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Hierarchically nitrogen-doped mesoporous carbon nanospheres with dual
ion adsorption capability for superior rate and ultra-stable zinc ion hybrid

supercapacitors

Zhongyou Peng', Junxi Guo®, Qichang He', Shulong Li', Licheng Tan'" and Yiwang Chen"*"

ABSTRACT Although significant progress has been achieved
in developing high energy aqueous zinc ion hybrid super-
capacitors (ZHSCs), the sluggish diffusion of zinc ion (Zn?*)
and unsatisfactory cathodes still hinder their energy density
and cycling life span. This work demonstrates the use of ni-
trogen-doped mesoporous carbon nanospheres (NMCSs) with
appropriately hierarchical pore distribution and enhanced
zinc jon storage capability for efficient Zn** storage. The as-
prepared aqueous ZHSC delivers a significant specific capacity
of 157.8mAhg’, a maximum energy density of
126.2 W h kg™ at 0.2 A g™!, and an ultra-high power density of
39.9 kW kg™ with a quick charge time of 5.5 s. Furthermore,
the ZHSC demonstrates an ultra-long cycling life span of
50,000 cycles with an exciting capacity retention of 96.2%.
More interestingly, a new type of planar ZHSC is fabricated
with outstanding low-temperature electrochemical perfor-
mance, landmark volumetric energy density of
31.6 mW h cm™, and excellent serial and parallel integration.
Mechanism investigation verifies that the superior electro-
chemical capability is due to the synergistic effect of cation
and anion adsorption, as well as the reversible chemical ad-
sorption of NMCSs. This work provides not only an innovative
strategy to construct and develop novel high-performance
ZHSCs, but also a deeper understanding of the electro-
chemical characteristics of ZHSCs.

Keywords: mesoporous carbon nanospheres, nitrogen doping,
dual ion adsorption, anti-freezing electrolyte, zinc ion hybrid
supercapacitors

INTRODUCTION

The rapid development of economic society and technology
nowadays urgently requires efficient electrochemical energy
storage (EES) devices with high energy density, high power
density, long cycle life, and excellent safety [1-3]. Currently,
various EES devices such as lithium ion batteries (LIBs), metal
ion batteries, and supercapacitors (SCs) are being developed and
employed in the electronics market. However, the large-scale
applications of LIBs are hindered by unsatisfactory power den-

sity, poor cycle life, limited lithium resources, and inevitable
safety issues [4,5]. Moreover, commercial lead-acid and nickel-
based rechargeable batteries have a low energy density and
limited life span, thereby resulting in high energy storage costs,
which limits their practical applications. SCs characterized by
fast charge/discharge rate, ultra-high power density, outstanding
cycling stability, and superior safety are now regarded as one of
the most competitive candidates to complement or replace
batteries for energy storage. However, their inadequate energy
density restricts their practical applications [6-8]. Therefore,
developing safe and high energy density EES without sacrificing
their power output and cycling lifetime by using less expensive
aqueous electrolytes remains a formidable challenge.

Recently, zinc metal with a high theoretical capacity of
820 mA h g! (5851 mA h cm™), low redox potential of —0.76 V
(versus standard hydrogen electrode (SHE)), and long operation
lifetime [9,10] has been considered an ideal anode for aqueous
zinc-based rechargeable batteries and capacitors. Nevertheless,
zinc ion batteries based on transition metal oxide cathodes have
an unsatisfactory rate capability and deficient cycling stability
and/or specific capacity because of the dissolution and parasitic
reactions, which lower the rate performance and cycle life [11-
13]. Alternatively, aqueous Zn?* hybrid SCs (ZHSCs), which
usually constitutes a battery-type Zn anode and an electric
double-layer capacitance (EDLC) carbon cathode in Zn** aqu-
eous electrolyte, are expected to be a competitive power storage
candidate, because it theoretically combines the advantages of
battery and SC. The rapid exfoliating and depositing process of
Zn** on Zn anode provides overall energy density, while the
superb invertible adsorption/desorption of Zn** on the carbon
cathode affords high power density and good cycling stability
[14-18]. These extraordinary characteristics have prompted
notable efforts to develop aqueous ZHSCs integrated with Zn
anode and carbon cathode. For example, Kang’s group [5]
assembled a ZHSC that utilizes activated carbon (AC) as cathode
with a high capacity of 121 mA h g™* at 0.1 A g™}, a high energy
density of 84 Whkg™, and a power density of 14.9 kW kg™
Liu’s group [12] used a porous carbon cathode to prepare
ZHSCs, which presents a specific capacity of 132.7 mAhg™!, a
maximum energy density of 82.36 W h kg™, and a power den-
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sity of 3.76 kW kg™". In addition, heteroatom doping has been
demonstrated to boost the charge storage capacity. Alshareef’s
group [19] assembled a ZHSC with an oxygen-rich porous
carbon cathode, which delivers a specific capacity of
179.8 mA h g™! and a high energy density of 104.8 W h kg™
Recently, Lu’s group [20] reported that ZHSCs based on nitro-
gen-doped porous carbon cathode exhibit a high energy density
of 107.3 W h kg™! and a superb power density of 24.9 kW kg™".
Yet, the unsatisfactory energy density and cycling life span of the
currently reported ZHSCs restrict their practical applications
due to the inappropriate pore distribution and the intrinsically
insufficient capacity of corresponding carbonic cathodes, espe-
cially at a high current density and high mass loading. Moreover,
the EES mechanism of ZHSCs has not yet been revealed.

