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Zinc ion hybrid capacitors (ZHCs) are expected to be candidates for large-scale energy storage products
due to their high power density and large energy density. Due to their low cost and stability, carbon
materials are generally the first choice for the cathode of ZHCs, but they face a challenge in the serious
self-discharge behavior. Herein, zinc ion hybrid capacitors with high-performance are successfully
assembled using a porous carbon cathode derived from low-cost p-doped waste biomass and
a commercial zinc foil anode. The p-doped walnut shell ZHCs delivered a specific capacity of
158.9 mA h g~! with an energy density of 127.1 W h kg™ at a low current density. More importantly, the
device had outstanding anti-self-discharge characteristics (retaining 77.98% of its specific capacity after
a 72 h natural self-discharge test) and long-term cycle stability (retaining 88.2% of its initial specific
capacity after 15 000 cycles at 7.5 A g~%). This work presents guidance and support for the design and
optimization of electrode materials for zinc ion supercapacitors and next-generation aqueous zinc ion
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Introduction

With the rapid requirements of portable electronic products
and electric vehicles, developing novel energy storage devices
with a high energy density, large output power, long service life,
safety, and efficiency has been the primary focus of energy
storage research.'™* Supercapacitors, due to their high specific
power, safety, environmental friendliness, low cost, and
competitive cycle life, have shown promising application pros-
pects.””™* However, their low specific energy limits their devel-
opment. Lithium-ion batteries have achieved great success
since their commercialization and are widely used in various
electronic products.’**” Lithium ion batteries have a wide
application prospect, attributed to their high energy density and
wide working potential window.' They have many shortcom-
ings, such as a low power density, limited lithium resources,
environmental pollution, poor cycle stability, and safety.***"
Although the sodium/potassium-ion batteries that have
emerged in recent years also show excellent energy storage
performance, they suffer from a low power density.***® Due to
the high conductivity and energy provided by multivalent

“School of Physics and Electronic Engineering, Xinyang Normal University, Xinyang,
464000, People’s Republic of China. E-mail: sunhaibin@xynu.edu.cn

School of Physics and Microelectronics, Zhengzhou University, Zhengzhou, 450001,
People’s Republic of China

School of Physics & Electronic Engineering, Zhengzhou University of Light Industry,
Zhengzhou, 450002, Peoples’ Republic of China

T Electronic supplementary
https://doi.org/10.1039/d2ra04277k

information (ESI) available. See

24724 | RSC Adv, 2022, 12, 24724-24733

cations, pure metals can be directly used as electrode mate-
rials.””*® Theoretically, the sensitive induction between elec-
trons and the redox reaction between metal cations and
electrodes provide a steady electrochemical foundation for
energy storage devices assembled based on metal electrodes
with a large energy density and outstanding cycling stability.**>
Zinc ion hybrid capacitors (ZHCs), which display the
potentials of both supercapacitors and batteries, have received
extensive addressing in the energy storage field.*® Compared
with the common lithium metal, zinc metal has more abundant
resources, better economic benefits, lower cost and higher
theoretical volumetric specific capacity (5855 mA h cm > vs. Zn/
Zn**), thus serving as a promising lithium substitute.”” As an
emerging branch of supercapacitors, ZHCs can significantly
increase the energy density without sacrificing power density.**
For conventional ZHCs, commercial zinc foil and carbon
materials are used as the battery anodes and capacitive cath-
odes in energy storage systems, respectively. They rely on the
reversible oxidation/reduction reaction on the surface of the
zinc anode (stripping/deposition of zinc ions) and the efficient
physical ion adsorption/desorption in the porous cathode to
complete the sustainable electrochemical energy storage
process. Comparative results show that dendrite growth on zinc
anodes and the formation of a zinc oxide/zinc hydroxide insu-
lating layer are significantly inhibited in neutral electrolytes
such as ZnSO, aqueous solution.***® This provides a stable
environment for the efficient operation of aqueous ZHCs.*”**
Finding suitable cathode materials is the key to assembling
high-performance ZHCs.*> Commercial activated carbon is

