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Abstract: Zinc-ion capacitors (ZICs), combining the merits of both high-energy zinc-ion batteries
and high-power supercapacitors, are known as high-potential electrochemical energy storage (EES)
devices. However, the research on ZICs still faces many challenges because of the lack of appropriate
cathode materials with robust crystal structures and rich channels for stable and fast Zn?* ion
transport. In this study, we synthesized a robust, conductive, two-dimensional metal-organic
framework (MOF) material, zinc-benzenehexathiolate (Zn-BHT), and investigated its electrochemical
performance for zinc storage. Zn?* ions could insert into/extricate from the host structure with a high
diffusion rate, enabling the Zn-BHT cathode to exhibit a surface-controlled charge storage mechanism.
Due to its unique structure, Zn-BHT exhibited a good reversible discharge capacity approaching
90.4mAh g~! at0.1 A g~!, as well as a desirable rate capability and good cycling performance. In
addition, a ZIC device was fabricated using the Zn-BHT cathode and a polyaniline-derived porous
carbon (PC) anode, which depicted a high working voltage of up to 1.8 V and a high energy density
of ~37.2 Wh kg~!. This work shows that conductive MOFs are high-potential electrode materials for
ZICs and provide new enlightenment for the development of electrode materials for EES devices.

Keywords: zinc-ion capacitors; cathode materials; conductive MOFs; Zn-benzenehexathiolate;
electrochemical performance

1. Introduction

As the demand for electricity increases in our daily life, it is very attractive to search for
electrical energy storage (EES) systems with high performance, reliability, and economy [1-3].
Lithium-ion batteries (LIBs) have been recognized as one of the most successful system
thanks to their high energy density, good rate capability, and low self-discharge rate [4,5],
and have been commercially used in electric vehicles and electronic products. Nevertheless,
limited lithium resources and highly flammable organic electrolytes that may lead to serious
safety issues of LIBs have prohibited their large-scale application [6]. To address these
problems, plenty of research has focused on the exploration of EES devices with low cost
and high safety [7-10].

Among various EES systems, zinc-ion capacitors (ZICs) have gained considerable
interest. Firstly, the use of aqueous electrolytes rather than organic electrolytes makes for
the high safety and biocompatibility of ZICs [11,12]. Secondly, unlike Li*-, Na*-, and K*-
based EES systems, ZICs based on multivalent Zn?* can provide double-electron transport
with one mole of reacted ions, resulting in higher energy densities [13]. Previous studies
have already confirmed the concept and great potential of ZICs using MnO; as a cathode
material and activated carbon (AC) as an anode material, which can alleviate Zn dendrites
of metallic Zn anodes [14]. However, the poor rate and cycling performance due to the
manganese dissolution and irreversible formation—dissolution of Zns(OH)sSO,4-nH,O on
the cathode still limits their practical application. Moreover, the high polarity of Zn**
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frequently causes stronger electrostatic interactions with the cathodic host, leading to
slower diffusion kinetics [15,16]. Therefore, appropriate cathode materials with stable
crystal structure and rich channels are crucial for the further development of ZICs with
good rate performance and cycling stability.

So far, a variety of cathode materials have been investigated, such as Prussian blue
analogs, vanadium-based (VOx) and manganese-based oxides (MnOy), and organic com-
pounds, for Zn ion storage [17-20]. However, these materials do not exhibit sufficient
electrochemical performance for Zn?* storage. For examples, a-MnO, with a 2 x 2 tun-
neling structure could afford large tunnels for the fast diffusion of Zn?* ions within the
primary structure, affording high capacity and rate capability [21]. However, these materi-
als always suffer from low cyclic stability attributed to the ineluctable dissolution, large
volume change, and unstable phase transition of MnOy [19,21]. Although VOy-based
cathodes can offer high capacity and excellent rate capability, they are usually associated
with high cost and toxicity, as well as the dissolution of vanadium [18,22].

