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Lithium-ion capacitors (LICs), as a highly potential energy converter, integrate the advantages of
supercapacitors and batteries and can provide a balanced output of energy and power density. However,
the tardy dynamics of the battery-type anode usually results in the sacrifice of power or energy density.
Herein, a highly conductive Zn,SiO4@C network assembled from uniform submicro-ellipsoids is
designed and prepared, in which the short nanorods are oriented and closely arranged and the nitrogen-
doped carbon permeated into the whole submicro-ellipsoid. This rectilinear, ordered and multipath
charge transfer mode in the Zn,SiO4@C hybrid ensures a rapid electrochemical kinetics, leading to
a remarkable specific capacity of 1746 mA h g~ at 0.2 A g~* over 500 cycles, and a superior capacity

ratio of 71% even at 5 A g~! (compared with the reversible capacity at 0.2 A g™). The LIC assembled
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materials provides a new path for the design and synthesis of high-energy and high-power LICs.

1. Introduction

The tremendous energy demand of new-generation trans-
portation promotes the continuous advancement of fascinating
energy storage devices (ESDs).” Building a bridge between
lithium-ion batteries (LIBs) with enhanced capacity and super-
capacitors (SCs) with considerable rate capability, lithium-ion
capacitors (LICs) provide an enhanced and balanced high
energy and power density, and are thus regarded as a potential
candidate for next-generation ESDs.®® The charge storage
mechanism in LICs at the anode is a lithium-ion faradaic
reaction process, which is different from the adsorption/
desorption of anion species at the cathode. Compared with
the rapid adsorption/desorption process, the tardy lithium-ion
faradaic reactions restrict the further improvement of the
energy and power densities of LICs due to the limited Li"
kinetics.®* Therefore, the structural design of a battery-type
anode with fast lithium-ion diffusion to match with the rapid
adsorption/desorption property of the cathode has been the top
priority for realizing both high energy and power densities of
LICs.

In previous studies, ellipsoidal micro-materials have been
widely investigated in the energy storage field due to their
distinctive features such as stable chemical properties, high
tapped density and good processability."** However, the
enhancement of their rate capability is challenging due to the
limitation of their own grain size. Nanosizing is a potential
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method to improve capacity and accelerate the kinetic mecha-
nism based on the relationship between Li" diffusion time (¢)
and diffusion distance (L) (¢ ~ L*/D, where D is the diffusion
coefficient).” Nevertheless, nanomaterials suffer from
powdering off or cracking during the coating process of the
electrodes, which restricts their practical application.*>'® Inte-
grating the advantages of micro- and nano-materials, in recent
years, some researchers have turned their attention to the
design and synthesis of micro-ellipsoids composed of nano-
particles. The designed micro-/nano-structured ellipsoids have
a brilliant ability to withstand the stress arising from repeated
Li" de-/intercalation and buffer the aggregation effect between
nanoparticles, which can provide a strong guarantee for the
cycling stability.'”*®* Moreover, this hierarchical structure can
provide a shortened ion diffusion path, more efficient trans-
mission of electrons and increased number of reactive sites,
which is critical for the improvement of rate capability.*
Despite many well-designed micro-/nano-structures having
been reported, how to realize the finely controllable design and
synthesis of multistage structures within the ellipsoid materials
to further boost the rate and cycling performance of LICs is still
a challenge.

Is it possible for one-dimensional (1D) nano-units to be
introduced into the internal design of ellipsoid materials? As is
known, 1D nanostructures (e.g., nanowires,”® nanotubes,”* and
nanorods®>*®) are supposed to be ideal materials for directional
electron and ion transport, which can provide high electrical
conductivity and rate performance. In addition, 1D nano-
structured materials exhibit small lateral strains, which will
effectively mitigate the large volume change of electrode mate-
rials during the cycling process, thus ensuring the integrity of
the structure and improving the cycling performance of the
electrode materials. However, for the purpose of high power
density and energy density, the following critical issue remains
to be addressed, i.e., the random and disordered arrangement
of 1D nanomaterials in different directions makes the Li"
diffusion path tortuous and reduces the charge transmission
efficiency between 1D structural units, resulting in limited
electrochemical performance. Although it is a big challenge to
achieve, the optimization and reorganization of 1D nano-
structures (primary structural units) within the ellipsoid mate-
rials remains the critical method to develop advanced anode
materials for the practical application of LICs.

