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POWDER MATERIALS FOR ENERGY
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Graphite is a vital natural mineral material that is used to synthesize gra-
phene oxide. In the present study, polyurethane/phenolic/graphene oxide
composite materials were prepared from polyisocyanate prepolymer, phenolic
resin prepolymer, and graphene oxide then treated with boric acid, ferric
chloride, and zinc chloride and carbonized at high temperatures to synthesize
boron-doped carbon powder (UFGC-B-Fe-Zn). The UFGC-B-Fe-Zn exhibited a
Brunauer—Emmett-Teller specific surface area Sggr of 885.9759 m? g ' and a
specific pore volume of 0.550491 cm® g !, as well as high specific capacitance
of 3774 F g ' at 0.5 A g 1. Used as an electrode material for supercapacitors,
UFGC-B-Fe-Zn exhibited excellent rate capability and durability as well as
low charge and ion diffusion resistance. In 6 M KOH electrolyte, the assem-
bled symmetrical supercapacitor achieved relatively high energy density of
7.43 Wh kg ! at 474 W kg '. Moreover, it displayed excellent cycling stability
(90.9% retention rate after 5000 cycles).

INTRODUCTION

To decrease dependence on fossil fuels and reduce
COg emissions, clean and renewable energy storage
technologies are considered to represent a huge
challenge.! Thus, the development of various energy
storage devices capable of storing/releasing energy
efficiently is imperative.? Lithium-ion batteries
(LIBs) and supercapacitors (SCs) are currently
considered to be the two dominant energy storage
devices.? Compared with LIBs, SCs exhibit higher
power density, shorter charge—discharge times,
longer lifespan, and more significant environmen-
tally friendly nature,*® enabling their efficient
application in various fields (e.g., automotive indus-
try, electronics, and energy recovery).

In terms of the charge storage mechanism
employed, SCs can primarily be distinguished into
electrical double-layer capacitors (EDLCs) and
pseudocapacitors.® EDLCs achieve electrostatic
storage by exploiting a potential difference to
reversibly adsorb ions onto the surfaces of active
electrode materials.” Meanwhile, pseudocapacitors
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rely on a Faradic redox reaction.'® Carbon materials
such as graphene, carbon nanotubes, and carbon
fibers are considered to represent ideal electrode
materials for supercapacitors'’!? as they exhibit
high specific surface area, higher power density,
thermal and chemical stability, and variable porous
structure that facilitate the transport of electrolyte
ions.'®"'® However, carbon materials display rela-
tively low capacitance. An effective solution to
address this deficiency is to introduce heteroatoms
(B, P, S, N, etc.) into the carbon skeleton.”® Such
heteroatom doping can enhance the wettability of
carbon materials as well as generate active sites,
between which the electrolyte ions can undergo a
Faraday redox reaction to improve the pseudoca-
pacitance.'®?* The specific surface area and pore
structure are generally considered to be crucial
features determining the electrochemical perfor-
mance of materials.** Another effective solution is
to improve the porosity and electrochemical perfor-
mance of carbon materials by using chemical acti-
vation agents such as KOH, ZnCl,, and H,PO,.25%6

In comparison with other heteroatoms, boron is
considered to be the best choice since it has a similar
number of valence electrons and atomic size to
carbon.?” Boron doping can be achieved by several
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Table II. Fitting values of equivalent circuit elements of the UFGC, UFGC-B, UFGC-B-Fe, and UFGC-B-Fe-Zn

samples

Sample
Equivalent circuit element UFGC UFGC-B UFGC-B-Fe UFGC-B-Fe-Zn
Rs (Q) 0.67908 0.60237 0.55883 0.43897
CPEr 0.0026141 0.0014585 0.00099247 0.00086857
CPEp 0.78559 0.8412 0.85798 0.9126
Rct (Q) 4.474 1.262 1.095 0.75662
Wr 15.2 1.606 1.23 1.088
W 0.45846 0.23693 0.21376 0.18285
Wp 0.34336 0.31983 0.31043 0.30055

