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Abstract
Zinc ion hybrid capacitors (ZIHCs) have received much attention due to their low cost, safety and green
features. However, its development is seriously restricted by defects such as low energy density and
insufficient cycle life. The selection of suitable capacitive materials can effectively enhance their
electrochemical performance. Porous carbon materials become the choice of capacitive materials for
ZIHCs due to their high ion adsorption capacity and fast kinetic behavior. In this paper, an oxygen-
enriched biomass-derived nanoporous carbon was prepared by pyrolysis of Wedelia chinensis combing
the chemical activation. The oxygen-rich functional groups on the surface of this nanoporous carbon can
provide additional pseudocapacitance and improve the wettability of the material. The excellent
electrochemical performance of the material in aqueous electrolyte was verified by assembling
symmetrical capacitors (SCs) and ZIHCs devices. Specifically, as high as 151 W h kg− 1 of energy density
and 18 kW kg− 1 of power output as well as 25000 cycles of long cycle life with 97.4% of capacity
retention were demonstrated by as-assembled ZIHC.

1. Introduction
Due to the growing demand for green energy, different application scenarios have arisen, including
rechargeable ion batteries with high energy density but low power density and short cycle life, and
supercapacitors with high power density and long cycle life but low energy density.[1–3] Metal-ion hybrid
capacitors (MIHCs), integrating the features of high energy density and power supplying, have become
the focus of research on the next generation of energy storage devices.[4–7] Among them, zinc ion
hybrid capacitors (ZIHCs) have been focused due to the higher theoretical capacity of zinc metal anode
(823 mAh g− 1 or 5851 mAh cm− 3), low redox potential (-0.76 V vs. standard hydrogen electrode),
stability in air atmosphere, low cost, and good biocompatibility.[8–10]

Excellent capacitive materials are an important part of ZIHCs, it can effectively improve the power
density and cycle stability of ZIHCs.[11, 12] Among which activated carbon (AC) is a more mature
capacitive electrode, but the energy storage performance of commercial AC is poor (energy density and
power density are only 43.1 Wh kg− 1 and 12.0 kW kg− 1).[13, 14] The energy storage performance of
porous carbon is related to the specific surface area, pore structure and heteroatom doping.[15]
Therefore, the preparation of new porous carbon with enhanced energy storage performance is an
important mean to improve the electrochemical performance of ZIHCs.[16, 17]

In this paper, Wedelia chinensis was used as a biomass carbon source. We systematically investigated
the effect of activation ratio on the specific surface area, pore structure and oxygen-containing
functional groups on the surface of the materials and optimized the preparation conditions to prepare
biomass-derived carbon materials (Fig. 1). The as-prepared Wedelia chinensis-derived biomass
nanoporous activated carbon (WPAC) material showed high specific capacity (335.9 F g− 1), excellent
rate performance and good cycling stability (after 25000 cycles at the current density of 10 A g− 1, 97.4%
of capacity retention is remained) in zinc ion hybrid capacitors.
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2. Experimental Section

2.1 Preparation of WPAC
Wedelia chinensis was washed with distilled water and anhydrous ethanol several times to remove the
surface dust, dried and then crushed and ground to powder. The powder was pre-carbonized by
annealing at 600°C under Ar gas atmosphere for 2 h. After that, the pre-carbonized product and KOH
were mixed thoroughly with different mass ratios. The mixture was transferred to a tube furnace and
annealed under Ar gas atmosphere at 800°C for 2 h with a heating rate of 5 ℃/min. The annealed
product was washed several times with 1 M HCl, then washed thoroughly with distilled water to neutral.
After dried at 100°C for 12 h, the obtained Wedelia chinensis-derived nanoporous activated carbon were
denoted as WPAC-X (X meant mass ratio of KOH).

2.2 Materials characterization
The morphological characteristics of the materials were observed using scanning electron microscopy
(SEM, JEOL, JSM-6701F, Japan) and transmission electron microscopy (TEM, JEOL JEM-2100FEG,
Japan). The physical phase of the samples was characterized using an X-ray diffractometer (XRD, X'Pert
Pro, Netherlands). The surface elemental study of the samples was performed using monochromatic Al-
Kα radiation (1486.6 eV) X-ray photoelectron spectroscopy (XPS, scalab250Xi). Raman spectrum
analysis was carried out on Raman microscope. Nitrogen adsorption/desorption isotherms were tested
at 77 K on a Micromeritics ASAP 2020 Volumetric Adsorption Analyzer to determine the specific surface
area and pore size distribution of the materials.