In this work, hierarchically nitrogen-doped mesoporous car-
bon nanospheres (NMCSs) are synthesized for efficient ZHSCs.
Hierarchically mesoporous nanostructure not only offers ample
active sites for Zn** storage but also ensures consecutive electron
transport and ion diffusion pathways. Moreover, nitrogen dop-
ing contributes to the chemical adsorption process of Zn** onto
the cathode surface. As a result, the as-assembled aqueous
ZHSCs based on NMCS cathode and Zn anode deliver a
remarkable capacity (157.8 mA h g™' at 0.2 A g™"), a high energy
density of 126.2 W hkg™, an ultra-high power density of
39.9kW kg™, and an ultra-long cycling life (96.2% capacity
retention after 50,000 cycles). An anti-freezing (AF) planar
asymmetric ZHSC is demonstrated to have ultra-high volu-
metric energy density (31.6 mW h cm™), long-term durability,
and efficient serial and parallel integration. Furthermore, to
reveal the energy storage mechanism and understand the elec-
trochemistry of ZHSCs, ex-situ X-ray diffraction (XRD), X-ray
photoelectron spectroscopy (XPS), scanning electron micro-
scopy (SEM), and in-situ electrochemical quartz crystal micro-
balance (EQCM) experiments verify that the superior
electrochemical capability is due to the synergistic effect of
cation and anion adsorption, as well as the reversible chemical
adsorption of NMCSs during charge/discharge processes.

EXPERIMENTAL SECTION

Chemicals and materials

All the reagents and solvents, unless otherwise stated, were
obtained from commercial sources (Sigma Aldrich, Alfa Aesar,
and Sinopharm Chemical Reagent Co., Ltd. Shanghai, China)
and were used without further purification.

Synthesis of NMCSs

NMCSs were synthesized by performing a two-step process.
First, 5.2 mL of tetrapropyl orthosilicate was added to the mixed
solution, including 105 mL of ethanol, 15 mL of H,O, and
4.5 mL of NH;-H,O (25 wt%), under continuous vigorous stir-
ring for 20 min at 25°C. Afterward, 0.6 g resorcinol and 0.84 mL
formaldehyde (37 wt%) were added to the above solution with
stirring for 24 h at 25°C. The sediment was separated by cen-
trifugation, washed with ethanol and water, and dried at 80°C
for 12h to obtain the SiO,@SiO,/RF (RF: resorcinol/for-
maldehyde) nanospheres. Subsequently, MCSs were obtained
after carbonization at 800°C under N, for 5h and removing
silica templates by hydrofluoric acid. Finally, the NMCS was
obtained by annealing the MCS sample at 800°C for 60 min
under NH; gas flow.
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Synthesis of AF hydrogel electrolyte (AF-gel)

First, 4 g acrylamide was dissolved in 20 mL deionized water
with vigorous stirring for 0.5h, followed by the addition of
2.5mg N,N'-methylenebisacrylamide, 20 mg N,N,N’,N'-tetra-
methylethylenediamine, and 20 mg ammonium persulfate into
the solution. The above solution was stirred until it became
clear. Afterward, the obtained solution was injected into a plastic
mold and stored at 60°C to polymerize. Subsequently, the as-
prepared sample was soaked in a 30 volume% ethylene glycol
(EG) solution of 1 mol L™! ZnSO, for 24 h.

Assembly of ZHSCs

The coin-type cells comprised the NMCS electrode, commercial
Zn foil, 1 mol L™ ZnSO, aqueous solution, and glass fiber
membrane as the cathode, anode, electrolyte, and separator,
respectively. The NMCS cathode is composed of 80 wt% of
NMCS, 10 wt% of acetylene black and 10 wt% of polytetra-
fluoroethylene. The above mixture was mixed in ethanol to form
a uniform slurry, and the slurry was pressed onto stainless steel.
The as-prepared electrodes were dried in a vacuum oven at 85°C
overnight. The average loading of the active material was 1.0 to
1.2 mg cm™. The AF quasi-solid-state ZHSCs were constructed
by sandwiching NMCS cathode, AF-gel separator, and Zn anode
together. This device was encapsulated by polypropylene tape to
further improve the service life.