Due to their structural diversity, ultra-high specific surface area (>7000 m? g~1), ad-
justable pore structure, and molecular-level modulation, metal-organic frameworks (MOFs)
have gained great attention in the area of energy conversion and storage [23-26]. Even
more encouraging, intrinsically conductive MOFs have been developed in recent years and
quickly draw researchers’ attention [25,27-29]. Sheberla et al. reported the fabrication of
Ni3(2,3,6,7,10,11-hexylaminotriphenyl), (Niz(HITP),) as electrode materials for superca-
pacitors [25]. The fabricated devices depicted high area capacitance and excellent cycling
performance. After that, conductive MOFs prepared from hexaaminobenzene (HAB) lig-
ands (Cu-/Ni-HAB) were studied as active material for supercapacitors, presenting a high
area capacitance of 20 F cm~2 and extraordinary electrochemical stability [28]. Recently,
Nam et al. reported the use of Cu3(2,3,6,7,10,11-hexahydroxytriphenylene), (Cuz(HHTP),)
as cathode material for Zn?* storage, which reached a high capacity of 228 mAh g~ ! at
50 mA g~! and maintained ~75% of its initial capacity after 500 cycles [29]. Notably, even at
a high rate of 4000 mA g ! (~18 C), Cuz(HHTP), provided a high capacity of 1244 mAh g~ 1.
From the foregoing, conductive MOFs are highly promising electrode materials for EES
devices. Nevertheless, the current research and application of conductive MOF materials
for Zn?* storage is still in the exploratory stage, and further exploration is needed.

Herein, we designed and synthesized a new and novel conductive zinc-benzenehexath-
iolate (Zn-BHT) MOF material through a facile and mild process and first investigated
the electrochemical performance as a cathode material for ZICs. For the obtained Zn-BHT
conjugated coordination polymer, each sulfur atom of the BHT linker was coordinated with
two Zn?* ions in the 2D plane, forming an extended 77-d conjugated conductive framework.
The electrochemical tests showed that Zn?* insertion and extraction reactions are highly
reversible in the Zn-BHT electrode. The reaction of Zn?* ions with Zn-BHT occurs reversibly
at approximately 1.39 V and 0.48 V (vs. Zn/Zn?"), respectively. Furthermore, a ZIC was
fabricated based on the Zn-BHT cathode and polyaniline-derived porous carbon (PC)
anode, which delivered a high specific energy density of 37.2 Wh kg ! at 90.5 W kg~ !, and
a superior cycle performance with a capacity retention value of 150% after 1800 cycles at
0.1 A g~!. This conductive Zn-BHT MOF material with good rate performance and stable
reversible capacity is a promising cathode material for Zn?*-based EES devices.

2. Materials and Methods
2.1. Materials

KOH (AR), ZnCl; (98%), and (NH4)25,05 (AR) were purchased from Sinopharm
Group Chemical reagent Co., LTD (Shanghai, China). Aniline (>99.9%) was bought from
Shanghai Aladdin Biochemical Technology Co., LTD (Shanghai, China) and HCI (37 wt%)
was purchased from Yantai Far East Fine Chemical Co., LTD (Yantai, China). Benzene-
hexathiol (95%) was purchased from Mackin Biochemical Co., LTD (Shanghai, China).
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2.2. Synthesis of Zn-BHT and PC

A total of 75.7 mg of ZnCl, was added to a degassed methanol solvent (100 mL) under
a nitrogen atmosphere to form a transparent solution. Next, 50 mg of BHT powder was
slowly added into the above solution within 30 min. Then, the mixture was placed at room
temperature to react for 24 h. The resulting powder was collected, filtered, and washed
with deionized water and ethanol. After drying at 100 °C under vacuum for 12 h, Zn-BHT
was obtained with a yield of ~73 mg (~85%).

PC was synthesized through a two-step heat treatment process using polyaniline
(PAN]) as the carbon source and KOH as the activating agent, according to a previous
reported study [30].

2.3. Material Characterization

A field emission scanning electron microscope (FESEM, JEOL-6300F, Japan) and trans-
mission electron microscope (TEM, JEOL JEM-2100, FEI) were utilized to observe the
morphologies and microstructures of the synthesized samples. Powder X-ray diffraction
(XRD, Rigaku Ultima IV, Japan) and Raman spectra (Renishaw1000B Raman spectrometer)
were recorded to explore the phase structure of Zn-BHT. The surface chemical species
and valence state of Zn-BHT and PC were examined by X-ray photoelectron spectroscopy
(XPS, ESCALAB 250Xi, USA). The Brunauer-Emmett-Teller (BET) surface area and pore
size distribution data were collected by N, adsorption/desorption tests at 77 K using
Quantachrome (NOVA 2000, USA).

2.4. Electrode Preparation and Electrochemical Measurement

For half cells, the synthesized Zn-BHT powder was ground with carbon black and
polyvinylidene fluoride (PVDF) at a ratio of 7:2:1 and further ground by adding an appro-
priate amount of N-methyl pyrrolidone (NMP). The resulting slurry was coated on the
pre-weighed carbon paper (~12 mm diameter, ~0.1 mm thick) and vacuum dried for 12 h.
The mass loading in each electrode was 0.8-1.2 mg cm 2. The resulting electrode sheet was
assembled with metallic zinc foil under an aqueous electrolyte using 2016 coin-type cells.