2.3 Electrochemical measurement
The active material, acetylene black and polytetrafluoroethylene (PTFE) binder were mixed with the mass
ratio of 8:1:1 in deionized water, making a uniform slurry. The slurry was evenly pasted on nickel foam (1
cm × 1 cm or D1.2 cm, for supercapacitor) or steel mesh (D1.2 cm for ZIHCs) and dried at 60°C for 12 h.
Before assemble of the devices, the dried electrodes were pressed using a pressure of 8 MPa.

The electrochemical performance in 2 M KOH was studied firstly in three-electrode system. The
saturated calomel electrode and the Pt foil electrode were used as reference and counter electrodes. The
PP/PE membrane served as the separator to build the CR2032 type coin cell for symmetrical
supercapacitors. As for ZIHCs, the polished zinc foils were used as the anode, the WPAC as the cathode,
the glass fibers (Whatman, GF/D) as separator, a series of CR2032 coin-type ZIHCs devices were built in
2 M Zn(CF3SO3)2.[18]

3. Results and Discussion

3.1 Morphology and Structural Feature of WPAC-X
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According to the experimental procedure, we successfully prepared three biomass-derived carbons:
WPAC-2, WPAC-3, and WPAC-4. SEM reveals that all three samples exhibit a folded floral stacking
morphology (Fig. 2a, Figure S1a-b). The surface of the materials has a relatively abundant pores
structure, which is formed by the etching of KOH at high temperature (Fig. 2b). This structure facilitates
the penetration and conduction of the electrolyte, which is favorable for ion transport and charge
transfer.[19]As shown in the HRTEM and SAED images, the prepared nanoporous carbon materials
display an amorphous structure (Fig. 2b-c).[20] As shown in the XRD pattern, WPAC-X has two diffraction
peaks at 23° and 44°, corresponding to the (002) and (101) crystal planes of the graphite structure. The
disappearance of the diffraction peak of WPAC-3 at 44° suggests that it has a more amorphous structure
(Fig. 2d).[21]The intensity of peak decreases with the increase of the activation ratio, indicating more
defect and lower graphitization degree are formed in materials.[22] The two broad peaks centered at
1360 and 1568 cm− 1 correspond to the known D- and G-bands, respectively. The intensity ratios of ID/IG
are 0.98–1.45, further demonstrating the amorphous structure of WPAC-X.[23] The pore structure of the
materials is investigated by the N2 adsorption and desorption isotherms. As shown in Fig. 2f, all samples

showed typical I-type nitrogen adsorption and desorption isotherms. The higher nitrogen adsorption in
the low relative pressure of P/P0 < 0.05 indicates that there were a large number of micropore structures
in the WPAC-X material.[24] Among them, the nitrogen adsorption of WPAC-3 was higher than that of the
other two samples, indicating that a larger specific surface area (SSA) was produced after KOH
activation. As shown in Table S1, the SSA and pore volume of the products increased significantly with
the increase of the activation ratio. However, when the activation ratio was further increased to 1:4, the
SSA and pore volume of the products began to decrease, signifying that the structure might collapse due
to the over-etching by potassium hydroxide. Therefore, the highest pore volume (0.96 cm3 g− 1) and SSA
(2215.4 m2 g− 1) were held by WPAC-3. The abundant micropore structure and large pore volume can
provide a higher SSA, which will provide more active sites to improve the kinetic behavior and energy
storage performance of the material.

The elemental composition of the WPAC-X was analyzed using X-ray photoelectron spectroscopy (XPS).
The full spectra of WPAC-X showed two sharp peaks at 284.8 and 532.7 eV, corresponding to C 1s and O
1s. This indicates that the surface and near-surface of the carbon material only contains carbon and
oxygen two elements. Furthermore, the oxygen content increases with increasing activation degree.[25]
Table S2 shows that the highest oxygen content of the sample is 7.21 at% when the activation ratio is
1:4. The oxygen content is 6.85 at% and 6.45 at% when the activation ratio is 1:2 and 1:3, respectively. As
the activation ratio increases, the degree of activation increases, resulting in a higher degree of KOH
etching on the carbon skeleton. This leads to the production of more defects, oxygen-containing
functional groups, and a decrease in the degree of graphitization of the samples. Although the WPAC-3
sample has the lowest oxygen content on or near the surface, it is expected to have more accessible
oxygen-containing functional groups exposed to the electrolyte due to its larger specific surface area.
These structural differences are likely to be the main reason for the differences in their electrochemical
properties. Regarding the WPAC-3 samples, the high resolution C1s spectra display four peaks
corresponding to C-C (284.2 eV), C = C (284.7 eV), C = O (286.3 eV) and COOR (288.9 eV), respectively
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(Fig. 2h). The O 1s spectrum can be deconvoluted into three peaks at 532.1, 533.2 and 534.5 eV, which
belong to O = C, O-C and O = C-O, respectively (Fig. 2i). The oxygen-containing functional groups is
conducive to boosting the pseudocapacitive contribution and improving the wettability of the electrode
material.[26]