In this paper, by using silicon-based materials with high
theoretical specific capacity and low operating voltage as
a research target, a carbon-coated Zn,SiO, hybrid ellipsoid
(Zn,Si0,@C) composed of uniformly ordered nanorods was
obtained by self-assembly of short nanorods into Zn,SiO,
ellipsoids followed by a controllable coating and pyrolysis of
ZIF-8. This special micro-/nano-structure integrates the
multiple functional advantages of 1D nanostructures and
ellipsoid-shaped submicro-structures: (1) the micro-/nano-
structured Zn,Si0,@C ellipsoids self-assembled from 1D
short nanorods exhibit high tapped density, favorable stress
properties and good processability. Meanwhile, the ellipsoid
structure effectively reduces the surface potential energy and
prevents the agglomeration of nanorods, which plays
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a significant role in enhancing the uniformity of the conductive
layer coating and the electrochemical performances of the
hybrid. (2) The inner short nanorods, as the primary structural
units, are closely and linearly packed in the same direction,
which can improve the migration rate of Li" and charge transfer
efficiency, further facilitating the enhancement of reversible
capacity, cycle stability and rate performance of the hybrid. (3)
The carbon coating layers penetrate the whole micro-/nano
structure to connect the oriented nanorods and connect each
of the Zn,Si0,@C ellipsoids together to form a highly conduc-
tive network, which can improve the conductivity effectively, as
well as increase the structural stability and buffer the volume
expansion of Zn,SiO, in the process of Li" de-/intercalation.
When used as the anode for LICs, this well-designed micro/
nano-hierarchitecture exhibits an outstanding reversible
capacity of 1746 mA h g ' at 0.2 A g~ over 500 cycles. The ZSC-
2//graphene hydrogel based LIC exhibits an improved energy
density of 215 W h kg™ " at 196 W kg™ '. Even at an ultra-high
power density of 9999 W kg™ ', the energy density can remain
at 79 W h kg™, indicating its excellent rate performance. This
study provides a new avenue for the design and synthesis of
high rate-performance anode materials for LICs.

2. Experimental

The Experimental section is available in the ESL

3. Results and discussion

The multistep synthesis procedure of the Zn,SiO,@C submicro-
ellipsoids is depicted in Scheme 1. The design and fabrication
of Zn,Si0, precursors were based on SiO, nanoparticles. After
Si0, was etched by NaOH, SiO,*~ was formed and combined
with Zn®" for constructing the Zn,SiO; nuclei at ambient
temperature. Then the nuclei grew to short nanorods and
further formed the Zn,SiO, submicro-ellipsoids by self-
assembly in the same direction as the reaction temperature
was increased to 200 °C and maintained for 3 h. Through the
modification process with polydimethyl diallyl ammonium
chloride (PDDA) and poly(styrene sulfonic acid) sodium (PSS),
the negatively charged Zn,SiO, precursor can attract Zn>* and
react with 2-methylimidazole to generate the uniform ZIF-8
coating layers.* During the pyrolysis, the original structure of
the submicro-ellipsoids within Zn,SiO, was preserved very well.
The conductive ZIF-8 derived carbon layers were not only coated
on the surface of the Zn,SiO, submicro-ellipsoids, but also
permeated into the interior of the Zn,SiO, submicro-ellipsoids
and were coated on the surface of the short nanorods,
producing a highly conductive network.