Preparation of quasi-solid-state planar ZHSCs

First, an interdigital Ag electrode was prepared on a flexible
polyethylene terephthalate (PET) substrate through screen
printing. The NMCS was mixed with acetylene black and poly-
(vinylidene fluoride) binder at a weight ratio of 7:1:2 in 1-
methyl-2-pyrrolidinone (NMP). Subsequently, the slurry was
screen-printed on one side of the Ag interdigital electrode sev-
eral times. The Zn nanosheets were electrochemically deposited
on the other side of the Ag interdigital electrode by employing a
three-electrode system. In detail, 0.5 g of boric acid, 3.2 g of zinc
sulfate heptahydrate, and 3.2 g of Na,SO, were dissolved in
50 mL deionized water and used as the electrolyte. A Pt foil and
Ag/AgCl served as the counter electrode and the reference
electrode, respectively. Electrodeposition was conducted with a
constant current density of —20 mA cm™2 for 20 min. Then, the
fabricated interdigital Zn electrode was washed with deionized
water and dried at 60°C overnight in a vacuum oven. Next, a
piece of hydrogel electrolyte was coated with copper tape on the
patterned electrodes employed as the current collectors. Finally,
the planar ZHSC was placed between two thermoplastic films
and thermoplastically sealed.

RESULTS AND DISCUSSION

The preparation procedure of the NMCSs is schematically illu-
strated in Fig. 1a. With the use of tetrapropyl orthosilicate as a
template agent, resorcinol-formaldehyde (RF) oligomers were
synthesized onto the SiO, core nanoparticles, forming the
SiO,@Si0,/RE  precursor. After the carbonization and the
removal of the template, the as-prepared MCSs were further
treated by ammonia treatment to fabricate NMCSs. Morphology
investigation by SEM and transmission electron microscopy
(TEM) shows that SiO,@Si0,/C (Fig. 1b and Fig. S1) perfectly
inherited the architecture of SiO,@SiO,/RF (Fig. S2) with an
average size of ~250 nm. After the SiO, template was removed,
the MCSs presented a hollow morphology with radial pore
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Figure 1

(a) Schematic illustration of the fabrication of NMCSs. SEM images of (b) SiO,@Si0,/C and (c) NMCSs. (d, e) TEM and (f) high-resolution TEM

images of NMCSs. The inset is the corresponding selected area electron diffraction (SAED) pattern. (g) HAADF-STEM image and corresponding elemental

mappings of NMCSs.

channels throughout the whole nanosphere (Fig. S3). The MCSs
can transform into NMCSs with abundant graphene-like edges
after subsequent ammonia treatment (Fig. 1c—f), which can help
provide a high reaction activity for Zn** storage [20,21]. The C,
N, and O elements that are distributed uniformly in NMCSs are
shown by high-angle annular dark-field scanning TEM
(HAADF-STEM) and corresponding elemental mapping
(Fig. 1g). The corresponding XRD patterns present two broad
diffraction peaks of (002) and (100) crystal planes that are
characteristics of graphitic carbon (Fig. S4a), which is consistent
with the TEM results [22,23]. The chemical composition of
NMCSs was further investigated by XPS. The oxygen functional
group is proven to be —-OH at 285.3 eV in C 1s XPS spectra
(Fig. S4b) and further verified by O 1s XPS spectra (Fig. S4c)
[24]. In addition, three kinds of various nitrogen functional
groups are graphitic N (401.4 eV), pyrrolic N (399.9 eV), and
pyridinic N (398.2 eV) from N 1s XPS spectra (Fig. S4d) [13,25].
Nitrogen adsorption-desorption isotherms indicate that MCSs
and NMCSs display characteristics of type IV isotherm with a
typical hysteresis loop, which is assigned to the coexistence of
mesoporous characteristics (Fig. S5). The Brunauer-Emmett-
Teller surface areas of NMCSs and MCSs are 1511 and
1357 m? g”!, respectively. In addition, the pore size distribution
curve demonstrates that the NMCSs have a hierarchical porous
characteristic, with three types of pore sizes situated at about 1.1,
4.2, and 7.5 nm (insets of Fig. S5). The high specific surface area
and hierarchically microporous structure are favorable for pro-
moting the adsorption/desorption process, thus improving the
surface capacitive capacity and rate capability. Moreover, the
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NMCSs became more hydrophilic because of nitrogen doping,
confirmed by the decreased water contact angles from 85.6° to
61.9° (Fig. S6). The superior surface wettability is prone to
reduce the interfacial resistance between the electrode and the
electrolyte, thereby further improving the kinetics of Zn** dif-
fusion.

