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Carbon is a promising capacitive electrode material for Zn-ion hybrid supercapacitors (ZHSCs), as it is
low-cost, environmentally friendly, controllable and adjustable. By now, achieving both high energy and
high power with carbon electrodes is still challenging, limited by their intrinsic properties. In this work,
we have designed and presented an amorphous hollow carbon bowl material with surface chemical mod-

ifications of oxygen groups to figure out these concerns. The preparation of bowl-like structures and the
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storage behavior between Zn?+ and oxygen functional groups have also been discussed. With the contri-
butions from its unique hollow structure and surface functional groups, it can significantly enhance the
electrode pseudocapacitance and the entire electrochemical performance.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Higher energy and power densities are highly required for
rechargeable energy storage devices. However, by now, there is
plenty of room for improvements for the current commercial ones
[1-5]. For example, traditional batteries are hindered by the low
power density and potential safety issues from the organic elec-
trolyte systems; meanwhile, supercapacitors eagerly require higher
energy density. Thus, to combine the advantages of batteries and
supercapacitors, Zn-ion hybrid supercapacitors (ZHSCs) have been
proposed and developed [6-11], in which a pair of hybrid elec-
trodes (capacitor-type cathode and battery-type anode) with aque-
ous electrolyte could enable both high energy and power densi-
ties [12-14]. Compared with other ions such as Lit or Nat, a Zn
ion can carry 2 electrons during cycling and work well in aque-
ous electrolytes. As the most used battery-type anode of ZHSCs,
metal Zn with high theoretical specific capacity and good deposi-
tion/stripping efficiency is considered reasonably practical [15-17].
The development of an excellent capacitive cathode has thus be-
come the short slab of a barrel for advanced ZHSCs.

Carbon-based materials have been widely discussed and applied
as capacitive cathodes for ZHSCs, as it is low-cost, environmentally
friendly, and most importantly, controllable and adjustable [18-24].
By now, achieving both high energy and high power with carbon
electrodes is still challenging, which is limited by their intrinsic
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properties. In response to this bottleneck, it is quite necessary to
design carbon materials for advanced electrodes.

Among various types of carbon materials, hollow carbon
spheres (HCS) can be quite promising due to their large specific
surface area, the rich interconnected pores and their unique hol-
low cavities. The hollow structure and pores can be used as ions-
reservoirs to shorten the transmission distance of Zn?*, making
them excellent capacitive electrodes [25-27]. As a unique form of
HCS, hollow carbon bowls (HCB) have all the advantages of HCS
but even better conductivity and higher volume energy density.
It has also shown impressive electrochemical performance when
used as the electrode material for supercapacitors [28-31].

It should be noted that the capacitance provided by only relying
on the electric double layer on the surface of the carbon material is
still limited. In order to further improve the energy density of car-
bon materials, materials modification strategies with pseudocapac-
itive properties are necessary [32]. Introducing oxygen functional
groups can be quite an effective strategy to enhance the pseudo-
capacitance contribution and surface wettability of carbon materi-
als [33-36]. This strategy may increase the polar sites on the sur-
face of the carbon, providing more active sites for ion storage. Be-
sides, introducing O in carbon may bring more defects and distor-
tions for the electrode material, increasing the ion transport and
electronic conductivity. In addition, compared with other methods,
such as selective doping or controlling carbon crystallization de-
grees, introducing functional groups can be simple and universal to
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Fig. 1. The morphologies and structures of the synthetic materials. (a) Schematic
illustration for preparation of HCB-O. SEM of (b) SiO,@SiO,/C and (c) HCB-O. TEM
of (d) Si0,@Si0,/C and (e) HCB-O.

many kinds of carbon without changing their inherent structures.
Furthermore, we also assume that carbonyl groups can be electro-
chemically positive for reversibly Zn ions storage. Nevertheless, by
now, the ion storage mechanism between oxygen functional groups
and Zn2* is unclear, and applying this strategy in ZHSCs has rarely
been explored.