The fabrication of Zn,SiO, precursors was based on SiO,
nanoparticles obtained by the Stober method. The XRD pattern
in Fig. S1at reveals characteristic peaks at 8.1 and 23.5°, which
can be related to (002) and (200) of SiO,.** The SEM image in
Fig. S1bt exhibits a uniformly distributed spherical structured
SiO, (~90 nm). After etching by NaOH and combining with
Zn**, Zn,Si0, nuclei were formed at the beginning of the reac-
tion at room temperature. The nuclei growth products obtained
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Scheme 1 The synthesis process of the Zn,SiO4@C hybrid.

by hydrothermal reaction at 200 °C for 0.5 h (ZSO-0.5) and 1 h
(2SO-1) exhibited a short nanorod structure (Fig. S2a and b¥),
confirming the above-mentioned crystal growth process. When
the reaction time is extended to 3 h, a submicro-ellipsoid
structured Zn,SiO, precursor (ZSO-3) was formed with a size
range from 200 to 300 nm (Fig. 1a). As the reaction time
increases to 5 hours and 8 hours, ZSO-5 (Fig. 1b) and ZSO-8
(Fig. 1c) are obtained and exhibit similar uniform submicro-
ellipsoid structures with a size of around 600 nm. The unique
structure comprises short nanorods stacked in the same
direction, the length and diameter of which reach 80 nm and
12 nm, respectively (Fig. S31). The stacked holes and channels
are formed between the nanorods, conducive to the great
improvement of interface contact between the Zn,SiO,@C
hybrid and the electrolyte, thus increasing the number of active
sites for the faradaic reactions. To further verify the effects of
the particle sizes and morphologies of Zn,SiO, submicro-
ellipsoids on electrochemical performances, the cycling
performances of the as-prepared precursors were examined at

Zn,SiO, Submicro-
Ellipsoid@ZIF-8
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0.2 A g (Fig. S47). The specific electrochemical test data are
displayed in Table S1.7 With reaction time increasing from 3 h
to 8 h, the capacities of the precursors showed a trend of first
increasing and then decreasing. The ZSO-5 precursor with the
highest capacity was selected as the precursor for subsequent
coating. In the following ZIF-8 coating and pyrolysis (in an Ar
atmosphere), we adjusted the ratio of reactants (see the ESIT)
and named the final products ZSC-1, ZSC-2 and ZSC-3.

As shown in Fig. 1d, as a result of ZIF-8 coating and
carbonization (in an Ar atmosphere), the submicro-ellipsoid
hierarchitecture has been retained integrally. The ZIF-8
derived carbon layers were coated on the surface of Zn,SiO,
submicro-ellipsoids to realize a highly conductive network.
Furthermore, the TEM image (Fig. 1e) of Zn,SiO,@C (ZSC-2)
shows that the inner Zn,SiO, nanobundles inherited the
morphology of the precursor and the carbon layers penetrated
the entire submicro-ellipsoids so that each short nanorod unit
is closely connected through a conductive network. The fine
structure is displayed in the HRTEM image (Fig. 1f), in which

2

Fig. 1 SEM images of Zn,SiO,4 precursors obtained at 200 °C for (a) 3 h (ZSO-3), (b) 5 h (ZSO-5) and (c) 8 h (ZSO-8). (d) SEM image of the
Zn,Si04@C hybrid using ZSO-5 as a precursor (ZSC-2). (e) TEM image of the ZSC-2 hybrid. (f) HRTEM image of the ZSC-2 hybrid.

This journal is © The Royal Society of Chemistry 2022
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the nanorod structural unit and continuous carbon layers are
observed clearly in the Zn,SiO,@C (ZSC-2) hybrid.