CPEr is the capacitance when CPEp = 1CPEp is the constant-phase element exponentWy, is the diffusion resistance (Warburg diffusion
resistance)Wr is the diffusion time constantWp is a fractional exponent between 0 and 1
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Fig. 1. (a) XRD and (b) Raman spectra of UFGC, UFGC-B, UFGC-B-Fe, and UFGC-B-Fe-Zn samples.

methods such as substitutional reaction of boron
oxide (ByOg3), arc discharge, laser ablation,
hydrothermal reaction, and chemical vapor deposi-
tion.?® Li et al.?® proposed a hydrothermal approach
to synthesize boron-doped graphene aerogels,
reporting a specific capacitance of 308.3 F g at
1A g 1. Gao et al.?° prepared ordered mesoporous
carbon materials with different boron contents
based on a nanometer casting method, measuring
a specific capacitance of 267.8 Fg ! at 5 A g’
Nankya et al.®' synthesized boron-doped meso-
porous graphene by a hydrothermal method, achiev-
ing a specific capacitance of 336 F g ' at 0.1 A g .
In Summary, boron doping of carbon materials is
worth investigating in depth.

Zinc chloride (ZnCly) is one of the most common
agents used for chemical activation of carbonaceous
materials.?? ZnCl, acts as a relatively mild chemical
activator, being capable of generating pores effica-
ciously while avoiding hyperactivation.®® During
carbonization, zinc chloride can dehydrate

carbonaceous materials and aid their decomposi-
tion. Accordingly, the yield of nanoporous carbon
materials synthesized using ZnCl, activation is
overall higher compared with when using other
activating agents.?

Heilongjiang Province of China is significantly
rich in graphite reserves. One of the raw materials
used in the present study was graphene oxide
synthesized from mineral graphite. Specifically,
polyisocyanate prepolymer and phenolic resin pre-
polymer were copolymerized, then blended with
graphene oxide dispersion to synthesize polyur-
ethane/phenolic/graphene oxide (PU/PF/GO) com-
posites. Subsequently, this was carbonized at high
temperatures by doping with B atoms and activat-
ing with zinc chloride. The carbon powder material
produced by pickling and water washing was used
as the electrode material for supercapacitor assem-
bly. The redox reaction of the heteroatomic func-
tional group in the electrochemical process could be
achieved through heteroatom doping to obtain
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<«Fig. 2. C 15 XPS spectra of (a) UFGC, (b) UFGC-B, (c) UFGC-B-Fe,
and (d) UGGC-B-Fe-Zn. N 1s XPS spectra of (e) UFGC, (f) UFGC-B,
(9) UFGC-B-Fe, and (h) UGGC-B-Fe-Zn. O 1s XPS spectra of (i)
UFGC, (j) UFGC-B, (k) UFGC-B-Fe, and (l) UGGC-B-Fe-Zn. B 1s
XPS spectra of (m) UFGC-B, (n) UFGC-B-Fe, and (o) UGGC-B-Fe-
Zn. (p) Schematic model of N, O, and B atoms in carbon matrix. (q)
XPS survey spectra of samples.

better pseudocapacitance, thereby addressing the
relatively low capacitance of carbon powder mate-
rials. In addition, decreasing the content of inert B—
N bonds due to the use of the ferric chloride catalyst
also impacted the pseudocapacitance improvement.
Removing boron oxide by water washing and acti-
vation of zinc chloride could strengthen the pore
structure of the material to expand its specific
surface area, thereby improving the double-layer
capacitance of the carbon powder material. The
supercapacitor electrode prepared using UFGC-B-
Fe-Zn exhibited high specific capacitance of
377.4 F g~ ! under current density of 0.5 A g~ ! as
well as excellent rate performance and cycling
stability. The structure displayed relatively high
specific surface area (885.9759 m? g~') and pore
volume (0.550491 cm?® g 1). In 6 M KOH electrolyte,
the manufactured symmetrical supercapacitor
exhibited a prominent energy density
(7.43 Wh kg~ ! at 474 W kg™ 1). Moreover, it exhib-
ited excellent cycling stability (with a capacitance
retention rate of 90.9% after 5000 cycles at 5 A g~ 1).
The results of this investigation confirm that B-
doped carbon powder can be synthesized using this
simple and effective method and demonstrate that
the produced material is promising for application
as supercapacitor electrodes.