As regards the PC anode electrode, PC, carbon black, and PVDF with a mass ratio of
8:1:1 were thoroughly mixed in NMP and coated on stainless steel mesh (300 mesh). The
ZIC device was fabricated using Zn-BHT as the cathode and a PC electrode as the anode, a
glass fiber filter as the separator, and 3 M Zn(CF3503); as the electrolyte.

Galvanostatic charge/discharge (GCD) was tested by a LAND test system (Land
CT2001A). Cyclic voltammetry (CV) measurements were performed on an IVIUM elec-
trochemical workstation (The Netherlands). The energy/power density of the ZICs were
calculated according to following equations:

P=AV xi/m (1)
E=P x t/3600 )
AV = (Vmax + Vmin)/z (3)

where i, t and m are the discharge current (A), the discharge time (s), and the total mass of
active materials (kg), respectively. Vimax and Vp, are the voltages at the beginning and end
of the discharge (V).

3. Results
3.1. Structure Characterization of Zn-BHT

Zn-BHT was obtained by the reaction of BHT with ZnCl, in degassed methanol under
a nitrogen atmosphere for 24 h at room temperature. As depicted in Figure 1, each sulfur
atom of the BHT was fitted to two Zn?* ions in the 2D plane to obtain an extended 7t-d
conjugated conductive framework, and the 2D planes were stacked together with a layer
spacing of 0.35 nm. The micromorphology of the synthesized Zn-BHT products was
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characterized by FESEM and TEM, as shown in Figure 2. It can be observed that the sample
exhibits a uniform microrod structure with a smooth surface. The length of these rods
extends a few micrometers with diameters of about 300-400 nm (Figure 2a). The TEM result
further confirms the microrod morphology of Zn-BHT (Figure 2b). The high-resolution
TEM image presented in Figure 2c shows that the crystal lattice spacing of the Zn-BHT
is 0.35 nm. The selected area electron diffraction (SAED) pattern revealed the polycrystal
structure of Zn-BHT. In addition, energy-dispersive X-ray spectroscopy (EDX) analysis was
performed to further demonstrate the chemical composition of the synthesized Zn-BHT,
which depicts the uniformly distributed C, S, and Zn throughout the rod (Figure 2d).
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Figure 2. (a) SEM, (b) TEM, (c) high-resolution TEM images (inset corresponds to the SAED pattern),
and (d) SEM-EDX mapping of C, S, and Zn elements of the obtained Zn-BHT microrods.

XRD was conducted to qualitatively analyze the crystal structure and phase composi-
tion of Zn-BHT, as presented in Figure 3a. Several characteristic diffraction peaks of Zn-BHT
are observed at 11.4°, 25.6°, 31.1°, and 32.8° in the XRD pattern, which resemble that of
Ni3BHT and are different from the reported Ni3BHT; [31,32]. Thus, we speculate that the
structural formula of the material is Zn3BHT. No impurity peaks appear, which indicates
the successful synthesis of Zn-BHT with good crystallinity and high purity. The structure
of these samples was further verified using Raman measurement (Figure 3b). The peaks at
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886 and 1145 cm ! are the characterized peaks of C-S bonds. Peaks at 383 and 1490 cm ™!
can be ascribed to Zn-S and C-C, respectively. Meanwhile, the signal at 2500 cm ™! belongs
to the S-H stretching vibration, which may be attributed to the incomplete coordination
between Zn ions and thiol groups [33]. The XPS survey spectra show the presence of Zn,
S, C, and O elements (Figure 3c). The high-resolution Zn 2p spectrum of Zn-BHT was
divided into two separate peaks at 1022.2 and 1045.3 eV (Figure 3d), corresponding to the
Zn 2p3,, and Zn 2p1 /, orbitals, respectively. In the high-resolution S 2p spectrum, the S
2p peaks in the XPS spectrum at 161 and 165 eV could be split into two pairs of doublet
peaks, assignable to the sulfur atoms that appeared in the Zn-BHT framework (163.2 and
164.4 eV) and the sulfur atoms from BHT (162.5 and 163.7 eV), as shown in Figure 3e [34].
In addition, due to the spin—orbit coupling effect, each S 2p component split into a doublet
structure of S 2p3/, and S 2p; /,, with a binding energy difference of 1.2 eV [35]. Meanwhile,
the C 1s spectra shown in Figure 3f were deconvolved into three distinct peaks at 284.8,
286.5, and 288.6 eV, corresponding to Cg ring, C-S, and C-O, respectively. In brief, all of the
above results prove the successful synthesis of the Zn-BHT MOF material.
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Figure 3. Structural characterization of the obtained Zn-BHT microrods. (a) XRD. (b) Raman. (c) XPS
survey spectra. High-resolution XPS spectra of (d) Zn 2p, (e) S 2p, and (f) C 1s.