© 2022 The Author(s). Published by the Royal Society of Chemistry
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a popular cathode for ZHCs. However, an excessively high
degree of carbonization results in a lower content of hetero-
atom functional groups in commercial activated carbon,
which is not conducive to high-speed ion transport or charge
transfer during electrochemical energy storage. Ordinary
commercial activated carbon cathodes are difficult to adapt to
the quick performance and long cycle lifetimes of energy
storage devices at a high current density.** Biomass has
abundant resources, low costs, and is a sustainable resource.*
Porous carbon materials rich with functional groups, large
specific surface area, and adjustable pores can be obtained
through a simple carbonization and activation process, which
provides a good choice for the synthesis of high-performance
porous carbon cathodes.*” Heteroatom doping is an inter-
esting means to enhance the electrochemical performance of
carbon materials. Taking phosphorus doping as an example,
the P-C bond is longer than that of C-C bond due to the large
atomic size of phosphorus, which distorts the carbon skeleton
and generates defects.”® In addition, the lower electronega-
tivity is also conducive to the redistribution of charges
between P and C atoms, which improves the electrochemical
energy storage.** More importantly, the functional oxygen-
containing group, PCO3, in carbon lattice can enhance wetta-
bility of the electrode and accelerate ion diffusion and charge
transfer. Based on this, Lee et al. proposed phosphorus (P) and
boron (B) co-doped activated carbon cathodes for zinc ion
capacitors.* The device showed a superior specific capacity of
169.4 mA h g ' at 0.5 A g”', and excellent capacity retention
(88% after 30 000 cycles at 10 A g™ '). Huang et al. directly
carbonized a polyaniline/sodium alginate hydrogel to synthe-
size nitrogen (N) and sulfur (S) co-doped carbon (NSC) with
a hierarchical porous structure.*® Due to its unique nanopore
structure and the synergistic effect of heteroatom doping, NSC
exhibited excellent specific capacitance (309 Fg™ ' at0.5Ag™").
The assembled symmetrical supercapacitor also showed
excellent energy density (15.9 W h L") and power density (426
W h L™"). This strategy improved rate performance and service
life defects of conventional activated carbon cathodes caused
by low functional group contents.

In this work, we synthesized a P-doped porous carbon
cathode material from inexpensive biomass waste (walnut shell)
and assembled it with zinc foil to form typical ZHCs. The hybrid
device showed excellent energy storage characteristics in 2 M
ZnSO, electrolyte. ZHC-WAPC-4/P showed an excellent specific
capacity of 158.9 mA h g ' at 0.5 A g~ ". Even then at 20 A g,
the specific capacity of the device remained at 70.1 mA h g™ .
The calculation results showed that the device had an ultra-high
energy density close to 127.1 W h kg™ " with a maximum power
density of 16000 W kg '. In addition, the device had
outstanding anti-self-discharge characteristics (retaining
77.98% of its specific capacity after a 72 h natural self-discharge
test) and long-life cycle stability (retaining 88.2% of its initial
specific capacity after 15 000 cycles at a high current density).
This work demonstrates the optimization of electrode materials
and the design of high-performance aqueous zinc ion energy
storage devices.