EXPERIMENTAL PROCEDURES
Preparation of PU/PF/GO Composite

Resorcinol, formaldehyde, and anhydrous sodium
carbonate were mixed at molar ratio of 1:2:0.01 at 90
°C under stirring at 300 rpm. Subsequently, deion-
ized water was rapidly added, followed by polymer-
ization for 4 h. The resulting solution was then
vacuum dried at 45°C for 12 h to synthesize phenolic
resin prepolymer. Graphene oxide was synthesized
from natural graphite based on the Hummers
method.?® Trimethylolpropane and melamine were
dissolved in butyl acetate at 55°C and stirred to form
a homogeneous solution, then toluene-2,4-diiso-
cyanate was added then reacted at 80°C for 4 h to
produce polyisocyanate prepolymer. At 60°C, poly-
isocyanate prepolymer, phenolic resin prepolymer,
graphene oxide dispersion, and dibutyltin dilaurate
were mixed then stirred for 1 h to generate PU/PF/GO
composite material, termed UFG.

Preparation of Carbon Material

Employing butyl acetate as solvent, ferric chlo-
ride, boric acid, and zinc chloride were added to

Lin, Ren, Liu, Sui, Qin, and Jiang

UFG respectively at intervals of 1 h then stirred to
mix completely. Subsequently, the solution was
ultrasonically dispersed for 1 h then dried under
vacuum to obtain pre-carbide. Next, the sample was
transferred to a tube furnace, heated from ambient
temperature to 800°C at a heating rate of 5°C/min,
then carbonized under nitrogen atmosphere for 2 h.
To remove iron, the sample was pickled for 48
h, then the sample was boiled at 85°C for 8 h to
remove residual boron oxides to produce UFGC-B-
Fe-Zn. Furthermore, UFGC, UFGC-B, and UFGC-
B-Fe samples were generated from UFG by car-
bonization, followed by boric acid treatment, and
without zinc chloride treatment, respectively.

Characterization

Scanning electron microscopy (SEM, S-4800;
Hitachi) was adopted to characterize the morphol-
ogy of the products. X-ray diffraction (XRD) analysis
(D8 ADVANCE; Bruker) was employed to deter-
mine the structure of the sample. Raman spectra
were analyzed by using a Raman spectrometer
(HR800; Jobin-Yvon). In addition, the chemical
bonding state of the carbon materials was deter-
mined by x-ray photoelectron spectroscopy (XPS,
ESCALAB 250; Thermo Fisher Scientific). More-
over, physisorption analysis (ASAP 2020 HDS8S;
Micromeritics) was exploited to gauge the porous
texture parameters of the materials under nitrogen
sorption at 77 K. Furthermore, the Brunauer—-Em-
mett-Teller (BET) method was used to determine
the specific surface area. The pore size distribution
of the adsorption branch was explored based on
density functional theory (DFT), starting from the
adsorption branch isotherm.

Electrochemical Measurements

Cyclic voltammetry (CV), galvanostatic charge—
discharge (GCD), and electrochemical impedance
spectroscopy (EIS) measurements were performed
at ambient temperature using a three-electrode
system in an electrochemical workstation
(CHI660E; Shanghai Chenhua) with 6 M KOH
solution as electrolyte, and saturated calomel elec-
trode and platinum as reference and auxiliary
electrode, respectively. The material for the working
electrode was a mixture of sample and polytetraflu-
oroethylene (at weight ratio of 95:5), uniformly
mixed in ethanol then coated on nickel foam sub-
strate (2 mg cm 2). The CV and GCD measure-
ments were performed over the voltage range of — 1
V to 0 V at scan rates and current densities of
1mVs't0200mVs tand0.5Ag 1to7 Ag !for
CV and GCD measurements, respectively. EIS tests
were performed under open-circuit potential with
an amplitude of 10 V in the frequency range from
0.01 Hz to 100 kHz. The specific capacitance was
determined from the GCD tests by using Eq. 1.