An aqueous ZHSC (denoted as NMCS ZHSC) was constructed
by employing NMCSs as the cathode and Zn foil as the anode in
1 mol L' ZnSO, electrolyte to investigate the electrochemical
performance of the NMCS electrode. The cyclic voltammetry
(CV) curves in Fig. S7a reveal a wide potential difference
between NMCS cathode and Zn anode. The strong redox peaks
at —1.2/—0.85 V (versus SCE) observed on the Zn anode corre-
spond to the plating/stripping process of Zn/Zn*". It is disclosed
that CV curves in the initial five cycles changed slightly, and
almost 100% of initial capacitance was kept (Fig. S7b), demon-
strating excellent stability and reversibility of NMCS ZHSCs.
The CV curves of the NMCS ZHSC are nearly similar to the
enhanced scan rates from 5 to 300 mV s™' between 0.2 and 1.8 V
(Fig. 2a), thereby indicating rapid reaction kinetics and out-
standing rate performance. The CV curves (Fig. S8a) of the MCS
ZHSC also maintain a similar shape as the CV curves of NMCS
ZHSCs, but the corresponding integral area is smaller at the
same scan rates. The increased rate capability of the NMCS
electrode can also be confirmed by the galvanostatic charge/
discharge (GCD) test. The NMCS ZHSC can be steadily
charged/discharged at current densities ranging from 0.2 to
50 A g™' (Fig. 2b), which is better than that of MCS ZHSCs
(Fig. S8b). Profiting from the nitrogen doping and hierarchical
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Figure 2 (a) CV curves of NMCS ZHSC at various scan rates. (b) GCD curves of NMCS ZHSC at various current densities. (c) Comparison of rate
performance for NMCS ZHSC with state-of-the-art reported ZHSCs. (d) GCD curves of NMCS ZHSC with different mass loadings at 0.2 A g™". (e) Cycling
stability and Coulombic efficiency of NMCS ZHSC at 5 A g™'. The insets show the self-discharge curve during self-discharging for 200 h and the photographs
of a smart timer operated by a ZHSC for 11 h. (f) The radar chart compares the five figures of merit of ZHSCs based on NMCS, MCS, AC, and NMCS SC:
capacity, Emax Pmax rate capability (from 0.2 to 20 A g™'), and working voltage. (g) Nyquist plots, (h) real or imaginary part of capacitance against frequency,
and (i) linear fitting to Z’ against w™? plots in the low frequency range of NMCS and MCS electrodes.

mesopore structure, the NMCS-derived ZHSC delivers a good
specific capacity of 157.8 mA h g™ at 0.2 A g}, which is higher
than those of ZHSCs based on MCSs (116.2 mA h g™') and AC
(756 mAhg™') (Fig. S9a). The GCD curves at 0.5A g™
(Fig. S9b) show that the internal resistance (IR) voltage drops of
the NMCS-, MCS-, and AC-based ZHSCs were 0.012, 0.023, and
0.026 V, respectively, thus proving that the NMCS electrode has
the best electrolyte infiltration. Moreover, the NMCS ZHSC
displays the best rate capability with a good capacity retention of
76.4 mA h g7! at 50 A g7'; these values were only 30.8 mA h g™!
at30 A g™! for MCS ZHSC and 33.0 mA h g™' at 20 A g™' for AC
ZHSC. Clearly, the NMCS ZHSC demonstrates not only high
specific capacity but also excellent rate capability, which out-
strips those of the previously reported aqueous ZHSC (Fig. 2c)
[5,17,19,22,26-31]. Moreover, the NMCS electrode displays
remarkable capacity retention with increasing mass loadings of
1.2, 3, 5, 10, and 20 mg cm™2 because of fast ion transport
ascribed to the hierarchical mesoporous structure. A large
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capacity of 104.2 mA h g™! for NMCSs with a high 20 mg cm™
loading is also maintained at 0.2 A g™ (Fig. 2d), thereby further
showing that the NMCS is a promising cathode for Zn?* storage.

The NMCS ZHSC shows good cycling stability with a high
capacity retention of 96.2% after 50,000 cycles at 5 A g and
approximately 100% Coulombic efficiency (Fig. 2e). The inset of
Fig. 2e shows the self-discharge performance of the NMCS
ZHSC device for 200 h. The NMCS ZHSC can still hold a high
voltage of 1.35V after 24 h self-discharge, lowering only to
1.25 V after 200 h, which outperforms the corresponding MCS
ZHSC and NMCS symmetric SC (NMCS SC) (Fig. S10). This is
because low and stable Zn anode potential of —0.76 V (versus
SHE) is conducive to stabilizing the electric field inside ZHSCs,
thereby inhibiting anion desorption from the cathode surface
and self-discharge property of the ZHSCs. A single NMCS ZHSC
can easily operate a smart timer for more than 11h, thereby
suggesting its superior self-discharge rate. Interestingly, the
morphology of NMCSs was preserved well after 50,000 cycles at
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5 A g'! (Fig. S1la), and no obvious Zn dendrites were observed
from the Zn foil (Fig. S11b), which coincide with the excellent
cycling stability of NMCS ZHSCs [32]. In addition, the NMCS
ZHSCs with high mass loadings of 5 and 10 mgecm™ at 5 A g™!
show high capacity retentions of 94.4% and 91.1% after 50,000
cycles, respectively (Fig. S12), indicating the excellent cycling
stability of NMCS ZHSCs under high load conditions.

