_l C o) N
(mg?h (c’d?) (enPd?) (enPg'?h
N-O-PCM-0 29.9 0.0084 0.0616 0.0740 85.9 10.4 3.7
N-O-PCM-2 790.9 0.1373 0.2930 0.4478 81.2 17.4 3.2
N-O-PCM-3 935.8 0.1049 04428 0.5614 75.0 20.1 49
N-O-PCM-4 855.8 0.2004 0.2622 0.4816 78.2 174 4.4
Table 2. The content of O/N functional groups evaluated from XPS.
N configuration (%) O configuration (%)
Sample

N-6 N-5 N-X C=0 Ci OH/ Ci -CO

N-O-PCM-0 209 ©64.6 145 24.9 63.5 11.6

N-O-PCM-2 6.4 65.3 283 9.9 71.1 19.0

N-O-PCM-3 11.0 709 18.1 18.4 74.7 6.8

N-O-PCM4 16.1 73.3 10.6 17.5 75.1 7.4
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Figure 4. XPS survey spectr@) and N 1s, C 1s and O 1s regiohad) of N-O-PCMs.

The contents of @) and N elements in the four carbon materials were investigated by XPS (Fig.
4a). In the XPS specti@ N-O-PCMs, the three peaks at around 284.8, 400.4 and 532.6 eV represent
Cls, N1s and Ols, respectively [16]. Table 1 shows the atomic contents cmaratjoxygen in fD-

PCMs synthesized at different PM/KOH mass ratios. N and O groups are of great importance to the
electrochemical properties of SCs, arDNPCM-3 shows a higher heteroatom content and a larger SSA
than other samples, indicating its leetélectrochemical behavior.

The chemical composition of the C/O/N atoms was determined by deconvoluting the peaks into
several components using XPS peak software. The N1s spectrum was decomposed into three peak
pyridinic N (N-6, 398.3 eV), pyrrolic N (M5, 400.3 eV) and oxidized N (X, 402.5 eV) (Fig. 4b) [16].

N-6 and N5 are reported to participate in reversible faradic redox reaction and induce the
pseudocapacitive effect [14]. Table 2 shows the relative concentrations of nit@mgeaming groups,

and NO-PCM-3 was seen to have a high percentage (81.9%) of pyridinic N and pyrrolic N, contributing
to enhance charge mobility and capacitance performance. Furthermore, compared with other biomass
derived nitrogercontaining carbons prepared by KOH adiiwa, N-O-PCMs had smaller heteroatom

loss during PM carbonization, implying the presence of structure bond between heteroatom and carbor
matrix [46].
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In Fig. 4c, the C 1s spectrum was shown to be fitted into four peaks at around 284.8, 285.5, 287.1
and 28.4 eV, corresponding to $@=C bond of graphitic carbon,$@i C bond,i Ci OH andi C=0/
COOH bonds, respectively [17]. Figure 4d displays the O 1s XPS spectr@d?CGMs. The binding
energy at 531.3 eV can be assigned to quinone (C=0), while the twe steaB2.7 eV and 533.8 eV
are associated with phenol (Ci OH) or ether gr
Previous reports [16, 48] have shown that the presence of oxggdmitrogercontaining groups in
carbon can not only ameliorate thettability of electrode materials, but also provide extra charge
storage sites. Therefore, the high content of reatiiive N and O in all ND-PCMs facilitates the
enhancement of electrical conductivity and electrochemical capacity. In a basic elecphedytdo
capacitance resulting from oxygeand nitrogercontaining functional groups is mainly induced by the
redox reactions [14, 31].
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Figure 5. N> adsorption/desorption isotherng @nd pore size distributionb)(of N-O-PCMs.

The textural properties of -PCMs were determined by>Nwdsorption/desorption tests. In
Figure 5a, NO-PCM-0 is shown to have less porous characteristics thR@RCM-2, N-O-PCM-3 or
N-O-PCM4 which display type sorption isothernm
confirmingthe generation ahicropores and mesopores during chemical activation [32]. The DFT pore
size distributions (Fig. 5b) further demonstrated hierarchical porous structuresmaih @istribution
in the range of €1.0 nmand some meso/macpmres within the range of 3I00nm. It is worth noting
thatN-O-PCM-2, N-O-PCM-3 and NO-PCM-4 show a significant growth of larger mesopores only in
therange of 24 nm, suggesting a narrow mesopore size distribuiased on the detailed pore structure
parameters in Table 1,-8-PCM-0 shows little porosity with a low SSA and a very small pore volume,
while for the other NO-PCM samples, with increasing KOH/PM weight ratio, the SSA and pore volume



Int. J. Electrochem. SciMol. 15, 2020 830¢

exhibit an increase first, followed by a decrease, from 855@ hand 0.49 crhg' ! for N-O-PCM-4 to

935.8 nt g * and 0.56 cmg' ! for N-O-PCM-3, and then to 790.9%g' ! and 0.1373 crhg' * for N-O-

PCM-2. Interestingly, NO-PCM-3 shows a much higher mesopore volume (0.44889' 1) than NO-

PCM-2 (0.293cm’g' 1) or N-O-PCM-4 (0.262Zxm? g' 1), probably due to a larger amounnaésopores

The mesopores, especially narrow mesopaes,believed to increase the available surtaea for

charge accumulation and provide lowesistance iotransport pathwayshus, NO-PCM-3 is shown

as a pronsing candidate for SCs due to rich micropores, an appropriate mesopore ratio with a narrow
mesopore sizdistribution, and interconnected macropores.

Figure 6. GCD and CVcurves for NO-PCMs(a, b). GCD and CV curves for ¥D-PCM-3 (c, d) at
differentcurrent densities and scanning ratdgquist plots for NO-PCMs €). Cyclic stability
for N-O-PCM-3 (f) (Inset: the GCD plots before and after 5000 eyl

The electrochemical measurements were conducted first in 6 M KOH solution with a three
electrodesystem. In Fig. 6a, all GCD curves of¢PCMs at 1 A 4§ are shown to have approximately
triangular symmetry, suggestiagypical EDLC behavior and good charging efficiency [38]e G of
N-O-PCMs are 163.7 F §for N-O-PCM-2 and 192.3 F'g for N-O-PCM-4 at 1 A ¢, which are far
beyond commercial carbon (100 F)g Importantly, NO-PCM-3 exhibits the highestd253 F ¢! at
0.5 A db among all the samples, which is even higher than the value of previously reported
biomass/biowaste derived carbomterials synthesized under similar conditions (Table 3). However,
despite a high nitrogen and oxygen conterHO{RCM-0 exhibits a short charggischarge time,
indicative of low G. This result further suggests that a significant SSA is necessary focéygititance
performance, as mentioned above.