C = (I x At)/(m x AV) (1)
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where C (F g~1) denotes the specific capacitance, I
(A) represents the current density, At (s) is the
discharge time, AV (V) is the potential difference
during the discharge duration, and m (g) denotes
the mass of sample on the electrode.

GCD measurements were performed in a two-
electrode system at current dens1t1es of 1Ag™?
2Ag 1 3Ag ! ,5Ag,and7A g . The spec1ﬁc
capacitance, energy dens1ty, and power density
were obtained by using Eqs. 2-5:

Cp = (I x At)/(m x AV) 2)
C, ~ 4C, (3)

E, = (Cp x AV?)/7.2 (4)
P = (3600 x E,) /At (5)

Fig. 3. SEM images showing the morphology of (a) UFGC, (b)
UFGC-B, (c) UFGC-B-Fe, and (d) UFGC-B-Fe-Zn.

Lin, Ren, Liu, Sui, Qin, and Jiang

where C, Fg ™), Cs (F g™, E, (Whkg™), and
P Wkgh denote the specific capac1tance energy
density, and power density, respectively.

RESULTS AND DISCUSSION

XRD and Raman spectra were employed to com-
pare the microstructure of the materials. The XRD
spectra (Fig. 1a.) of all the samples displayed peaks
at around 26° and 44°, corresponding respectively to
diffraction from (002) and (001) of amorphous
ordered graphite phase,®®3” which suggests that
addition of boric acid, ferric chloride, and zinc
chloride did not effectively impact the crystalline
structure of the material. Using the Bragg equation,
the graphitic interlayer spacing (d002) values of
UFGC, UFGC-B, UFGC-B-Fe, and UFGC-B-Fe-Zn
were determined as 3.44 nm, 3.47 nm, 3.54 nm, and
3.57 nm, respectively. The (002) diffraction peak of
UFGC-B-Fe-Zn was the widest, with a left shift to
lower angles, suggesting the lowest graphitization
degree among the samples. Moreover, UFGC-B-Fe-
Zn showed the maximum d002, which can probably
be attributed to the introduction of heteroatoms and
activation by zinc chloride that resulted in a more
defective structure.

The Raman spectra (Fig. 1b) of all the samples
displayed two characteristic peaks at around
1350 cm ! and 1590 cm ! corresponding to the D
and G peak, respectively. The D peak corresponds to
the defective and disordered portlons of carbon,
while the G peak corresg)onds to sp -hybrldlzed
graphitic carbon atoms.? The Ip/Ig ratio can be
used to indirectly assess the degree of graphitiza-
tion of carbon materials. UFGC, UFGC-B, UFGC-B-
Fe, and UFGC-B-Fe-Zn exhibited Ip/Ig ratios of
0.86, 0.97, 1.07, and 1.13, respectively. As revealed
by the higher Ip/Ig ratio of UFGC-B, treatment with
boric acid resulted in a carbon material with
defective structure. Specifically, the Ip/Ig ratio of
UFGC-B-Fe-Zn was the maximum, indicating that
activation by zinc chloride destroyed the structure
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«Fig. 5. CV curves of (a) all samples at scan rate of 5 mV s, (b)
UFGC-B-Fe-Zn at various scan rates, and (c) UFGC-B-Fe-Zn and
UFGC-B-Fe-Zn-900 at 5 mV s~'. Galvanostatic charge—discharge
profiles of (d) all samples at current density of 0.5 A g~ and (e)
UFGC-B-Fe-Zn at various current densities. (f) Specific capacitance
of all samples as a function of current density at different current
densities. (g) Nyquist plots of all samples. (h) Corresponding
equivalent circuit model. (i) Comparison of CV curves for UFGC-B-
Fe-Zn at 1st and 3000th cycles at 20 mV s~ . (j) Cycling performance
retention of UFGC-B-Fe-Zn.

of the material, resulting in a more defective and
disordered structure with a lower degree of
graphitization.