© 2022 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

Materials and methods

The walnut shell particles were washed in acetone, ethanol, and
deionized water for 30 min with 3-5 times. The washed walnut
shells were dried under vacuum at 80 °C for 12 h. The obtained
dried walnut shell particles were calcined at 600 °C for 2 h under
N, at a heating rate of 3 °C min~". Then, the calcined products
were ground into powder, mixed with deionized water, and then
dried under vacuum at 80 °C for 12-14 h to obtain the original
walnut shell-derived carbon sample (WAC). After that, 2 g of
WAC powder was mixed uniformly with different mass ratios of
KOH (Myon : Mwac =2:1,3:1,4:1,0r5 : 1, respectively) and
further pyrolyzed at 800 °C for 2 h under the protection atmo-
sphere of N,. The residual KOH was removed using 0.5 M HCI,
and washed with deionized water. The black powders were
heated at 80 °C under vacuum for 12 h to acquire walnut shell-
derived porous carbon WAPC-x (x is the ratio of Moy : Mwac)-
Finally, 1 ¢ WAPC-4 and 2 g red phosphorus powders were
mixed in 10 ml deionized water and thoroughly stirred for 1 h,
and subsequently put in a hot blast-drying oven at 90 °C for
12 h. Next, it was heated in a tube furnace at 800 °C for 2 h under
the protection atmosphere of Ar. It was washed with deionized
water and vacuum dried at 80 °C for 12 h to achieve the final P-
doped porous carbon WAPC-4/P, as illustrated in Fig. 1a.

Zinc foil (thickness of 100 um) was purchased from Kluder
Group Chemical Reagent Co., Ltd. First, acetone and deionized
water were used to wash and dry the nickel foam for electrode
preparation. During cathode preparation, the carbon powder,
carbon black, and polytetrafluoroethylene (PTFE) were mixed
uniformly in ethanol at a mass ratio of 8 : 1 : 1. The obtained
slurry was coated on the surface of a nickel foam, and subse-
quently dried at 60 °C for 12 h under vacuum. The mass of the
porous carbon on a single positive electrode was 1.2-1.5 mg
cm 2. The electrode was then used directly to assemble ZHCs
after being pressed. Porous carbon cathodes and commercial
zinc foil anodes were used to assemble ZHCs in a 2 M ZnSO,
aqueous electrolyte (the zinc foil surface was not oxidized before
use). The electrochemical performance of the WAPC-x//
Zn**(aq)//Zn hybrid device was measured in a potential window
of 0.3-1.9 V, which can be analyzed by cyclic voltammetry (CV)
and galvanostatic charge-discharge (GCD) curves. The electro-
chemical kinetics was evaluated by electrochemical impedance
spectroscopy (EIS). All measurements were performed on a CHI
660E electrochemical workstation. Since zinc foils served as
active materials and current collectors at the same time in
ZHCs, their mass was in excess.

Based on the mass of the WAPC-x cathode, the specific
capacity of ZHCs was calculated by the following equation:

G = 31% (1)
where I (A) is the current, C,, (mA h g~ ") is the specific capacity
of the electrode, At (s) is the discharge time, and m (g) is the
mass of the WAPC-x cathode.

The specific power (P, W kg™ ') and specific energy
(E, W h kg™ ") of the capacitors depicted in the Ragone plot were
measured by the equations:
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where C,, (F g~') is the specific capacitance, Av (V) represents
the potential window of the electrode test, and At (s) is the
discharge time.

The morphology and structure of the as-prepared materials
was represented by scanning electron microscopy (SEM, JSM-
7001F) and transmission electron microscopy (TEM, JSM-
2100). The structural compositions of the samples were char-
acterized by X-ray powder diffraction (XRD, D8 ADVANCE) and
Raman spectroscopy (Renishaw in Via). The elemental charac-
teristics were determined by energy-dispersive X-ray spectros-
copy (EDX). The porous structures were analyzed by N, ad/de-
sorption measurements (BELSORP-max). The pore size distri-
butions were measured by the NLDFT method. The chemical
states and element contents were determined by X-ray photo-
electron spectroscopy (XPS, ESCALAB 250Xi).