3.2 Electrochemical Performance of WPAC-X in 2M KOH
To evaluate the electrochemical performance and optimize the activation conditions of WPAC-X, a three
electrode system was assembled in 2 M KOH by using Pt and HgO electrodes as the counter and
reference electrodes. The CV curves of WPAC-X are quasi-rectangular at scan rates ranging from 10 to
200 mV− 1, indicating a typical electric double-layer capacitance (EDLC) energy storage mechanism
(Fig. 3b and Figure S3a, c). The symmetrical triangle shape of GCD plots of three samples signifies a
high reversibility and Coulombic efficiency (CE) in the energy storage process (Fig. 3c and Figure S3b,d).
However, the WPAC-3 has the largest integral area in the CV curves and the longest discharge time in the
GCD plots, showing optimal electrochemical performance among three samples (Fig. 3a). Additionally,
the Nyquist plots indicate that WPAC-3 has the lowest charge transfer resistance in the high frequency
region, suggesting superior ion transport performance compared to WPAC-2 and WPAC-4. Furthermore,
the WPAC-3 electrode material exhibits exceptional cycling performance, retaining 92.1% of its initial
capacity after 10,000 cycles at 10 A g− 1.

To validate the advantages of WPAC-3 in electrochemical performance, a symmetrical capacitor (SC)
with 2 M KOH as the electrolyte was constructed. The CV curves show that all WPAC-X-based symmetric
capacitors (SCs) exhibit a quasi-rectangular shape, but WPAC-3-based SC has a largest integral area of
CV curve (Fig. 4a and Figure S3a, c). Furthermore, the GCD result also shows that the WPAC-3-based SC
has the highest specific capacitance at the all current densities ranging from 1 to 20 A g− 1 (Fig. 4b, c).
The CV curves of WPAC-X exhibit no significant deformation at different scanning speeds, indicating
good reversibility (Fig. 4d, Figure S4a, c). Although WPAC-3-based symmetric supercapacitors do not
exhibit the highest specific capacitance at small current densities (Fig. 4c), they have the slowest
capacitance decay rate and the best rate performance as the current density increases (with an initial
capacity retention rate of 62.5% for a 40-fold increase in current density). The GCD curve shows no
obvious IR drop when the current density is lower than 10 A g− 1. At a current density of 20 A g− 1, a slight
IR drop is observed, indicating the excellent conductivity of WPAC-3 (Fig. 4e, Figure S4b, d).[27] The SC
based on WPAC-3 exhibits a maximum energy density of 9.79 W h kg− 1 at a power output of 250 W kg− 1

(Fig. 4f). Additionally, it demonstrates good cycle stability with high CE, maintaining nearly 100% of
capacitance retention after 20,000 cycles at a high current density of 5 A g− 1 (Fig. 4g).

The experimental results indicate that the WPAC-3 electrode material exhibits the optimal
electrochemical performance among three samples. The performance is closely related with the
structural features of material. The superior rate capability and high specific capacitance of WPAC-3 can
be ascribed to its high SSA, abundant pore structure and ample oxygen-containing functional groups.
However, limiting by the energy storage mechanism of EDLC, the overall performance of SCs, especially
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the energy density, is still far below the consumer demands. Introducing a battery-type material as anode
to supply high energy density, a capacitor-type material as cathode to guarantee the power outputting, an
advanced metal ion hybrid capacitor can be constructed to achieve high energy-power and long cycle
life.

3.3 Electrochemical Performance of WPAC-3 in ZIHCs
Hence, a zinc ions hybrid capacitor was constructed by using Zn metal as the anode, WPAC-3 as cathode
material, 2 M zinc trifluoromethanesulfonate as the electrolyte. Figure 5a shows that the ZIHC exhibits a
CV curve that differs from both the capacitor and battery systems in the voltage range of 0 ~ 1.8 V. This
is due to the presence of two distinct energy storage mechanisms. The GCD curve also differs
significantly from the electric double-layer capacitor, exhibiting a slightly distorted triangular shape
(Fig. 5b). However, no significant IR drop is observed at different current densities, indicating good
conductivity and reversibility of the electrode material in electrochemical energy storage.[28] Fig. 5c
shows the results of calculating the specific capacity of the device at different current densities. At a
current density of 0.5 A g− 1, the device achieves a high specific capacity of 335.9 F g− 1. At a current
density of 20 A g− 1, the specific capacity is 185 F g− 1, which is 55.1% of the initial capacity,
demonstrating excellent rate performance. The Zn//WPAC-3 ZIHC device achieves a high energy density
and high power density due to the combination of two energy storage mechanisms and the superior
performance of our synthesized electrode materials. At a power density of 450 W kg− 1, it achieves a
maximum energy density of 151.3 W h kg− 1. Even at a high power density of 18 kW kg− 1, it can still