XPS was performed to determine the composition
and elemental content on the sample surface.
Figure 2 shows the results, while a schematic model
of the heteroatoms in the carbon matrix is presented
in Fig. 2p. As demonstrated by the surface elemen-
tal contents of UFGC, UFGC-B, UFGC-B-Fe, and
UFGC-B-Fe-Zn (Table I), B atoms were successfully
doped into the carbon skeleton structure of UFGC.
Moreover, these results suggest that the contents of
B, N, and O atoms in UFGC-B-Fe-Zn were reduced,
which can be ascribed to partial loss of heteroatoms
when the zinc chloride activation treatment formed
the defective structure in the carbon material.
Besides UFGC, the C 1s peaks (Fig. 2a—d) consisted
of five subpeaks that can be ascribing to C—B bond
(283.9 eV), C=C bond (284.6 ¢V), C-N bond (285.8
eV), C—0O bond (286.9 eV), and C=0 bond (288.4 eV),
respectively.*’ The N 1s peaks (Fig. 2e—h) comprised
five distinct components corresponding to peaks at
397.9 eV, 398.7 eV, 400.3 eV, 401 eV, and 402.3 eV
belonging to N-B bond, pyridinic nitrogen (N-6),
pyrrolic/pyridinic nitrogen (N-5), quaternary nitro-
gen (N-Q), and N-oxide group (N-X), respectively.*!
The O 1s spectra (Fig. 2-1) could be fit using four
peaks at 531.1 eV, 532.1 eV, 533.1 eV, and 534.1 eV,
derived from carboxyl functional groups (O-1), phe-
nol groups and/or C—O-C ether groups (0-2), and
O-B and O=C-OH carboxylic groups (O-3), respec-
tively.*?> The high-resolution B 1s peaks (Fig. 1-o0)
could be deconvoluted into three peaks originating
from B-C (190.6 eV), B-N (191.6 eV), and B-O
bonds (192.6 eV), respectively.*® Furthermore, suc-
cessful doping of B atoms was confirmed by the
peaks deconvoluted from the B 1s spectra, corre-
sponding to C-B, N-B, and O-B.

The active heteroatom species N-5, N-6, B-C, and
O-1 are the critical species affecting the energy
storage performance.** The results presented in
Table I indicate that the contents of B-C (57.52%)
and O-1 (28.10%), and the total content of N-5
(37.43%) and N-6 (20.95%) of UFGC-B-Fe-Zn were
higher than in the other samples, facilitating the
generation of additional pseudocapacitance at the
interface. Moreover, the content of B-N bonds was
reduced from 39.65% in UFGC-B to 27.01% and
26.15% in UFGC-B-Fe and UFGC-B-Fe-Zn, demon-
strating that some inert B-N bonds were success-
fully removed by ferric chloride treatment.*” In
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addition, ferric chloride catalyst expedited the for-
mation of active B-C bonds. Thus, UFGC-B-Fe-Zn
showed better pseudocapacitance than the other
samples, as verified below by the electrochemical
performance tests.

The micromorphology of the obtained samples
was characterized by SEM (Fig. 3). According to
Fig. 3a, the UFGC sample exhibited no highly
defective structure, and no obvious pore structure
was identified. UFGC-B (Fig. 3b.) displayed an
obvious pore structure that can be attributed to
the interaction between boric acid and carbon atoms
resulting in volatilization of volatile compounds
during carbonization. In addition, the boron oxides
were removed during the subsequent washing. In
the SEM image of UFGC-B-Fe (Fig. 3c) more
smaller pores can be observed, revealing that the
removal of the ferric chloride catalyst by pickling
resulted in a more defective structure and more
porous structure in the material. In Fig. 3d, a
significant defect structure can be identified as well
as more disordered pore structures, since zinc
chloride can catalyze dehydration while activating.
During carbonization, the release of water, carbon
dioxide, or other gases successfully achieved pore
formation and elevated the degree of defects in the
material. The pore structure of UFGC-B-Fe-Zn
could provide electron pathways to ensure good
contact while also facilitating ion transport by
shortening the diffusion paths, thereby improving
the electric double-layer capacitance.