24726 | RSC Adv, 2022, 12, 24724-24733
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(a) Schematic of preparation of high-performance WAPC-x cathode, (b and c) SEM images, (d) EDX analysis, and (e—g) TEM images of

Results and discussion

The microstructure and morphology of porous carbon WAPC-x
were preliminarily characterized by lots of SEM images. The
SEM results (Fig. 1b and ¢, S1 and S27) showed that all products
had an irregular block structure, and the surface of the material
was relatively rough. The product did not change significantly
after activation and P doping. The EDX results of WAPC-4/P
(Fig. 1d) show the uniform element distribution on the
porous carbon surface, demonstrating successful P element
doping. The TEM image showed that the sample has a well-
developed microporous structure. This was ascribed to the
effective etching effect of carbon atoms by KOH (6KOH + 2C —
2K + 3H, + 2K,CO03).*” The insertion of potassium destroyed the
crystal structure and formed many pores under the chemical
etching process.*

The crystal phase and structural defects of porous carbon
WAPC-x were further analyzed by XRD and Raman spectros-
copy. The XRD patterns (Fig. 2a) revealed the structure and
changes of layered porous carbon.* All samples displayed two

© 2022 The Author(s). Published by the Royal Society of Chemistry
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interface of WAPC-4 and WAPC-4/P.

broad characteristic peaks near 260 = 22.6° and 43.8°, which
matched the (002) and (101) crystal planes of hexagonal
graphitic carbon, respectively. The low-angle (002) peak and the
low-intensity (101) peak indicated that the sample was amor-
phous or had a small crystalline region.” The (002) peak of the
activated product WAPC-x gradually shifted to a lower diffrac-
tion angle, and its peak intensity decreased, indicating that the
degree of defects of the porous carbon increased after activa-
tion. According to Bragg's law, activation processes increase the
interlayer distance of a material.*® The typical D peak
(~1338 cm ™) and G peak (~1590 cm™ ") of the Raman spectra
(Fig. 2b) correspond to the defects in the graphitic lattice and
the tensile vibration of the crystal plane inside the graphitic
carbon, respectively. The 2D peak at 2698 cm ™" was caused by
two-phonon resonance scattering, while the peak at 2922 cm™*
was contributed by the (D + G) peak. The weak peak near
3120 cm ' further confirmed the existence of defects.”> In
addition, the intensity ratio of the D to G peak (Ip/Ig) corre-
sponds to the defect and disorder degree of carbon materials,
and a larger Ip/I; value indicates more structural defects in
a material.>*** The calculated results show that the I/I5 values
of WAC, WAPC-2, WAPC-3, WAPC-4, WAPC-5 and WAPC-4/P are
1.18, 1.78, 2.02, 2.26, 2.43 and 2.29, respectively. The results
show that WAPC-5 has the most defects, which should be
caused by adding more activator.

The N, adsorption-desorption isotherms (Fig. 2c and S3af)
were used to acquire the pore structure of the material. All
samples showed a typical type I adsorption isotherm,* indi-
cating that porous carbon was mainly composed of micropores
and mesopores. Based on the Branauer-Emmett-Teller (BET)

© 2022 The Author(s). Published by the Royal Society of Chemistry
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(a) XRD patterns, (b) Raman spectra, and (c) N, adsorption—desorption isotherms of WAPC-x. (d) Contact angle of the electrolyte at the

model, porosity of the material was calculated (Table S1t). The
specific surface areas of WAPC-2, WAPC-3, WAPC-4, WAPC-4/P
and WAPC-5 were 1416.3, 2158.8, 2542.6, 2518.4 and 2856.6
m?” g~ !, respectively. WAPC-5 has the most developed pore
structure, which is consistent with the Raman results. But the
micropore contribution of WAPC-5 decreased further. The
micropore ratio of WAPC-4/P obtained a small increase after
phosphorus doping, which indicated that the defects induced
by phosphorus doping into the carbon lattice promoted the
formation of more micropores. It is worth noting that WAPC-x
has a superior hierarchical porous structure. In porous carbon,
the existence of mesopores can promote the deep penetration of
the electrolyte, which is conducive to full contact interface
between the electrode and electrolyte, and increase the
conductivity of the electrode. Micropores can improve active
sites, which is the key to improving the capacitance of a carbon
electrode. This hierarchical porous structure composed of both
micropores and mesopores is favorable to the rapid transfer of
ions/charges for the charging-discharging process. As shown in
Fig. 2d, contact angle analysis was used to study the wettability
between the electrolyte and electrode. The contact angles of the
electrolyte at the interface of WAPC-4 and WAPC-4/P were 116.4°
and 78.5°, respectively. A lower contact angle indicated better
wettability. The introduction of phosphorus atoms promoted
the formation of functional more oxygen-containing groups
(PCO3) in the carbon material, suggesting the improved wetta-
bility between the electrolyte and electrode surface.*