To highlight the advantages of NMCS ZHSCs, the electro-
chemical performance of the NMCS electrodes was investigated
in symmetrical SCs with 1 mol L™! H,SO, electrolyte (Fig. S13).
A radar chart (Fig. 2f) summarizes the five figures of merit of the
highest capacities, maximal energy and power densities, rate
capabilities, and working voltages for NMCS ZHSC, MCS
ZHSC, AC ZHSC, and NMCS SC devices. The NMCS ZHSC has
the largest capacity of 157.8 mAhg™, energy density of
126.2 W h kg™, and power density of 39.9 kW kg™' among these
devices, which are much higher than the previously reported
results (Table S1). We also calculated the energy density of
NMCS ZHSCs on the basis of the total mass of both Zn anode
and NMCS cathode. The NMCS ZHSC still delivers a high
energy density of 75.7 W hkg™'. Remarkably, the aqueous
NMCS ZHSC possesses higher capacity, energy density, and
power density than aqueous NMCS SC. However, the NMCS SC
demonstrates superior rate capability because of the quick
adsorption/desorption mechanism of EDLC [13]. Electro-
chemical impedance spectroscopy (EIS) tests were conducted to
verify the charge transfer and Zn** diffusion kinetics of NMCSs
(Fig. 2g). The charge transfer resistance (R:) and Warburg
impedance (Z,) of NMCSs are smaller than those of MCSs,
indicating that the NMCS is more effective for fast charge
transfer and ion diffusion at the electrode/electrolyte interface
[33]. The complex model of the capacitance was employed to
estimate the capacitance variations, with the real capacitance
(C'[w]) and imaginary capacitance (C"[w]) extracted from the
EIS data (Fig. 2h) [34]. The time constant (1), defined as 7o = 1/f
(f corresponds to the characteristic frequency of a phase angle at
45°), expresses the time duration that is required to deliver the
stored energy and power effectively [35]. The NMCSs possess a
higher capacitance in the low frequency region and quicker Zn?*
diffusion, as demonstrated by the distinctly reduced 7, value of
NMCSs (~68 s) compared with that of MCSs (~100 s). The faster
Zn** diffusion in NMCSs is also confirmed by the lower War-
burg coefficient (o) (Fig. 2i). The diffusion coefficient (D) of
Zn** under the interfacial region is calculated as 2.77 x 107" and
1.81 x 107" cm? s™' for MCSs and NMCSs, respectively.