3.2. Electrochemical Properties of Zn-BHT

The CV test was carried out at 0.2 mV s~! within a potential window of 0.2-1.6 V
(vs. Zn/Zn?") to investigate the Zn?*-storage performance of the Zn-BHT electrode. CVs
of Zn-BHT on carbon paper in 3.0 M aqueous solution of Zn(CF3503), (Figure 4a) show
that the Zn?* insertion and extraction reactions are reversible. During the first charge
process, an evident oxidation peak at ~1.38 V (vs. Zn/Zn?*) was observed and disappeared
in the subsequent cycles. The reaction of Zn?* ions with Zn-BHT occurs reversibly at
approximately 1.39 V and 0.48 V (vs. Zn/Zn?*), respectively. The second and third
curves almost coincide, indicating the high reversibility of the intercalation/deintercalation
of Zn?* in Zn-BHT. GCD tests showed that this reversibility was also reflected in the
charge/discharge curves (Figure 4b). At a current density of 100 mA g~!, a reversible
discharge capacity of 90.4 mAh g~! was obtained. Notably, the initial coulomb efficiency
of the electrode is 42% with a charge capacity of 212 mAh g~!. Figure S1 depicts the
morphology of the electrode after the GCD test. The surface of the Zn-BHT electrode
after cycling is covered by a thick film, which may be attributed to the irreversible reaction
between the active material and the electrolyte or the collapse of the loose structure after the
first charge—discharge process [36]. After that, the third GCD curve is in perfect agreement
with the second GCD curve, indicating that the Zn2+ storage is stable and reversible. The
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rate performance of the Zn-BHT electrode was tested at current densities from 100 mA g~!
to 2000 mA g~! (Figure 4c). With the increase in current density, the capacity decreases
gradually. At 1 A g1, Zn-BHT delivered a capacity retention of 28.1% compared with the
initial capacity at 100 mA g~!. Add, with cycling, the CE of the electrode was gradually
increased to approximately 100%. The typically reported MOF-based cathode materials
including CuHCF [37], ZnHCEF [24], PBA [38], Cus(HHTP), [29], and Mn(BTC) [39] are
also listed for comparison (Figure 4d). Due to the good conductivity of Zn-BHT, this value
exceeds most reported traditional MOF materials for Zn?" storage, indicating its potential
in EESs, although this value is still inferior to the conductive Cuz(HHTP), cathodes and
V-based oxide cathodes. In addition, the Zn-BHT electrode showed good stability, which
is gradually increased with cycling (Figure 4e). This may be ascribed to the gradually
improved electrochemical activity of the electrode [40].
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Figure 4. Electrochemical properties of Zn-BHT. (a) CV curves at 0.2 mV s~1. (b) GCD curves at
100 mA g~ 1. (c) Rate performance. (d) Comparison of specific capacities of Zn-BHT with previously
reported MOF-based cathode materials. (e) Cyclic stability at 100 mA g~! after ten cycles of activation.

For a better understanding of the electrochemical kinetics of Zn-BHT, CV curves at
different scan rates from 0.2 to 1 mV s~ ! are given in Figure 5a. As the scan rate increases, the
response currents increase and the CV curves maintain their shapes with slight deviations,
indicating the fast insertion kinetics of Zn?* in Zn-BHT [41]. The relationship between the
response current i (mA) and the scan rate v (mV s~ 1) can be interpreted as the following
equation [42]:

i=avP (4)
where a and b are adjustable parameters. When the b value is 0.5, this means that the
charge storage process is controlled by ion diffusion. And when the b value is 1, this means
that the charge storage is a fully surface-controlled process. As presented in Figure 5b, the
specific b values were calculated to be 0.87 and 0.83, corresponding to the pair of redox
peaks, respectively. This shows that the charging and discharging processes are controlled
by both ion diffusion and pseudo-capacitive behavior. Moreover, the pseudo-capacitance
contribution ratios at different scan rates have been calculated according to the following
equation [30]:

i= le + k2V1/2 (5)

where kjv and kyv'/2 corresponded to the pseudo-capacitance contribution and the diffusion-
controlled contribution, respectively. By fitting data of kjv and k,v'/2, the capacitive
contribution is quantified as 76% at 1 mV s~!, demonstrating that the total energy storage
in the Zn-BHT electrode mostly results from the capacitive process (Figure 5c). Moreover,
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the pseudo-capacitiance contribution of Zn-BHT was calculated to be 50%, 52.8%, 60.1%,
69.3%, and 76% at the scan rates of 0.2, 0.3, 0.5, 0.8, and 1 mV s, respectively (Figure 5d).
The above results reflect that with the scan rate increase, the electrochemical reaction
is gradually mainly controlled by capacitive processes rather than diffusion. The good
electronic conductivity and novel structure of Zn-BHT could be responsible for the good
rate capability, indicating the great potential of Zn-BHT as cathode materials for ZICs.
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Figure 5. Electrochemical kinetic exploration of Zn-BHT cathode. (a) CV curves at different scanning
rates. (b) Mathematical relationship of log(i) and log(v) plot. (c) Pseudo-capacitance contribution at
1mV s~! (purple part). (d) Pseudo-capacitance contribution at different scan rates.

The diffusion coefficient of Zn%* (Dzus.) can be obtained using the galvanostatic
intermittent titration technique (GITT) method. At 100 mA g~! and a relaxation time
and charge/discharge time of 120 s, the Dz, was calculated by using the following

equation [43]:
4 (Vi \? [ AEs\? L2
DZ"2+_m< S ) (AEt) <D, .. (©)

where ny, is the number of moles of electrode material, Vy, is the molar volume, S is the
contact area between the electrode and collector, L is the thickness of the active materials,
AE; is the change in potential caused during charging and discharging, and AE; is the
potential difference generated during relaxation. Figure 6 shows the GITT curve and the
calculated Dzpy, of the Zn-BHT electrode during the charging and discharging processes.
The measured Dz, by GITT is in the 10~ 132101 ecm? s~ ! order of magnitude, indicating
decent kinetics due to the good conductivity of Zn-BHT.
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3.3. Electrochemical Properties of Fabricated ZIC

To evaluate the practical application of the Zn-BHT electrode as a cathode for ZICs,
we assembled a ZIC full cell using PC as the anode electrode. The PC was synthesized by
the pyrolysis of PANi nanorods (Figure S2a,b) following a previously reported method [30].
The SEM image of PC (Figure S2c,d) shows a typical porous structure. The XRD pattern
(Figure S3) of PC shows a broad diffraction peak at about 23°, corresponding to the (002)
plane of graphite, which proves the amorphous structure characteristics of the carbon
material. The specific surface area (SSA) and pore size distribution information of PC were
investigated by Ny adsorption/desorption measurement, as presented in Figure S4. This
isotherm curve with no obvious hysteresis loop conforms to the mixed type of type I and
IV isotherms with a high BET surface area of 2677.5 m? g~1. The pore size distribution of
PC indicates a high portion of micropores with a pore width of ~1.2 nm and a small portion
of mesopores in the width range of 2—4 nm. Based on this rich pore structure and large SSA,
it will be conducive to ion transport and adsorption, so as to show superior electrochemical
performance. Raman spectra and the corresponding Gaussian fit curves of PC are shown in
Figure S5. Two characteristic peaks at ~1350 and 1582 cm ™! are observed, corresponding
to the D (disordered carbon or defective graphitic structures) and G (sp? bonded carbon
atoms) band of the carbon material, respectively. The peak intensity ratio (Ip/Ig) of D and
the G band gives an indication of the graphitization degree of the carbon [44]. In general,
the lower the Ip/Ig value, the higher the graphitization degree of the carbon material.
Furthermore, the I band (1224 cm~!) corresponds mainly to sp?-sp® bonded carbon atoms,
while the D" band (1506 cm™!) is associated with amorphous carbon and the D’ band
corresponds to graphitic defects [44,45]. PC depicted an Ip/Ig value of 0.93, a relatively
small value that would indicate a high degree of graphitization of the synthesized activated
carbon with good conductivity.