The surface element chemical states of porous carbon
WAPC-4 and WAPC-4/P was analyzed by XPS (Fig. 3 and S3b,}
Table 1). The analysis confirmed the elemental coexistences of

RSC Adv, 2022, 12, 24724-24733 | 24727
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Table 1 Carbon, oxygen, and phosphorous atomic contents of the
WAPC-4 and WAPC-4/P (determined from XPS)

Element (%)

Samples C o P
WAPC-4 82.7 17.3 —
WAPC-4/P 74.4 23.5 2.1

C, O, and P, and the successful doping of P atoms in WAPC-4/P.
The C 1s peaks of WAPC-4 and WAPC-4/P in Fig. 3a and d, which
could be decomposed into four peaks at 283.83, 284.32, 286.31,
and 288.66 eV (C-C, C-O, C=0, and O-C=O0, respectively).*®
The O 1s spectra (Fig. 3b and e) showed three peaks at 531.11,
532.08, and 533.08 eV (C-O or P-O, -OH, and O-C=0, respec-
tively).>” The P 2p spectra are shown in Fig. 3c and f. WAPC-4 did
not show a similar peak because it was not doped with P. In
contrast, P-doped WAPC-4/P displayed strong peaks at
134.43 eV and 135.53 eV (P-C and P-O groups, respectively). The
presence of the oxygen functional group PCO; in the carbon
lattice enhanced the wettability of the material and accelerated
charge transfer, which improved the ion diffusion efficiency
and optimized the cycle stability of the electrode.>®**°

To confirm that obtaining porous carbon derived from
biomass materials is feasible, the performance of WAPC-x was
evaluated in ZHCs. Here, the working voltage of the device was
evaluated by the CV curve at a low scan rate (Fig. S41). When the
voltage was lower than 0.3 V or higher than 1.9 V, the CV curve
displayed an obvious jumping phenomenon, so the optimal
working voltage range of the device was 0.3-1.9 V. The obvious
redox peak in the curve corresponds to the deposition of zinc
ions and the stripping of the zinc anode (Zn < 2e + Zn*").

24728 | RSC Adv, 2022, 12, 24724-24733

Binding energy (eV)
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HR XPS spectra of WAPC-4 and WAPC-4/P, (a and d) C 1s, (b and ) O 1s, and (c and f) P 2p.

The CV curves of ZHC-WAPC-4/P (Fig. 4a) were described in the
scan range of 5-100 mV s~ . As the scanning rate increased, the
CV curves maintained a linear change, indicating not significant
deformation, demonstrating its excellent charging capability and
rapid dynamic characteristics. The GCD tests were evaluated in
the different current density of 0.5-20 A g~' (Fig. 4b), which
showed the similar quasi-triangular shape, indicating the highly
reversible reaction process. Preliminary results confirmed that the
hierarchical porous carbon WAPC-4/P had good electrochemical
reaction kinetic adaptability and reaction reversibility.*" The
specific capacity of ZHC-WAPC-x was deduced from the loaded
mass of the porous carbon cathode. ZHC-WAPC-4/P had a specific
capacity of 158.9 mA h g~ * at 0.5 A g . The capacity of ZHC-
WAPC-4 was very close to this result (158 mA h g™ ') and better
than the test results of ZHC-WAPC-2 (119.6 mA h g™ '), ZHC-
WAPC-3 (138.5 mA h g™'), and ZHC-WAPC-5 (149.8 mA h g™ )
(Fig. 4d). At 20 A g, the capacity of the ZHC-WAPC-4/P electrode
(70.1 mA h g ') was significantly superior to the ZHC-WAPC-4
(61.7 mA h g 1), which is better than WAPC-2 (36.1 mA h g™ ),
WAPC-3 (44.3 mA h g~') and WAPC-5 (52.5 mA h g™ ). Although
WAPC-5 has the most developed pore structure, WAPC-4 exhibits
the best overall performance among the undoped P samples. The
better rate performance may be attributed to a more reasonable
pore distribution and protection from overactive activation, which
is the reason why WAPC-4 was selected for further phosphating.
As expected, the rate capability of ZHC-WAPC-4/P at high current
densities is further enhanced due to the introduction of oxygen-
containing functional groups by P doping.