In this work, a hollow carbon bowls material modified by oxy-
gen groups (HCB-0) has been customized for ZHSCs. Fig. 1a briefly
shows the preparation procedure of HCB-O. In the mixed solution,
intermediates with core-shell structure were synthesized using re-
sorcinol and formaldehyde as carbon sources and tetraethyl or-
thosilicate (TEOS) as template agents (SiO,@SiO,/RF). Then, it was
calcined and etched to form HCB. The prepared carbon was acid-
treated to obtain oxidized HCB-O; more details can be found in the
experimental section.

It should be noted here that the key to preparing bowl-like hol-
low carbon is closely related to carbon crystallinity. When the car-
bonization temperatures are controlled at less than 1000 °C (900 °C
in this case), the graphitization degree of the carbon is relatively
low, and there is only distortional and enlarged lattice space in
an amorphous carbon structure. Thus hollow bowl structures with
more defects can be obtained instead of spheres.

As previously discussed, the porous carbon layer can not only
increase the specific surface area to promote the adsorption of
Zn2* but also enhance their diffusion rates. In addition, introduc-
ing oxygen groups can improve the pseudocapacitance contribu-
tion and surface wettability of HCB-O. As expected, the HCB-O can
deliver improved electrochemical performance for the ZHSCs. The
mechanism study also shows that the Faradic chemical adsorptive
pseudocapacitance contribution of HCB-O can be from the rapid
reactions between oxygen groups and Zn%+.

The morphology and structure of the materials were then char-
acterized by scanning electron microscope (SEM) and transmission
electron microscope (TEM) (Fig. 1 and Fig. S1 in Supporting in-
formation). The SiO,@SiO,/RF with the spherical core-shell struc-
ture is shown in Figs. S1a and c. As shown in Figs. 1b and d,
Si0,@Si0,/C keeps the spherical core-shell structure with a core
diameter of about 400 nm and a shell thickness of about 30 nm. It
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shows that the morphology and the size of SiO,@SiO,/C did not
change significantly after high-temperature calcination. After re-
moving the SiO, core by HF etching, the original hollow carbon
shell collapses to form bowl-like structures (Figs. 1c and e). Mean-
while, the micro-mesoporous structure is also formed. Compared
with the spherical structure, the bowl-shaped carbon can increase
the contact area and improve the conductivity, retaining rich pores
simultaneously. This structure is not only beneficial to the rapid
transfer of electrons and ions but also can provide rich adsorption
sites, making HCB-O a promising electrode material.

The crystal structure characterization of the materials was car-
ried out by X-ray diffraction (XRD), as shown in Fig. 2a. The XRD
patterns of HCB and HCB-O display two typical diffraction peaks
at 26 values of about 23°, which can be assigned to the (002)
lattice of the crystalline. The broad peak indicates that both HCB
and HCB-O have distortional and enlarged lattice space than the
graphitic carbon. They are both in amorphous states. In Fig. 2b, the
D-band and G-band peaks in the Raman spectrum can be found,
and the intensity ratio between them (Ip/Ig) is commonly used
to evaluate the disordered degree of carbon materials [37,38]. The
Ip/Ig value of HCB-O (1.002) is similar to that of HCB (1.007). Along
with the result in XRD, it shows that the oxidation of HCB-O al-
most did not change the carbon’s inherent structure. It also could
be inferred that oxygen mainly exists as functional groups on the
surface instead of doping.

The oxygen functional groups of HCB-O are then characterized.
The FTIR spectra of HCB and HCB-O are shown in Fig. 2c. From
both HCB and HCB-O, some similar bonds can be observed, such
as —OH, C-H, C=0, C=C and C-0 [39,40]. However, different from
HCB, the COOH peak at 1722 cm~! of HCB-O is more apparent, and
a new C-0 peak is generated at 1210 cm~!. The results indicate
that the oxygen groups were successfully introduced into HCB-O.