Fig. S51 shows that the characteristic peaks of the ZSO-5
precursor are related to Zn,SiO, (JCPDS no. 37-1485).* Fig. 2a
shows the compositions and phase structures of the ZSC-1, ZSC-
2 and ZSC-3 hybrids. The peaks correspond to Zn,SiO, (JCPDS
no. 37-1485). Meanwhile, the broad peaks of the samples at
23.5° are related to graphitized carbon.”** In the Raman
spectra (Fig. 2b), the two obvious peaks represent the D-band
(1366 cm™ ') and G-band (1604 cm ™), respectively.?® The I/l
ratios of ZSC-1, ZSC-2 and ZSC-3 are calculated to be 1.04, 1.21
and 1.05, suggesting that ZSC-2 has more defects. The defect
and disorder structure may facilitate the diffusion of Li* and
increase the number of reactive sites for faradaic redox reac-
tions, providing obvious evidence for the high electrochemical
performance of ZSC-2.>* As shown in Fig. 2¢, based on TGA, the
carbon content is found to be 16%, 20%, and 49% in ZSC-1,
ZSC-2, and ZSC-3, respectively.

The nitrogen adsorption-desorption isotherms show typical
type-IV isotherm curves with an obvious hysteresis loop which
indicates the presence of mesopores in the Zn,SiO,@C hybrids
(Fig. 2d).*® The adsorption capacity increased sharply at rela-
tively low pressure, indicating the existence of micropores. The
obvious vertical tail near a relative pressure (P/P,) of 1.0 proves
the existence of macropores. The nitrogen adsorption-desorp-
tion isotherms prove that the Zn,SiO,@C hybrid has a hierar-
chical porous structure.**** The specific surface area and the

Zn,Si0, (JCPDS No. 37-1485)
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pore volume of ZSC-1, ZSC-2 and ZSC-3 calculated from the
adsorption isotherm curves are displayed in Table S2.} The high
BET surface area and the porous structure benefit from the
unique submicro-ellipsoid structure and the pyrolysis of the
ZIF-8 skeleton.

To further investigate the existence of elements in the ZSC-2
hybrid, XPS was conducted. The survey scan of ZSC-2 illustrates
that the ZSC-2 hybrid contains Si, O, C, N, and Zn elements
(Fig. 3a). As suggested in Fig. 3b, the peaks at 104.94 eV and
103.05 eV represent the Si-O bond and Si-C bond, respec-
tively.** The formation of the Si-C bond confirms a powerful
combination between the Zn,SiO, submicro-ellipsoids and
conductive network. The bonding effect between the Zn,SiO,
submicro-ellipsoids and carbon imparts structural stability to
the entire hybrid during cycling and provides evidence for the
improved electrochemical properties of the Zn,SiO,@C hybrids.
The spectrum of O 1s (Fig. 3c) displays three peaks at 530.3 eV
(C=0), 531.5 eV (C-0) and 532.4 eV (Si-0).** The XPS spectrum
of C 1s shows four peaks at 282.7, 283.5, 285.3, and 288.2 eV,
associated with C-Si, C-C, C-O, and C=O0 (Fig. 3d).*® Fig. 3e
shows the high-resolution N 1s XPS spectrum of ZSC-2, which is
divided into 398.9, 400.6, and 401.8 eV, relating to the pyridinic,
pyrrolic, and graphitic N atoms respectively.”” The doping of
nitrogen is extremely favourable for enhancing the electrical
conductivity. Moreover, the peaks of Zn 2p;,, and Zn 2p,,, can
be found at 1021.8 eV and 1044.3 eV respectively, implying
a typical value for Zn>" in ZSC-2 (Fig. 3f).

b g
= |I1,=1.04
= be ZSC-1
3

I /l=1. !
‘a, p/lg=1.21 -~ . ZSC-2
-a ﬂ/{ "*m\.y\zf «\
L \_ZSC-3
: e ad L VPRSP

800 1000 1200 1400 1600 1800 2000
Raman shift (cm-')

—ZSC-1

Fig. 2 (a) XRD patterns, (b) Raman spectra, (c) TGA profiles and (d) nitrogen adsorption—desorption isotherms of the ZSC-1, ZSC-2 and ZSC-3

hybrids.
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Fig. 3 XPS spectra of ZSC-2: (a) survey scan, (b) Si 2p, (c) O 1s, (d) C 1s,