To better understand the electrochemical performance of
the electrodes, EIS were used to analyze the charge kinetic
process. Fig. 4c showed the Nyquist plots of ZHC-WAPC-4 and
ZHC-WAPC-4/P measured in the variable frequency of 0.01-
10° Hz. The plots were mainly composed of a semicircle arc in

© 2022 The Author(s). Published by the Royal Society of Chemistry
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(d) Specific capacitance as a function of current density in the range of 0.5-20 A g~

the high/medium-frequency area and a slope line in the low-
frequency area. The intercept of the arc and the real axis
corresponds to solution resistance (R;) caused by the electrolyte
between the electrodes. ZHC-WAPC-4 (7.47 Q) and ZHC-WAPC-
4/P (7.33 Q) have similar R, values (Table S2t). The diameter of
the semicircle in the high/medium-frequency area describes the
charge transfer resistance (R.). Compared with ZHC-WAPC-4
(140.6 Q), ZHC-WAPC-4/P had a significantly lower resistance
of 96.59 Q. The slope of the low-frequency area of the straight
line was related to interfacial ion diffusion (Z,, Warburg
impedance) between the electrode and electrolyte. ZHC-WAPC-
4/P had the best ion diffusion performance.

The existence of the oxygen-containing functional group,
PCO;, caused by P-doping enhanced the wettability of the
material, promoted charge transfer, and increased the ion
diffusion rate. P atoms with a larger atomic radius caused more
defects after entering the carbon lattice.®> The lower electro-
negativity also caused the redistribution of charges between P
and C atoms, which was beneficial for energy storage applica-
tions. Wang et al. introduced P atoms into carbon to induce
more edges and topological defects, thereby accelerating the
diffusion of metal ions and achieving excellent energy storage
performance.® The benefits of P atom doping have been proved
in many works.**%

The electrochemical kinetic behavior of ZHCs can be
preliminarily analyzed by analyzing the peak current response
of the CV curve with the rising scan rates. The relationship
between the peak current (I) and the scan rate (V) is described as
the following equation (Fig. 5a and b):

© 2022 The Author(s). Published by the Royal Society of Chemistry

I=al’ (4)
or

log() = b log(V) + log(a) (5)

The behavior of an energy storage system can be prelimi-
narily judged based on the parameter . When b is 0.5, it is
controlled by ion diffusion. b is 1, meaning that the capacitance
contribution is dominant during energy storage system.*® The
fitting values show that the b values were 0.803, 0.848, 0.846,
and 0.914, respectively, indicating that the electrochemical
behavior of the ZHCs was caused by both ion diffusion and
capacitance. The larger proportion of the capacitance contri-
bution may be related to the reversible redox reaction
(deposition/exfoliation of Zn>*/zn).