Figure 4a illustrates the N, adsorption—desorp-
tion isotherms of UFGC, UFGC-B, UFGC-B-Fe, and
UFGC-B-Fe-Zn. According to this figure, UFGC
exhibited a type IV adsorption/desorption iso-
therm.*’ The curve hardly rose under relative lower
pressure, revealing the existence of significantly few
micropores. However, UFGC-B, UFGC-B-Fe, and
UFGC-B-Fe-Zn demonstrated a sharply increased
type I adsorption—desorption isotherm, suggesting
the presence of a texture consisting of many micro-
pores in these samples.*® Moreover, the curves
displayed a distinct hysteresis loop at higher rela-
tive pressures, thus revealing the coexistence of
abundant meso- and macropores in the carbon
framework. These findings are verified by the pore
size distribution curves presented in Fig. 4b, demon-
strating that UFGC-B, UFGC-B-Fe, and UFGC-B-
Fe-Zn contained considerable micropores (0.5 nm to
2 nm) and meso/macropores (2 nm to 252 nm).
Table I lists the pore parameters of the samples. In
this table, the BET specific surface area (Sggt), total
pore volume (Vi,ia1), micropore volume (V,;.), and
mesopore and macropore volume (Viecimac) Of
UFGC were overall low, indicating that there was
little pore structure. The increase in V ccimac after
boric acid treatment of UFGC resulted from the
decomposition of boric acid, and the reaction with
carbon in the UFGC mixture during carbonization
would release some volatile substances, acting as
pore-formers. Besides, the removal of boron oxide
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UFGC-B-Fe-Zn symmetrical supercapacitor, and (d) cycling performance at current density of 5 A g~".

during washing was conducive to enriching the pore
structure of the material. The V,,;. of UFGC-B-Fe
was higher than that of UFGC-B, which might be
due to the structural defects attributed to pickling
to remove the ferric chloride catalyst, and consider-
able micropores were identified. The results pre-
sented in Table I also show that UFGC-B-Fe-Zn
exhibited the maximum Sggr (885.9759 m? g 1),
Vimic  (0.393158 cm® g1),  and  Vigee +  mac
(0.331632 cm® g 1) values, indicating that activa-
tion by zinc chloride could result in the formation of
many micropores and mesopores in the samples.
The newly formed meso/macropores and micropores
in the carbon materials are of great importance to
improve the double-layer capacitance and ion diffu-
sion. Moreover, their intermediate specific surface
area could improve the contact Wettabili%y between
the electrode material and electrolyte.*” Further-
more, the described results reveal that the capaci-
tance of UFGC-B-Fe-Zn originated from
pseudocapacitance (generated by heteroatoms) and
electrical double-layer capacitance.

The electrochemical performance of the samples
was studied systematically using a three-electrode
system (Fig. 5) with 6 M KOH aqueous solution as
electrolyte. Figure 5a shows the CV curves of all the
materials obtained at a scanning rate of 5 mV s 1,