Based on the above discussion, a series of submicro-
ellipsoid-like Zn,SiO,@C hybrids with a linear and ordered
charge transfer structure are prepared and the electrochemical
measurements are performed in half-cells for the assessment of
their Li storage properties and investigation of the structure-
performance relationship. The cyclic voltammetry (CV) of ZSC-2
(Fig. 4a) is conducted at 0.5 mV s~ * (0.01 to 3.0 V vs. Li/Li"). Due
to the formation of the SEI, a reduction peak appears at 0.2 V in
the first discharge curve, and the lithium ion insertion process
corresponds to eqn (1)-(3). The cathodic peak at 0.01 V should
be assigned to Si (or C) and Li alloying reactions (4) and (5). In
the first anodic scan, the oxidation peak at 0.2 V represents the
dealloying of Li,Si,** and the broad anodic peak (~1.7 V) is

This journal is © The Royal Society of Chemistry 2022
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related to the generation of ZnO. Based on previous reports, the
possible reactions are as follows (eqn (1)-(5)):*""*°

Zn,Si0, + 4Li* + 4e~ — 2ZnO + Si + 2Li,O (1)
ZnO + 4Li" + 4¢~ < Zn + Li,O (2)

Zn+ Li" +e” o ZnLi (3)

Si+ 44Li" + 4.4e” < Lis4Si (4)

6C + Li" + e~ < LiCq (5)
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The cycling performances of the three submicro-ellipsoid
structured Zn,SiO,@C hybrids (ZSC-1, ZSC-2, and ZSC-3) are
tested under 0.2 A g~ (0.01-3 V vs. Li/Li*). The first discharge/
charge specific capacities of ZSC-2 are 1661 and 1035 mA h g™,
respectively (Fig. 4b). In the subsequent cycles, the charge-
discharge platforms broaden gradually, suggesting that the
capacity of ZSC-2 increases to a large extent. This can be ascribed
to the activation process of the electrode materials. The small
voltage platform (~1.2 V) in the discharge curve accounts for the
reduction procedure of residual zinc oxide. As shown in Fig. 4c,
after 500 cycles, the reversible capacity of ZSC-2 reaches
1746 mA h g~ ', which surpasses that of ZSC-1 (1427 mA h g™ ")
and ZSC-3 (720 mA h g~ "). The SEM images of the three electrode
materials after charge/discharge cycles are shown in Fig. S6.7 The
ZSC-1 and ZSC-3 electrode materials show a considerable degree
of pulverization and cracking after cycling, while ZSC-2

17566 | J. Mater. Chem. A, 2022, 10, 17561-17571

maintains better integrity, which is consistent with its better
cycling stability. The outstanding performance should be attrib-
uted to the obtained high BET surface area (with a maximum of
535 m> g ' for ZSC-2), developed hierarchical porosity and
appropriate active material content in the ZSC-2 hybrid. In
addition, this desirable submicro-ellipsoid structured hier-
architecture, which combines the advantages of the 1D short
nanorods and 3D micro-nano-structure, is the most critical
element to boost the electrochemical properties of the Zn,-
SiO,@C hybrids. This unique linear and ordered charge (lithium-
ion and electron) transfer mode is associated with high specific
surface area and low transverse strain, which can improve the
charge transfer efficiency, increase the number of reaction active
sites and enhance the steadiness of the structure in the proce-
dure of energy storage, thus improving the electrochemical
performance.