The X-ray photoelectron spectroscopy (XPS) test further sup-
ports this observation. The XPS survey in Fig. 2d shows that the
surfaces of HCB and HCB-O are mainly composed of C, O, and a
small amount of N. After acid treatment, the O proportion sig-
nificantly increases from 3.8% to 11.3%. The C 1s XPS spectra
of HCB and HCB-O are shown in Fig. 2e, which can be divided
into five peaks, corresponding to the peaks of C-C/C=C, C-0/C=0,
C-0-N-0, COOH and m-7 bond at the binding energies of 284.57,
285.97, 287.15, 288.9 and 291.2 eV, respectively. Among them, the
relative content of C-0/C=0 in HCB-O (9.57%) is also higher than
that of HCB (5.38%); other oxygen groups are also slightly higher.
It illustrates that the acid treatment successfully improves the oxy-
gen content of HCB.

The specific surface area and pore size distribution of HCB and
HCB-O were tested by BET (Fig. 2f and Fig. S2 in Supporting infor-
mation). The specific surface areas of HCB and HCB-O are 870 m?/g
and 826 m?/g, respectively. The little decreased specific surface
area of HCB-O is mainly attributed to the covering of oxygen func-
tional groups on carbon bowls. Moreover, the distribution of pore
sizes of HCB and HCB-O is hierarchical, and their pore sizes are
around 0-2nm and 2-10nm. The mesopore structure is beneficial
for rapid ion transport, thus enhancing rate capability [41]. Besides,
it is found that the large specific surface area and rich pore volume
could promote electrolyte infiltration and facilitate the adsorption
and desorption processes of ions [42].

In order to evaluate the electrochemical performance of HCB
and HCB-O, the ZHSCs (denoted as HCB//Zn and HCB-O//Zn) were
assembled. The CV and GCD were used to evaluate the electro-
chemical properties of the ZHSCs in the voltage window of 0.2-
1.8V [43,44]. Fig. 3a shows that the CV curves of HCB and HCB-
O are mainly quasi-rectangular, indicating their capacitive energy
storage behaviors. It should be noted that the CV curve of HCB-O
has a pair of more obvious broad redox peaks. The area enclosed
by the CV curve of HCB-O is significantly larger than that of HCB,
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Fig. 2. The characterizations of HCB and HCB-O. (a) XRD patterns, (b) Raman spectra, (c) FI-IR spectra, (d) XPS survey spectra, (e) high-resolution C 1s XPS spectra and (f)

N, adsorption and desorption isotherms.
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Fig. 3. Electrochemical behaviors of HCB and HCB-O. (a) CV curves at 10mV/s. (b) GCD curves at 0.2 A/g. (c) Capacitances at different current densities of 0.2, 0.5, 1, 2, 5,

10, 15 and 20 A/g. (d) Cyclic performance at 5 A/g.

showing a higher capacitance. The extra part of HCB-O is found to
be contributed by the broad redox peaks, which correspond to the
pseudocapacitive reactions of the surface oxygen, possibly relating
to the C=0 or C-O groups. Moreover, when the scanning rates in-
creased, there was no apparent deformation of the CV curves of
both the HCB and HCB-O, indicating no severe polarization under
high current densities (Figs. S3a and b in Supporting information).

The GCD curves of HCB and HCB-O display typical capacitive
quasi-linear symmetry (Fig. 3b, Figs. S3c and d in Supporting in-
formation). The specific capacitances of HCB and HCB-O under dif-
ferent current densities were calculated and shown in Fig. 3c. The
HCB electrode delivers 216 F/g and 108 F/g under the current den-
sities of 0.2 A/g and 20 A/g, respectively. In contrast, the HCB-O
electrode can present significantly higher specific capacitances of
295 F/g and 143 F/g. Although both electrodes show excellent rate
performance, the HCB-O is about 30% higher than that of HCB at all
current densities. It indicates that oxygen functional group modifi-
cation is a practical method to improve the capacitance of carbon
materials. The long cycle stability performance of ZHSCs is shown
in Fig. 3d. The capacitance retention of HCB//Zn and HCB-O//Zn
have no apparent attenuation after 10,000 cycles at the current
density of 5 A/g, which shows excellent cycle stability for both the
ZHSCs.