The ZIC device was assembled by using the Zn-BHT cathode and PC anode with 3 M
Zn(CF3503); as electrolyte, which is schematically presented in Figure 7a. The mass ratio
of PC to Zn-BHT is optimized as ~1.5 to realize the charge balance of the two electrodes
here. During the discharging process, Zn* is inserted into the Zn-BHT while the anions
are absorbed by PC. Figure 7b presents the CV curves of the fabricated Zn-BHT/ /PC ZIC
device at different scan rates within a working voltage of 0.01-1.8 V. At a small sweep scan
of 5mV s~!, the CV delivers an obvious rectangular shape, indicating the typical capacitive
behavior. Moreover, with the increase in the scan rate, the rectangular shape of the CV
curves is still maintained with slight deviation. Figure 7c shows the GCD curves of the
fabricated ZIC under various current densities. Similar to the CV results, the GCD curves
depicted typical capacitive behavior with symmetric inverted triangular shapes. At current
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densities of 0.1,0.2, 0.5, 0.8, and 1 A g~ !, the corresponding specific capacities are about
37.6,24.6,15.1,12.2 and 10.8 F g’l, respectively. The results show that the Zn-BHT/ /PC
device can adapt to the fast charging and discharging process at large current densities. In
addition, the energy density of such a ZIC device is about 37.15 Wh kg ~! when the power
density is 90.5 W kg !, and even at a power density of 905 W kg !, the energy density can
be maintained at ~12 Wh kg~!. Although the fabricated ZIC device depicts a relatively
lower energy density than most ZICs based on Zn anodes, the energy density value is
higher than some reported ZICs based on AC anodes (Figure 7d) [14,46—48], as well as
the latest aqueous Li/Na ion capacitors (e.g., 11.5 Wh kg~! for LFP@C//ARGO Li-ion
capacitors [49], and 27.9 Wh kg_1 for MnHCEF/ /Fe30,4/rGO Na-ion capacitors [50]).
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Figure 7. Electrochemical performance of the assembled Zn-BHT/ /PC ZIC. (a) Schematic configu-
ration. (b) CV profiles from 5 to 100 mV s~1. (¢) GCD curves from 0.1 to 2 A gfl. (d) Ragone plot
showing the comparison of this work with reported studies. (e) Long-term cycling performance at
0.1Ag L

The good charging and discharging performance of Zn-BHT//PC can be ascribed to
the following aspects: Firstly, the good electrical conductivity and layered structure of the
Zn-BHT cathode can facilitate the insertion/de-insertion of Zn?*, resulting in fast charge
transfer kinetics, which may effectively alleviate the kinetics mismatch problem between
negative and positive electrodes. Secondly, the large SSA and highly porous structure of
the PC anode increase the contact area between the electrolyte and the electrode, which is
conducive to the transport and adsorption/desorption of ions. Finally, a suitable ratio of
positive and negative electrodes also contributes to the good electrochemical performance
of the ZIC. In addition, the Zn-BHT/ /PC device also demonstrates a long service life, as
shown in Figure 7e. Under 0.1 A g~1, the capacity retention of about ~150% was obtained
after 1800 charging and discharging cycles.
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4. Conclusions

In conclusion, we synthesized a novel 2D conductive MOF material, Zn-BHT, through
a facile and mild reaction between BHT and ZnCl, in deoxygenated methanol for 24 h and
first investigated the Zn2* storage performance as a cathode for ZICs. Due to its unique
layered structure and good conductivity, the insertion/de-insertion of Zn?* ions is highly
reversible in the Zn-BHT electrode with a high diffusion rate. A discharge capacity of
90.4 mAh g~! was obtained at 0.1 A g~!, as well as good rate performance and cyclic
stability. Moreover, the ZIC device was successfully fabricated using the Zn-BHT cathode
and PC anode, which exhibited a specific energy density of ~37.2 Wh kg ! and a long-term
cycle life with a capacity retention value of ~150% after 1800 cycles at 0.1 A g~!. This
work shows that Zn-BHT is a promising cathode material for Zn?* storage. Although
further research to obtain an in-depth understanding of the Zn?* storage mechanisms of
conductive MOFs is needed, this study provides new guidance for the development of
high-capacity and high-power conductive MOFs for ZIC cathodes.

Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/batteries10070222 /s1: Figure S1: SEM images of the post-cyclic Zn-BHT
electrode; Figure S2: SEM images of the (a,b) synthesized PANi and (c,d) PC; Figure S3: XRD pattern
of PC; Figure S4: (a) Nitrogen adsorption and desorption isotherm and (b) pore size distribution
calculated using DFT method of PC; Figure S5: Raman spectra of PC.
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