This journal is © The Royal Society of Chemistry 2022
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Benefitting from the conductive and unique submicro-
ellipsoid structure with a rectilinear and ordered charge trans-
fer character, Zn,SiO,@C hybrids also show outstanding rate
performances, which are compared under different current
densities (0.2 to 5.0 A g~ ') (Fig. 4d). Compared with ZSC-1 and
ZSC-3, ZSC-2 shows a more excellent rate performance with
capacities of 1066, 1033, 984 and 892 mA h g ' at various
current densities. In particular, an ultra-high capacity of
757 mA h g " for ZSC-2 can also be obtained under 5.0 A g,
equivalent to 71% of the capacity obtained at 0.2 A g, Upon
recovery of the current density to 0.2 A g ', the capacity is
restored to 1144 mA h g~ '. The distinctive linear and ordered
charge transfer mode as well as the powerful combination
between carbon and Zn,SiO, should be responsible for the
excellent rate performance, which facilitates the improved
transport of Li* and electrons, strengthens the structural
stability of the hybrid and enables the electrode to endure
various current rates. To further study the charge transfer
characteristics of the Zn,SiO,@C hybrids, EIS was conducted in
a frequency range of 0.01-100 kHz (Fig. 4e). Specifically, R, R¢
and R represent the solution resistance, SEI film resistance
and charge transfer resistance, respectively.*” The long sloping
line in the low frequency region represents the Warburg
impedance (Z,), which is associated with the Li" diffusion rate.
CPE; (Constant Phase Element 1) and CPE, (Constant Phase
Element 2) represent the space charge capacitance of the SEI
and double-layer capacitance (Cqj), respectively. The equivalent
electrical circuit model is shown in Fig. S7f and the specific
fitting data are shown in Table S3.1 The R value of the ZSC-2
electrode is 79.8 Q, which is lower than that of ZSC-1 (161.2
Q) and ZSC-3 (158.3 Q). On account of the linear fitting, the Li"
diffusion coefficient (Dy;-) of ZSC-2 is calculated to be 1.75 X
10~%, which is higher than that of ZSC-1 (1.38 x 10" ° cm® s~ )
and ZSC-3 (1.27 x 10~° cm® s~ ') (Fig. 4f). The high Li" diffusion
coefficient of ZSC-2 is also better than that reported by some
previous studies (SnO,@C: 4.02 x 107'% LVO/GA-2h: 3.15 x

View Article Online
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1073 eNiC0,0,: 1 x 107 ° to 8 x 10 % M-C0ySz@NCF: 2.48 x
107" KHPC-600: 4.7 x 10 ').**** Fig. S8} provides
a comprehensive comparison of the properties of the Zn,-
SiO,@C hybrids, which shows that ZSC-2 possesses the optimal
electrochemical performance. In addition, the ZSC-2 hybrid can
deliver a large capacitance of 1077 mAh g 'at1 Ag " over 700
cycles, suggesting its good cycling stability (Fig. S9t). The
battery test results indicate that the unique submicro-ellipsoid
structured Zn,SiO,@C hybrid exhibits an outstanding rate
performance compared to the numerous 1D nanomaterials re-
ported previously (Table S47).

The specific charge transport mode is simulated in Fig. 5,
which further proves that the submicro-ellipsoid hier-
architecture facilitates the enhancement of the rate perfor-
mance. As shown in Fig. 5a, the nanorods are stacked
chaotically, and Li-ions need to bypass the chaotically stacked
nanorods along the tortuous and disordered path, which
extends the diffusion path of Li" and reduces the transfer effi-
ciency, further affecting the rate performance. However,
because of the linear and ordered charge transfer mode of the
submicro-ellipsoid structure with abundant channels between
the short nanorods, lithium-ions can penetrate the composite
directly and fleetly, which shortens the ion diffusion path,
accelerates the ion transport, and further enhances the rate
properties of the materials (Fig. 5b).

The CV profiles at 0.1-0.8 mV s~ ' were recorded to further
analyse the lithium-ion storage dynamics of the ZSC-2 hybrid
(Fig. 6a). The peak current (i) enlarges with increasing scan rate
(v), in view of the power law (eqn (6) and (7)):**

i=a’ (6)

log(i) = b log(v) + log a (7)