achieve an energy density of 82.5 W h kg− 1. The performance of the Zn//WPAC-3 ZIHC is superior to that
of the recently reported ZIHC, as shown in Fig. 5d.[2, 5, 17, 29] We investigated the cycling stability of the
Zn//WPAC-3 ZIHC at a current of 10 A g− 1. After 25,000 cycles, the capacity retention of the Zn//WPAC-3
ZIHC remained at 97.4%, indicating excellent cycling stability, as shown in Fig. 5e. Furthermore, the
Zn//WPAC-3 ZIHC device can power a “LUT” logo comprising 20 red bulbs in parallel (inset of Fig. 5e),
demonstrating its practical application potential.

To specifically analyze the kinetic behavior of the energy storage process, the CV curves were further
analyzed according to the equation:

 [30] (1)

The b values at different voltages were obtained (Fig. 5f). Obviously, at a voltage range of 0.7–1.7 V, the
b value was above 0.9. The energy storage was mainly contributed by the capacitive behavior. Closing to
lower or higher voltage range, the b value fluctuated between 0.76 and 0.81, indicating that the diffusion
controlled process was enhanced. The contribution of diffusion-controlled process ( ) and
capacitive behavior ( ) could be distinguished quantitatively by the equation:

 [30] (2)

i = ab
v

k2v
1/2

k1v

i = k1v + k2v
1/2
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The contribution ratios of capacitive behavior increased from 71.7–95.3% when the scan rates increased
from 5 to 50 mV s− 1 (Fig. 5g-h). This proves that the capacitive behavior is dominant in the energy
storage process, which is conducive to the realization of high-performance ZIHCs with high rate
capability and power characteristics.

4. Conclusion
In summary, a high-performance aqueous zinc ion hybrid capacitor was constructed using Wedelia
chinensis-derived biomass nanoporous carbon (WPAC-3) as a capacitor electrode. The advanced WPAC-
3 was prepared using biomass as the raw material and high-temperature activation, resulting in a porous
structure that enhances the contact area of electrolyte ions. Compared to commercial activated carbon
(C-AC), this material exhibits significantly improved kinetics and energy storage performance.
Additionally, the oxygen-containing functional groups on its surface promote the chemisorption of Zn2+

at the electrode. The Zn//Zn(CF3SO3)2//WPAC-3 zinc-ion hybrid capacitor demonstrated a high specific

capacity of 335.9 F g− 1 at 0.5 A g− 1 (corresponding to 151 Wh kg− 1 of energy density) and maintained
long-term cycling stability at a high power output of 18 kW kg− 1. After 25,000 cycles at 10 A g− 1, 97.4%
of the initial capacity was retained. This study provides new insights into surface engineering strategies
for electrode materials preparation.
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Figure 1

Schematic illustration of material preparation.
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Figure 2

(a) SEM image, (b) TEM image, (c) HRTEM image (inset shows SAED pattern) of WPAC-3. (d) XRD
patterns, (e) Raman spectra, (f) N2 adsorption-desorption isotherms, (g) Pore size distribution plots of
WPAC-X samples. The high-resolution XPS spectra of (h) C1s, (i) O1s of WPAC-X.
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Figure 3

Three-electrode system: (a) Rate capability of WPAC-X at various current densities ranging from 0.7 to 20
A g-1. (b) CV curves, (c) GCD curves of WPAC-3. (d) EIS spectra of WPAC-X materials. (d) Long cycle

testing of WPAC-3 at a current density of 10 A g-1.
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Figure 4

(a) CV curves at 200 mV s-1; (b) GCD curves at 0.5 A g-1; (c) Rate capability at various current densities
ranging from 0.7 to 20 A g-1, the WPAC-3//WPAC-3 symmetric supercapacitor; (d) CV curves at various
sweep speeds; (e) GCD curves of different symmetric supercapacitors; (f) Ragone plot; and (g) Long
cycle testing of WPAC-3//WPAC-3 symmetric supercapacitor at a current density of 5 A g-1.
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Figure 5

Electrochemical performance of Zn//WPAC-3 ZIHC device: (a) CV curves at different scan rates ranging
from 10 to 200 mV s-1; (b) GCD curves at various current densities ranging from 0.5 to 20 A g-1; (c) Rate

performance; (d) Ragone plots compared with other ZIHC devices; (e) Cycling performance at 10 A g-

1(inset showed LED array powered by our ZIHC); (f) The corresponding log (peak current) versus log
(scan rate) plots at each redox peak; (g) The capacitive-behavior contribution at 5 mV s-1 (the orange
region); (h) Capacitive-behavior contribution ratios at a scan rate ranging from 2 to 50 MV.
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