In order to study the energy storage mechanism of HCB-O//Zn,
the electrodes at different cut-off voltages during charge and dis-
charge are further characterized. Fig. 4a shows the third cycle GCD
curve of HCB-O//Zn, which was charged from 0.2V to 1.8V and
then discharged to 0.2V, the cathode/anode materials at four dif-
ferent state points of A (0.2V), B (0.8V), C (1.8V), and D (0.8V)
are chosen and studied. The XRD spectra of the HCB-O cath-
ode at different states are shown in Fig. 4b, and the peaks of
Zn4S04(0H)g-3H, 0, the PTFE binder and amorphous carbon can be
distinguished. The ZnsSO4(OH)g-3H,0 can be observed in states A
and B but not in C and D, indicating it is formed with Zn dis-
position and gradually disappears during charging. As shown in
SEM images (Fig. S5 in Supporting information), flake-like materi-
als are observed on the cathode surface at states A and B while
disappearing at states C and D. This is consistent with the re-
sults of ZnyS04(0OH)g-3H,0 in XRD spectra. The element mapping
test of the HCB-O cathode in state A was carried out, showing
that the main elements are C, O, Zn and S, corresponding to el-
ements in ZnsSO4(OH)g-3H,0. It shows that Zn ions are signifi-
cantly affected by the O-containing anionic groups on the surface
of the discharged product. The ex-XRD spectra of the Zn anode at
different states are shown in Fig. 4c, and only Zn peaks can be
found.
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Fig. 4. The storage mechanism of HCB-O for ZHSCs. (a) GCD of HCB-O//Zn. (b) Ex-
situ XRD of HCB-O cathode and (c) Zn anode. (d) High-resolution C 1s XPS spectra.
(e) Change in the ratio of C-O-Zn-S0,4 to C=0/C-0.

Further, XPS was used to understand the surface chemical
structure transformation of the HCB-O cathode during the charge
and discharge process. The C 1s XPS spectra of the HCB-O cath-
ode at different states are shown in Fig. 4d. With consideration
of the ex-situ XRD data, the binding energies at 284.57, 285.97,
287.15, 288.90 and 291.64eV correspond to C-C/C=C, C=0/C-0,
C-0-Zn-S04, COO and m-m, respectively. It can be found that
the proportions of C=0/C-O and C-0-Zn-SO4 changed cyclically
during charge and discharge. As shown in Fig. 4e, the ratios of
C-0-Zn-S0O4 to C=0/C-0 decrease gradually during charging and
increase during discharging. This change indicates that C=0 and
C-OH would combine with Zn?** to form a C-0-Zn bond during
discharge and then releases Zn?* to re-form C=0 and C-OH during
charging. Combined with the analysis results of C 1s and previous
studies [9,45,46], it can be inferred that the following reactions oc-
cur in the discharge process, illustrating that carbonyl groups could
be influential for reversible Zn redox storage:

C=0+Zn**+e- -+ C—-0-127n (1

C—OH+Zn*"+e~ <& C—0—Zn+H" (2)

Therefore, the pseudocapacitance of oxygen functional groups is
mainly contributed by the reactions of C=0/C-0 with Zn ions. It is
also in line with the pair of CV peaks in Fig. 3a. The ex-situ FT-
IR spectra also showed that the oxygen functional group changed
reversibly during the charge and discharge processes. As shown in
Fig. S6 (Supporting information), the C-OH at 1235 cm~! and C=0
at 1722 cm~! gradually disappeared during the charging process
and appeared again during the discharge process. In addition, the
C-0 at 1047-1095 cm~! did not change much during the charge
and discharge process. It also proved the conclusions of the pro-
posed reactions.

In summary, the HCB-O has been developed and shows an en-
hanced and remarkable electrochemical performance according to
its unique structures and surface oxygen modification. The large
specific surface area, amorphous state, porous structure and good
conductivity of HCB-O can present an excellent electric double-
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layer capacitance. Moreover, the oxygen functional groups can fur-
ther improve their pseudocapacitance with good cycling stability.
The energy storage mechanism study indicated that the reaction
from surface chemical redox reactions could provide a significant
pseudocapacitance contribution. It will promote an understanding
of the preparation of bowl-like structures and the Zn%* storage
mechanism of oxygen functional groups and provide a reference
for designing ZHSCs carbon cathode materials.
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