indicating a slightly deformed rectangular shape.
Except for UFGC, the CV curves of the other
samples overall showed humps, showing that their
capacitance behavior consisted of electrical double-
layer capacitance and pseudocapacitance generated
from N, B, and O heteroatoms in the carbon
skeleton. The CV curves suggest that the integral
area of the UFGC-B-Fe-Zn was the widest, indicat-
ing the optimal capacitance. The CV curves of
UFGC-B-Fe-Zn obtained at different scanning rates
of ImVs 5 5mVs ! 10mVs?20mVs? 50mV
s 100 mV s " and 200 mV s ! are plotted in
Fig. 5b. The CV curves remain rectangular without
significant deformation at the scanning rate of 100
mV s~ !, showing stable rate performance. To prove
the pseudocapacitance effect of heteroatoms, UFGC-
B-Fe-Zn-900 was prepared from UFGC-B-Fe-Zn by
heat treatment under Ny at 900°C for 2 h to remove
heteroatoms. The XPS survey spectrum of UFGC-B-
Fe-Zn-900 (Fig. 1q) shows that most of the heteroa-
toms had been removed at high temperature. Fig-
ure 4c shows the CV curve of UFGC-B-Fe-Zn-900.
After high-temperature treatment, the CV curve of
UFGC-B-Fe-Zn-900 displayed a more regular, nar-
rower rectangle with no obvious peaks, indicating
that the partial capacitance of UFGC-B-Fe-Zn was
contributed by heteroatoms.
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To further confirm the capacitance performance of
UFGC, UFGC-B, UFGC-B-Fe, and UFGC-B-Fe-Zn,
GCD tests were performed. Figure 5d shows the
GCD test curves of the four samples at a current
density of 0.5 A g1, revealing overall a marginally
deformed symmetric triangle shape. As shown by
the GCD test curves of UFGC-B-Fe-Zn obtained at
various current densities (Fig. 5e), the charging and
discharging times gradually shortened with
improvement of the current density, corresponding
to a decrease in the specific capacitance. This
occurred because, when charging or discharging
under high current density, electrolyte ions failed to
permeate the microporous structure of the material
in a timely fashion, so the electrode material could
not be thoroughly exploited. No significant voltage
drop was observed in the GCD curves, verifying
that, due to the good electrode—electrolyte interfa-
cial contact, the internal resistance was low, which
is conducive to high power transmission. At a
current density of 0.5 A g1, the specific capacitance
of the UFGC-B-Fe-Zn electrode reached
377.4 F g~ !. Moreover, the capacitance reached
263.8 F g ! at the high current density of 7 A g~ .
The capacitance retention rate reached 70%, indi-
cating excellent rate performance. UFGC-B-Fe-Zn
exhibited performance that was better than or
similar to samples of an identical type reported in
previous literature.

In addition, EIS is one of the techniques used to
explore the electrochemical behavior of samples.
Figure 5g shows the Nyquist plots of UFGC, UFGC-
B, UFGC-B-Fe, and UFGC-B-Fe-Zn, comprising in
each case a semicircle in the high-frequency range
and a slope line in the low-frequency range.””
Figure 5h shows a corresponding equivalent circuit
model. The intercept of the curve with the x-axis
occurs at R, corresponding to the bulk solution
resistance. According to the results presented in
Table II, all the samples showed significantly low R
values, indicating a short electron path length and
low electrolyte resistance. The diameter of the
semicircle closely represents the charge-transfer
resistance (R.); the smaller the R, value of the
sample, the more conducive to charge transfer it
will be, and the better its electrochemical activity.
The high slope of the low-frequency straight line
indicates rapid diffusion and transmission of ions;
the smaller the value of Wy, the faster the elec-
trolyte ion diffusion rate will be. Table II shows that
the R, R.;, and Wy values of UFGC-B-Fe-Zn were
the minimum, reaching 0.43897 Q, 0.75662 Q, and
1.088, respectively. In summary, these results indi-
cate that UFGC-B-Fe-Zn exhibited high electrical
conductivity, fast charge transfer, and electrolyte
ion pervasion, accounting for its excellent electro-
chemical performance.®’

Figure 5i shows the CV curves of UFGC-B-Fe-Zn
in the 1st and 3000th cycle, revealing little change.
Moreover, Fig. 4j shows that the capacitance reten-
tion rate of UFGC-B-Fe-Zn in the 3000th cycles was
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up to 95.1%, demonstrating that UFGC-B-Fe-Zn
exhibited excellent electrochemical stability and
cycling life.