To reveal the electrochemical behavior of ZHCs more accu-
rately, Dunn's method was used to show the energy storage
mechanism and electrochemical kinetics of hybrid devices at
different scan rates. The formulas that could further quantify
the changes in the cathode capacitance contribution were
shown as follows:

I= Iy + Laiir = ko V + ke V'? (6)
or

V"2 =k V"2 + i, 7)

RSC Adv, 2022, 12, 24724-24733 | 24729
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Fig.5 Electrochemical kinetic studies of ZHC-WAPC-4/P. (a) CV curves of ZHC-WAPC-4/P at different scan rates. (b) log(i) versus log(v) plots at
specific peak currents. (c) Capacitance contribution at 5 mV s~*. (d) Capacitance contribution at 80 mV s~ (e) Capacitance contribution as
a function of scan rate. (f) Self-discharge examination combining the GCD test. (g) The capacitance retention and initial discharge voltage
comparison of different capacitors and ion hybrid energy storage systems. (h) The self-discharge rate compared with other reported energy

storage devices.

As shown in Fig. 5c-e, the capacitance contribution (yellow
shaded area) accounted for 50.99% of the total electrochemical
energy storage behavior at 5 mV s ', and the capacitance
contribution was close to 93.95% at 80 mV s '. As the rising
scan rate, the capacitance contribution ratio gradually
increased. Diffusion occurred more easily at lower scan rates
and provided more capacitance. The capacitance contribution
increased with the scan rate increasing. This energy storage
mechanism was profitable to an quick charging/discharging of
the Zn®" hybrid in aqueous solution.”” ZHC-WAPC-4 had
a capacitance contribution of 46.04-90.35% in the range of 5-
80 mV s~ (Fig. S4d-f1), which is slightly lower than that of ZHC-
WAPC-4/P. The capacitance contribution corresponds to the
rapid electrochemistry of the energy storage device, and
a higher capacitance contribution indicates a better rate
performance. In summary, the larger specific capacity and
higher capacitance contribution during energy storage indicate
that P doping improved the rate performance of the porous
carbon electrode material. This also explains the better ion
diffusion performance of ZHS-WAPC-4/P.

24730 | RSC Adv, 2022, 12, 24724-24733

Self-discharge has become an important indicator for eval-
uating energy storage devices. In this experiment, we discussed
the anti-self-discharge ability of ZHC-WAPC-4 and ZHC-WAPC-
4/P. Specifically, the energy storage device was charged to the
highest working potential at 0.5 A g~', and then the decay of the
open-circuit voltage was monitored under long-term static
conditions. The self-discharge curve showed that the open-
circuit voltage of the hybrid power device dropped sharply in
the initial stage of self-discharge. The voltage drop speed
gradually decreased and tended to stabilize after a period of
time. The potential of ZHC-WAPC-4/P dropped from 1.90 V to
1.25 V after 72 h (Fig. 5f), while the potential of ZHC-WAPC-4
dropped from 1.90 V to 1.28 V after 72 h (Fig. S51). The low
zinc anode potential (~0.75 V vs. SHE in 2 M ZnSO,) helped
stabilize the electric field inside the ZHCs, thereby inhibiting
anion desorption from the surface of cathode and self-
discharge of the system.®® Zn>* was reduced to Zn and then
firmly fixed on the surface of anode. Electrically neutral zinc
atoms were difficult to transfer to the cathode in the open state
due to the electrostatic adsorption of SO, . In short, the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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introduction of zinc atoms made it difficult for the ions adsor-
bed on the anode to self-diffuse, and the possibility of sponta-
neous conversion of zinc atoms into zinc ions was very low.
Finally, the zinc atoms were tightly anchored onto the anode
surface and ultimately formed excellent discharge resistance.