The surface capacitive contribution and diffusion-controlled
process were investigated from the CV curves of NMCS and
MCS ZHSCs to further understand the electrochemical dynamic
behavior and reaction kinetics. As shown in Fig. 3a and Fig. S14,
capacitive charge contributions play a dominant role in NMCS
ZHSCs (76.1%) and MCS ZHSCs (63.2%) at 30 mV s~!. More-
over, the surface capacitive contribution in NMCS ZHSCs is
63.5% at 5 mV s7!, reaching 96.4% at 100 mV s™' (Fig. 3b), thus
indicating effective surface charge storage and excellent rever-
sibility. The calculated b values of the NMCS ZHSC are 0.922
and 0.909 for the anodic and cathodic peak currents, respectively
(Fig. 3c), thereby indicating that the charge storage process is
dominated by the surface charge storage behavior, which is
beneficial to accelerating Zn** diffusion [36]. The results show
that the hierarchical mesoporous structure of NMCSs possesses
abundant Zn?* active sites and fast diffusion channels, leading to
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superior rate performance. A series of ex-situ tests were con-
ducted during the second triangular GCD curve of the NMCS
ZHSC and the selected charging/discharging states to better
investigate the energy storage mechanism of NMCS ZHSCs
(Fig. 3d). The surface of Zn foil develops a rough morphology
with nanosheets during the discharge-charge process (Fig. S15).
The ex-situ XRD patterns of Zn foil (Fig. S16) suggest that the
diffraction intensities of (002) gradually reduce as the (101) peak
increases during the discharging states (A—C); this phenom-
enon was reversed during the charging process (C—E), indi-
cating the crystalline structural evolution of Zn anode during the
exfoliating and depositing conversion [31]. For the NMCS
cathode, the flaky Zn,SO4(OH)¢5H,0 nanosheets gradually
increase during the discharge process, whereas they exhibit a
fully converse variation process during the charging process
(Fig. S17). The reversible formation/dissolution procedures of
Zn,SO4(OH)-5H,0 are also proven from the corresponding ex-
situ XRD patterns variation during the discharge-charge states
(Fig. S18), thereby revealing that the electrochemically active
sites on the NMCS were hardly damaged [5,37]. The ex-situ C 1s
XPS spectra are examined to analyze the chemical structure
variation in detail (Fig. 3e). The two peaks at 284.4 and 285.3 eV
are attributed to C-C and C-OH functional groups, respectively.
The peak intensities of C-OH gradually reduce during the dis-
charge process and then increase during the charging process,
indicating that C-OH participates in reversible Faradaic charge
storage with good reversibility [19]. Moreover, the peak at
286.4 eV corresponding to C-O-Zn bonding is detected at 0.2 V
and gradually reduce during the charging process, implying that
the faradaic reactions did happen by the chemical interaction
between hydroxyl groups and Zn ions. For O 1s XPS spectra
(Fig. 3f), the peak intensities of the carbonyl (C=0) decrease
continuously during the charge courses and then increase gra-
dually during the discharge process, indicating that the trans-
formations of partial C=O groups are highly reversible during
the charge/discharge processes [20,38]. The C=0 groups can be
reversibly converted to hydroxyl groups by gaining and losing
electrons during charge/discharge processes. Furthermore, the
contents of C, N, O, Zn, and S elements are explored by X-ray
electron diffraction spectroscopy (EDS) at different charging/
discharging states. As shown in Fig. S19, the contents of Zn and
S increase from states A to C and decrease to state E. The EDS
mapping results suggest that C, O, N, and Zn elements are
distributed homogeneously (Fig. S20), thereby further proving
that Zns;SO4(OH)e5H,0 can be likely formed during the charge
processes and partially resolved during the discharge processes
[39-42].

To acquire a deeper understanding of the energy storage
mechanism of ZHSCs, in-situ EQCM measurement was con-
ducted to examine the mass change of active materials during
real-time charge and discharge processes (Fig. 3g) [43,44].
Fig. S21a shows the raw CV curves of the NMCS electrode,
which exhibits a perfectly capacitive CV response characteristic.
As shown in Fig. S21b, c, the variations of potential, resonance
frequency, and charge are almost the same from the first to the
fourth electrochemical cycles. Therefore, the mass change of
NMCSs in an electrochemical cycle from the raw data can be
calculated by using the Sauerbrey equation [45]. During the
discharge process, the electrode mass change is not obvious from
1.8 to 1.0V, which can be related to the balance of the Zn?*
adsorption and SO4*~ desorption at the carbon surface (Fig. 3h).
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processes.

The electrode mass change is significantly increased during 1.0
to 0.2V, which can be attributed to the successive anion deso-
rption process. In addition, the ex-situ XRD and SEM results
show that the progressive increase in the mass is associated with
the formation of Zn,SO4(OH)¢-5H,0. In contrast, the electrode
mass shows a conspicuous decrease during the charging process
from 0.2 to 1.8 V, which mainly involves the desorption of Zn**
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and the dissolution of Zn,SO4(OH)s-5H,0. As shown in Fig. 3i,
the electrode mass change of the electrode versus the charge
during the discharge process and the shaded areas represent the
different ion adsorption or desorption processes. The average
molecular weights (M/z) of the adsorbed ions calculated from
the experimental slope are 1244.15 and 109.06 g mol™! in region
I at low potentials and region II at high potentials, respectively.
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The M/z = 1244.15 g mol™" is nearly equal to the species that
includes two Zn,SO4(OH)¢-5H,0 (549.64 g mol™) and two Zn**
(65.41 g mol™"), and the M/z = 109.06 g mol™" can be attributed
to the species that includes three-Zn** (65.41g mol™") adsorption
and one-SO4*~ (96.06 g mol™) desorption. In addition, the M/z
= 1223.84 g mol™ can be assigned to the species that includes
two ZnySO4(OH)s-5H,0 and two Zn** during the charging
process (Fig. S21d), supporting the dissolution of Zn,SO4
(OH)¢5H,0 and desorption of Zn** during the charging pro-
cess. Moreover, the H" or H;0" adsorption of the NMCS elec-
trode would enhance the pH value of the electrolyte, which leads
to increased mass by the precipitation of Zn,SO4(OH)s5H,0
[11]. Also, the mass decrease during the charging process is
attributed to the dissolution of Zn,;SO4(OH)s5H,0 in the high
potential region. Thus, the reversible adsorption of Zn** and
SO~ occurred in different potential ranges (Fig. 3j). Typically,
the Zn** adsorption/desorption on the cathode surface mainly
occurred at low voltages, and SO.* adsorption/desorption
principally took place at high voltages. Moreover, the adsorp-
tion/desorption of SO~ and Zn** simultaneously occurred in

Quasi-solid-state ZHSC

NMCS
cathode

_— AF--gel

n anode

the medium-potential region. Meanwhile, the invertible chemi-
cal adsorption of oxygen functional groups also occurred during
the charge/discharge processes, providing good capacitive per-
formance. Also, the Zn,SO4(OH)¢5H,0 reversible formation/
dissolution can occur during the charge/discharge processes at
low voltages.