The parameters a and b in the above equations are empirical
data, and the values are calculated from the slope and intercept
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Fig. 5 Schematic of Li* and electron transfer in (a) the nanorods and (b) submicro-ellipsoid structure.
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of a line of log(7) against log(v) (Fig. 6b). Specifically, b = 0.5 and
1.0 represent the ideally diffusion-regulated procedure and the
ideally capacitance dominated behaviour.***®* The fitted
b values of the anodic (peak 1) and cathodic peaks (peak 2) are
0.808 and 0.744, respectively. This implies a hybrid-controlled
lithium-ion storage process on the ZSC-2 hybrid, not the tradi-
tional Li* diffusion-regulated behaviour, bringing about a fast
Li" ion storage kinetics, which is in accordance with the results
of the rate performance test. The ratios between diffusion-
regulated and capacitive procedures can be determined from
the current (i) under a specific voltage (V), calculated based on
the following equations (eqn (8) and (9)):*>*°

l(V) = klv + kQVUz (8)
i(v)
YR o' + ko ©)
kv and kwp'Y? in eqn (8) are associated with the

pseudocapacitance-controlled fraction and diffusion-regulated
fraction. k; and k, obtained from eqn (9) are constants at
a given potential. The proportion of the two parts at various
scan rates are displayed in Fig. 6¢, showing an upward trend of
the pseudocapacitance-controlled fraction with the increase of
scan rate. The pseudocapacitance-controlled charge storage
occupies the main position in the ZSC-2 anode and the

17568 | J. Mater. Chem. A, 2022, 10, 17561-17571

capacitive contribution reaches 84.3% at 0.8 mV s~ (Fig. 6d).
The high pseudocapacitance-controlled contribution mainly
derives from the linear and ordered charge transfer architecture
of the ZSC-2 anode.

Based on the above description, a submicro-ellipsoid struc-
tured Zn,Si0,@C hybrid was prepared, which reveals a superior
rate performance and has remarkable potential for application
as an anode in LICs. We thus intend to assemble an LIC, which
contains the submicro-ellipsoid structured Zn,SiO,@C hybrid
anode and the prepared graphene hydrogel (GH) cathode.
Meanwhile, the electrochemical performance of the LIC is
adequately tested and analysed to provide better insights into
the application potential of the submicro-ellipsoid structured
Zn,Si0,@C hybrid for energy storage. The SEM images
(Fig. S10a and bt) verify the 3D crosslinked porous network
structure, which effectively reduces the stacking and agglom-
eration effect between the layers and increases the specific
surface area and number of active sites. The N, adsorption-
desorption isotherms (Fig. S11) show the characteristic typical
type-1V isotherm curves, indicating the existence of mesopores
in the graphene hydrogel cathode.** The porous channels can
accelerate the fast transfer of anions (PF¢ ). The XRD pattern
(Fig. S12t) of the GH cathode shows a peak at 24.39° which
matches with that for the (001) plane of graphene. In addition,

This journal is © The Royal Society of Chemistry 2022
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the electrochemical performance of the graphene hydrogel
electrode was tested in half-cells between 2 and 4.5 V. The CV
profiles (Fig. S13af) of the graphene hydrogel showed a nearly
rectangular shape, implying its electrical-double layer capacitor
characteristics. The GH electrode can deliver reversible capac-
ities of 99, 94, 86, 76, and 57 mA h g~' at 0.1 to 2 A g *,
respectively (Fig. S13bt). It is more noteworthy that the capacity
retention rate is near 119% after 3000 cycles under 2 A g~ "
(Fig. S13ct). The excellent electrochemical performance of the
GH cathode should be due to the synergistic effect of high
conductivity derived from graphene, hierarchical porous

View Article Online
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structure and large specific surface area. In view of its good
electrochemical properties, GH is regarded as an appropriate
cathode to match with the Zn,SiO,@C-2 hybrid anode for
forming an LIC.