The valence transition of Zn** on the anode side played a key
role in the anti-self-discharge function. Moreover, the migration
of ions in the hierarchical pores of the porous carbon surface
was relatively easy, resulting in better anti-self-discharge char-
acteristics. According to the continuous discharge curves, the
corresponding capacity retention rates of ZHC-WAPC-4 and
ZHC-WAPC-4/P after long-term self-discharge were calculated as
79.12% and 77.98%, respectively. The fewer functional oxygen-
containing groups on the WAPC-4 surface also helped improve
the self-discharge resistance of the ZHC-WAPC-4 cathode
because oxygen-containing functional groups usually weaken
electrostatic forces between the carbon electrode and electrolyte
ions.® This result (Fig. 5g) was better than many other related
works.®**7> The calculated self-discharge rate (Fig. 5h) was also
better than in many other reports.®®®>7>””” The ZHCs assembled
from low-cost biomass-derived porous carbon and commercial
zinc foil had good anti-self-discharge characteristics and cost-
effectiveness.

To evaluate the energy density and power density, the zinc
foil anode and WAPC-x cathode were assembled into a zinc ion

View Article Online
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hybrid capacitor device ZHC-WAPC-x in 2 M ZnSO, (Fig. 6a).
According to the mass of the porous carbon cathode, the values
of energy density and power density of the ZHCs were deduced.
ZHC-WAPC-4/P had the best energy density of 127.1 W h kg™ at
400 W kg~ '. The energy density of the device remained at
56.08 W h kg™ * at a high power density of 16 000 W kg™ . Fig. 6b
compares the Ragone diagram with other types of devices under
similar conditions. In summary, the energy storage device using
the ZHCs exhibited not only a high energy density used as
a battery and but also a high power density used as a super-
capacitor. Under a large current density, the structure of the
active material was easily destroyed by high-speed charge-
discharge, which led to the rapid capacity loss of the electrode
(Fig. S6T). However, high-current charging and discharging are
essential in practical applications. Therefore, the long-term
charge-discharge cycle stability of devices under a high
current is of key importance. Due to the stable structure of the
carbon cathode, the hybrid device ZHC-WAPC-4/P exhibited an
initial capacitance retention rate of 88.2% after being subjected
to 15 000 GCD cycles at 7.5 A g~ * (Fig. 6¢), which is better than
the cycle stability of ZHC-WAPC-4 (84.7%). The existence of the
oxygen-containing functional group PCO; induced by P doping
significantly optimized the ion diffusion rate and cycle stability
during the energy storage process of the ZHCs. The electrode
did not change significantly before and after the cycling, and no

\ -l
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(@) Schematic diagram of the assembly and energy storage mechanism of ZHC-WAPC-x, (b) Ragone plots of ZHC-WAPC-4/P and

different energy storage devices in terms of energy density and power density. (c) The cycling stability after in-depth 15 000 GCD cycles
procedure of ZHCs at 7.5 A g*. (d) SEM image and (e) XRD pattern of WAPC-4/P cathode after long-term charge/discharge cycles.
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foreign matter was generated, as shown by the SEM images and
XRD patterns (Fig. 6d and e) of the WAPC-4/P electrode after
long-term charge/discharge cycles. These results indicate its
stable structure and chemical properties.

Conclusions

Choosing a suitable cathode material is critical when assem-
bling high-performance ZHCs. In this paper, zinc ion hybrid
capacitors were assembled through low-cost heteroatom-doped
biomass-derived porous carbon cathodes and commercial zinc
foil anodes. The porous carbons that passed the preliminary
screening were further phosphated to introduce a large number
of phosphooxy functional groups on the premise of maintaining
the basic structure. The microstructure and redox activity of the
final hierarchical porous carbon are further optimized and lead
to the final excellent electrochemical performance. The
assembled ZHC-WAPC-4/P exhibited an excellent specific
capacity of 158.9 mA h g~ " and an ultra-high energy density of
127.1 W h kg™ " at a low current density. More importantly, the
device had outstanding anti-self-discharge characteristics
(retaining 77.98% of its specific capacity after 72 h natural self-
discharge test) and long-term cycle stability (retaining 88.2% of
its initial specific capacity after 15 000 cycles at 7.5 A g~ "). This
work demonstrates an effective strategy for the optimization of
electrode materials and the design of next-generation aqueous
zinc ion energy storage devices.
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