To demonstrate the flexible application of the ZHSCs, we
assembled a quasi-solid-state device by using AF polyacrylamide
(PAM) hydrogel as the electrolyte (Fig. 4a). The as-prepared
PAM was completely soaked with a mixed solution of EG, H,O,
and ZnSO, to obtain the AF-gel during the exchange of water in
the hydrogel network with EG (Fig. 4b). In the AF-gel, EG forms
stable molecular clusters to compete with hydrogen bonds in
water, which results in the decreased saturated vapor pressure of
water [46,47]. The mass retention of all components in AF-gel is
evaluated and presented in Fig. S22. SEM images of the freeze-
dried AF-gel show a large number of micropores (Fig. S23),
which facilitate fast ion diffusion. The ionic conductivities of
AF-gel electrolyte under 25, 0, and —20°C are 15.65, 12.63, and
8.84 mS cm™), respectively, as confirmed by the electrochemical
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Figure 4 (a) Structural diagram of the quasi-solid-state NMCS ZHSC device. (b) Schematic of the structure of AF-gel. (c) Rate performance of the NMCS
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impedance test (Fig. S24) [48,49]. The CV and GCD curves
(Fig. S25) exhibit that the energy storage capacity of the quasi-
solid-state ZHSC is highly comparable to the values in aqueous
electrolytes. Its highest capacity reaches 130.9 mAhg™' at
02Ag", and 61.6 mAhg™ is still retained even at a high
current density of 30 A g7 (Fig. 4c). Specifically, its energy
density of 104.7 W h kg™! considerably overmatches the major-
ity of recently reported quasi-solid-state SCs [26,28,29,50-52]
and LIBs [53] (Fig. 4d). To boost the operating voltage, two
devices connected in series can offer a wide voltage of 3.4 V, and
the capacity is doubled in parallel (Fig. 4e). This NMCS ZHSC
can retain 85.4% (at 0°C) and 71.1% (at —20°C) of specific
capacity (at 25°C) at 1 A g™' together with a high Coulombic
efficiency of ~100%, indicating its good AF property and high
ionic conductivity at low temperatures (Fig. 4f). In addition, we
investigated the long-term cycling properties of Zn plating/
stripping in the Zn//Zn symmetrical cells with AF-gel electrolyte
at different temperatures. As shown in Fig. 4g, the symmetric Zn
cell exhibits a stable polarization voltage and cycle performance
exceeding 250 h at 0.5 mA cm™ under 25, 0, and —20°C. More
interestingly, the cycling stability of the assembled NMCS ZHSC

was investigated at 5 A g7', displaying impressive values of
98.7%, 94.1%, and 86.3% of their original capacity retention at
25, 0, and —20°C, respectively, and near 100% Coulombic effi-
ciency after 10,000 charge/discharge cycles (Fig. 4h and
Fig. S26). A smart timer or watch can be operated easily using
two devices in series (as seen from the insets of Fig. 4h). These
results further confirm that the designed ZHSC possesses pro-
mising flexible application in a wide temperature range.

We further demonstrated a new type of planar ZHSCs via
facile screen printing and electrochemical deposition techniques
for use in miniaturized and wearable electronic applications
(Fig. 5a). First, the Ag interdigital electrode is deposited, fol-
lowed by screen printing the NMCS cathode and electro-
depositing the Zn nanosheet anode. The SEM images show that
the vertical Zn nanosheets are uniformly grown on the surface of
Ag interdigital fingers (Fig. S27), which will accelerate the charge
transport and hinder the growth of Zn dendrites. The XRD
pattern (JCPDS No. 04-0831) and XPS spectrum confirm the
composition of Zn nanosheets (Fig. S28) [54,55]. The CV curves
(Fig. 5b) at various scan rates present a nearly rectangular shape,
thereby illustrating the excellent rate capability of the planar
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Figure 5 (a) Fabrication process for the quasi-solid-state planar ZHSC. (b) CV curves of the planar ZHSC at various scan rates. (c) GCD curves at various
current densities. (d) Areal capacity and rate capability. (¢) GCD curves at 1 mA cm™ of the planar ZHSC under different bending angles from 0° to 180°.