As shown in Fig. 7a, using the graphene hydrogel as cathode
and Zn,Si0,@C submicro-ellipsoids as anode, the asymmetric
hybrid energy storage device (LIC) was assembled. LICs with
different mass ratios of negative and positive electrode active
material (1 : 1-1 : 5.5) were tested and the LIC with the ratio of
1 : 2 showed the optimal performance (Fig. S14t). The detailed
calculation process can be found in the Experimental section

Zn,Si0,@C nano-bundle
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Fig.7 (a) Schematic illustration of the ZSC-2//graphene hydrogel capacitor. (b) Cyclic voltammetry curves of the pre-lithiated ZSC-2//graphene
hydrogel based LIC in LiPFg electrolyte, and (c) typical galvanostatic charge—discharge curves of the LIC at various current rates. (d) Cycling
profiles of the pre-lithiated ZSC-2 and graphene hydrogel based LIC at 1 A g~ (inset: photograph of an LED panel powered by the present LIC).
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(see the ESIT). Therefore, the masses of cathode and anode in
the subsequent capacitor assembly follow the ratio of 1 : 2.

Fig.7b shows the CV curves of the LIC at various scan rates (at
0.01-4 V). The CV curves present an approximately rectangular
shape, indicating the ideal capacitance characteristics. Even at
a large scan rate (100 mV s '), the shape of the curve is not
significantly distorted, which implies its ultra-fast charge
storage/release efficiency and good reversibility. The galvano-
static charge-discharge (GCD) test was conducted and the cor-
responding profiles are shown in Fig. 7c¢, which display
a symmetrical triangle shape with no evident IR drop, indi-
cating that the device possesses an outstanding electrochemical
reversibility and high charge transfer efficiency.®** These
phenomena strongly suggest the good combination between
the capacitance-dominated Li-storage anode (Zn,SiO,@C-2)
and electrical-double layer capacitor cathode (graphene hydro-
gel). The capacities of the Zn,SiO,@C-2//graphene hydrogel LIC
are 107, 92, 76, 65, 52, 45, 43, and 39 mA h g~ under various
current rates. The long-term cycle performance of the ZSC-2//
graphene hydrogel LIC is displayed in Fig. 7d and the capacity
retention is more than 86% after 5000 cycles. Furthermore, six
LED lights were lit (shown in the inset), which fully verifies the
huge potential of this device in practical applications. More-
over, Fig. 8 shows the Ragone plot of the ZSC-2//graphene
hydrogel LIC. The ZSC-2//graphene hydrogel LIC exhibits
a high energy density of 215 W h kg~ at a power density of
196 W kg . Even at an ultra-high power density of 9999 W kg ",
the energy density can still reach 79 W h kg™'. Compared with
the reported data (Fig. 8), the device exhibits impressive energy
storage performance.**>® Therefore, according to the above
analysis, the submicro-ellipsoid-like Zn,SiO,@C hybrid as the
anode of LICs exhibits extremely dynamic energy storage
performance, which stems largely from the purposeful design of
the conductive submicro-ellipsoid-like anode and graphene
hydrogel cathode with a 3D network and porous structure, as
well as the extremely appropriate match between the two
electrodes.
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4. Conclusion

In summary, a unique submicro-ellipsoid structured Zn,-
SiO,@C hybrid and graphene hydrogel were used as the anode
and cathode respectively to assemble an LIC possessing
impressive comprehensive performance. The Zn,Si0O,@C
hybrid anode combines the advantages of one-dimensional
nanomaterials and micro-nano-materials, in which short
nanorods are closely arranged in the same direction and the
nitrogen-doped carbon permeates into the whole submicro-
ellipsoids. Benefiting from the linear and ordered charge
transfer paths, this hybrid with a large BET surface area (535 m>
¢ ") provides a high Li" diffusion rate (1.75 x 10" % cm®s™ ') and
a superior capacity ratio of 71% at 5 A g~ (compared to the
reversible capacity at 0.2 A g~ '). When evaluated as an anode for
LICs, the Zn,SiO,@C//graphene hydrogel based LIC exhibits
a large energy density of 215 W h kg™ ' at a power density of
196 W kg™ '. Even at a high power density of 9999 W kg™, the
energy density remains at 79 W h kg™, and the capacity
retention is more than 86% after 5000 cycles, indicating that the
designed and synthesized Zn,SiO,@C submicro-ellipsoids are
a promising anode for LICs.
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