To assess the supercapacitor performance of
UFGC-B-Fe-Zn in the potential window of 1 V, a
UFGC-B-Fe-Zn//UFGC-B-Fe-Zn symmetrical super-
capacitor was assembled to carry out electrochem-
ical testing on a two-electrode system (Fig. 6).
Figure 6a shows the GCD curves of the UFGC-B-
Fe-Zn//UFGC-B-Fe-Zn supercapacitor at different
current densities. The GCD curves show a symmet-
rical triangular shape with slight deformation,
indicating pseudocapacitance behavior during
charging and discharging. Moreover, the curves
show a low voltage drop, verifying the excellent
capacitive behavior of the UFGC-B-Fe-Zn //UFGC-
B-Fe-Zn supercapacitor. At a current density of
1Ag !, the specific capacitance reached
57.84 F g !, it remained at 43.42 F g ! under a
high current density of 7 A g~ !, with a capacitance
retention rate of 75.1% (Fig. 6b). These results thus
demonstrate that the UFGC-B-Fe-Zn//UFGC-B-Fe-
Zn supercapacitor exhibited excellent rate perfor-
mance. The Ragone diagram of the UFGC-B-Fe-Zn//
UFGC-B-Fe-Zn supercapacitor is presented in
Fig. 5c. The energy density reached 7.43 Wh kg !
at a power density of 474 W kg~!. Furthermore, the
energy density reached 5.68 Wh kg ! at a power
density of 3396 W kg . The performance was better
than that of previously reported B-doped graphene
material (3.86 Wh kg~ ! and 125 W kg 1;%® 4.64 Wh
kg ! and 970 W kg 1),°? graphene-based materials
(7.0 Wh kg~ ! and 128 W kg~ 1;°® 0.61 Wh kg ! and
670 W kg 1),°* B-doped carbon (3.8 Wh kg~ ! and
165 W kg 1),°° and carbon material activated by
zinc chloride (6.1 Wh kg™ ! and 50 W kg 1).?® The
capacitance retention rate of the UFGC-B-Fe-Zn//
UFGC-B-Fe-Zn supercapacitor was up to 90.9%
after 5000 charge—discharge cycles, demonstrating
its good cycling stability. Accordingly, the results
described above prove that UFGC-B-Fe-Zn repre-
sents an excellent energy storage electrode material
based on zinc-chloride-activated heteroatom-doped
carbon.

CONCLUSION

Carbon powder materials were successfully pre-
pared by using graphene oxide synthesized from
mineral graphite and common polymers as raw
materials, thereby demonstrating a more viable
method for the development of high-capacitance
carbon powder materials for supercapacitor elec-
trodes. The polyurethane/phenolic/graphene oxide
composite material treated with boric acid, ferric
chloride, and zinc chloride could be carbonized by
using a one-step carbonization method. Moreover,
after washing the carbon powder material with
hydrochloric acid and water, high-specific-capaci-
tance B-doped carbon powder material with inter-
mediate specific surface area and porosity could be
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successfully synthesized. While boric acid provided
the carbon powder materials with B heteroatoms, it
also increased the pore structure of the materials.
Ferric chloride as a catalyst could efficiently hinder
formation of inert B-N bonds and improve the
pseudocapacitance behavior of the material. Zinc
chloride as an activator could effectively increase
the Sggrr value of the material and optimize its pore
structure. The SggT of UFGC-B-Fe-Zn was 5.7 times
that of UFGC, reaching 885.9759 m? g !. A maxi-
mum specific capacitance value of 377.4 F g~ ! at
0.5 A g~ ! was achieved with UFGC-B-Fe-Zn. It also
exhibited both excellent rate performance and
cycling stability over 3000 cycles (95.1%). A high
energy density of 7.43 Wh kg~ ! was reached at 474
W kg ! for an UFGC-B-Fe-Zn//UFGC-B-Fe-Zn sym-
metrical supercapacitor. Furthermore, it exhibited
an excellent capacitance retention rate of 90.9%
over 5000 cycles.
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