(f) Capacitance retention against bending times at 1.0 mA cm™
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ZHSCs. The GCD curves (Fig. 5¢) show symmetrical and linear
shapes with no obvious internal resistance drop. The highest
areal capacity of the device reaches 30.0 yAhcm™ at
0.2 mA cm™ and 16.9 pA h cm™ even at 5.0 mA cm™ (Fig. 5d).
To estimate the exceptional mechanical flexibility of the planar
ZHSC, the device was subjected to mechanical bending from 0°
to 180°. Remarkably, the GCD curves remained almost the same
when bent from a flat position to a 180° angle (Fig. 5e),
demonstrating remarkable flexibility. Surprisingly, the planar
ZHSC retained 97.4% of the initial capacity and ~100% of the
Coulombic efficiency after being bent 500 times (Fig. 5f).

The electrochemical performance of the planar ZHSC was also
investigated at 25, 0, and —20°C. The planar ZHSC can retain
90.3% (at 0°C) and 80.1% (at —20°C) of its specific capacity (at
25°C) at 0.2 mA cm™2 (Fig. 6a), which is attributed to the good
AF property of the AF-gel. More significantly, the cycling sta-
bility of planar ZHSC was tested at 1 mA cm™ displaying
excellent capacitance retention of 97.6%, 94.8%, and 88.4 % at
25, 0, and —20°C after 5000 charge/discharge cycles (Fig. 6b),
respectively, demonstrating that the planar ZHSC can provide
stable power output in low-temperature environments. The Zn
anode still retains its nanosheet morphology, and no Zn dendrite
was formed after cycling measurement at 25°C (Fig. S29),
thereby proving that the Zn nanosheets have excellent reversi-
bility and stability [16]. In addition, we investigated the self-
discharge performance of the planar ZHSC (Fig. S30). The
operating voltage was retained at 1.2 V after 24 h self-discharge,
indicating that the planar ZHSC has remarkable thermodynamic
stability. The operating voltage or output current of the device
can be readily expanded by continuous integration of electrode
arrays in series. The CV curves (Fig. 6¢) of the device from 1 to 3
planar ZHSCs in series display similar capacitive shapes at

50 mV s and show a linear increase at an operating voltage
ranging from 1.6 to 5.0 V, which is well supported by GCD
curves (Fig. 6d), thereby indicating outstanding performance
uniformity [56,57]. The Ragone plots shown in Fig. 6e compare
the planar ZHSCs in this work with other commercially available
energy storage devices. The planar ZHSC offers an ultra-high
volumetric energy density of 31.6 mW h cm™, which is much
higher than those of most reported planar SCs (Table S2) and
commercially available energy storage devices [58,59]. Finally,
we demonstrate that a smart timer can be easily operated under
different destruction conditions by a planar ZHSC (Fig. 6f). We
believe that this work not only offers enlightening insights for
designing high-performance ZHSCs but also shows a potential
perspective for integration in flexible electronic devices.

CONCLUSIONS

In summary, a ZHSC with excellent capacitive performance is
demonstrated by coupling highly reversible NMCSs as the
cathode in an aqueous electrolyte. The hierarchically mesopor-
ous architecture and nitrogen doping endow NMCSs with fast
ion/electron transport and a highly accessible surface area to
achieve efficient Zn** storage. The as-assembled aqueous NMCS
ZHSC displays a remarkable capacity of 157.8 mAhg™, an
extremely high energy density of 126.2 W h kg™, a superb power
density of 39.9 kW kg™! with an ultra-fast charge time of 5.5,
and outstanding cycling stability (96.2% capacity retention after
50,000 cycles), which is substantially superior to those of most
previously reported ZHSCs. Moreover, a new type of planar
ZHSC is demonstrated with outstanding low-temperature elec-
trochemical performance, ultra-high volumetric energy density,
and outstanding serial and parallel modularization for improv-
ing the voltage and current output. Ex-situ XRD, XPS, SEM, and
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Figure 6 (a) GCD curves at 0.2 mA cm™

2 and (b) cycling performances at 1 mA cm™ of the planar ZHSC at 25, 0, and —20°C. (c) CV curves and (d) GCD

curves of single, series, and parallel connections of planar ZHSC. (e) Ragone plots comparing the energy and power density of planar ZHSC with those of
commercially available energy storage devices. (f) Photographs of the planar ZHSC powering a smart timer under different conditions.

September 2022 | Vol.65 No.9

© Science China Press and Springer-Verlag GmbH Germany, part of Springer Nature 2022

2409



ARTICLES

SCIENCE CHINA Materials

in-situ EQCM experiments verify that the superior electro-
chemical capability is due to the synergistic effect of cation and
anion adsorption, as well as the reversible chemical adsorption
of NMCSs during charge/discharge processes. Thereby, this
work provides not only enlightening insights for designing
cathode materials and novel Zn?* storage devices with high
energy density and electrochemical stability, but also a deeper
understanding of the electrochemical characteristics of ZHSCs.
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