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a b s t r a c t 

Rechargeable aqueous zinc-ion batteries present low-cost, safe, and environmentally-friendly battery technology 
but suffer from the limited choice of cathode materials because of the sluggish kinetics of divalent zinc-ion as- 
sociated with the high adsorption and migration energy barrier. Herein, a reversible zinc/bismuth selenide mild 
aqueous system was demonstrated for the first time, where bismuth selenide nanoplate cathode delivers a high 
specific capacity of 263.2 mA h g − 1 at 0.1 A g − 1 and robust rate capability of 100.6 mA h g − 1 even at 10 A g − 1 

with long-term lifespan (82.3% retention after 1000 cycles). Benefiting from the layered structure and nanoplate 
morphology of the bismuth selenide cathode, surface-dominated ion storage is verified by a quantitative kinetics 
analysis, particularly at high current rates. Notably, unlike conventional batteries with only the reversible in- 
tercalation of alkali ions into metal chalcogenides, zinc/bismuth selenide aqueous batteries possess a sequential 
proton and zinc-ion insertion/extraction process, identified by in situ synchrotron radiation-based X-ray diffrac- 
tion. Density functional theory analysis approves the low adsorption energy and preferential embedding process 
of protons, and that can further optimize Zn 2 + adsorption and migration abilities in bismuth selenide nanoplate, 
which is mainly responsible for the excellent performance. 
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. Introduction 

Lithium-ion batteries (LIBs) have been widely studied and applied
n portable electronic devices and grid energy storage systems because
f their high energy density.[ 1 , 2 ] However, due to the shortage and
igh cost of lithium resources, the sustainability of LIBs is limited. [3-
] Moreover, the complex manufacturing and potential thermal run-
way with the use of organic electrolytes in LIBs not only increases the
attery cost but also causes safety hazards. [6] Rechargeable aqueous
atteries are promising alternatives since aqueous electrolytes naturally
ontribute to increase in safety, cost-effectiveness and ionic conduc-
ivity compared to those of organic electrolytes.[ 7 , 8 ] Zn-ion batteries
ZIBs) have been thoroughly studied from the ancient Volta battery to
urrently used rechargeable batteries due to their nontoxicity, stabil-
ty, high theoretical capacity and the low redox potential of Zn/Zn 2 + 
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-0.76 V vs. standard hydrogen electrode).[ 9 , 10 ] Many studies have
een performed to select suitable electrode materials to promote the
ractical application of aqueous ZIBs, such as manganese-based materi-
ls, [11] vanadium-based compounds and Prussian blue analogues.[ 12 ,
3 ] However, the low capacity, undesirable ionic conductivity, and poor
ycling performance weaken the potential application of these cath-
de materials in ZIBs. [14-16] For example, the Jahn-Teller distortion
n manganese-based cathodes and the rapid dissolution of active ma-
erial in vanadium-based ZIBs lead to both having short lifespans. The
russian blue analogue has a high discharge voltage ( > 1.7 V), but its
ischarge specific capacity is generally lower than 130 mA h g − 1 . [15]
n light of these poor qualities, the development of new materials for
IB cathodes is still in high demand. 

Metal chalcogenides, due to their high electrical conductivity, ther-
al stability and natural abundance, [17] have been increasingly studied
nced Research Institute, Chinese Academy of Sciences, Shanghai 201204, China 
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(  
or use in alkali-ion batteries; furthermore, metal chalcogenides may be
tilized as promising cathodes in aqueous ZIBs due to being more elec-
rochemically reversible and having faster charge transfer kinetics than
heir metal oxide counterparts.[ 18 , 19 ] More recently, MoS 2 and VS 2 ,
he most common metal chalcogenides, have been proposed as host ma-
erials for reversible zinc-ion intercalation.[ 19 , 20 ] Benefiting from the
ufficient interplanar spacing of MoS 2 and VS 2 , a reversible Zn 2 + storage
eaction and suitable redox potential, along with a capacity of approxi-
ately 200 mA h g − 1 and a cycling life of more than 200 cycles can be

chieved; thus, these materials demonstrate the enormous potential of
etal chalcogenides in aqueous ZIB cathodes. Nonetheless, the perfor-
ance of reported metal chalcogenides is still unsatisfactory, especially

heir low capacity and poor rate capability, which deteriorates due to the
igh energy barrier of Zn 2 + intercalation (strong Coulombic ion-lattice
nteractions). [21-23] On the other hand, other than the conventional
n 2 + shuttle mechanism, reversible proton co-intercalation has been de-
ected in some cases of Mn or V-based oxide cathodes; this process is
he main contribution to the high capacity and rate of the zinc aque-
us system.[ 8 , 24 ] To date, the dual-carrier intercalation process has
eldom been demonstrated in metal chalcogenide cathodes, including
athodes of MoS 2 and VS 2 . The exhibited reversible co-intercalation of
rotons will not only boost the capacity but also may improve the zinc-
on storage performance by weakening the Coulombic ion-lattice inter-
ctions. [25] Therefore, feasible metal chalcogenide cathodes that are
ble to carry out proton and zinc-ion dual-carrier insertion/extraction
rocesses at a high capacity and with well-established energy storage
echanisms should be highly considered and developed as cathode ma-

erials. 
Bismuth selenide (Bi 2 Se 3 ), a typical metal chalcogenide with a low

and gap and a van der Waals crystal structure, exhibits remarkable
hermoelectric and photoelectric properties and has been recognized as
n efficient host material for lithium/sodium ions. [26-29] More impor-
antly, the layered nanostructures of Bi 2 Se 3 increases stability while pro-
iding good carrier migration capability and proper layer spacing; thus,
i 2 Se 3 may be an ideal cathode for ZIBs and a conceivable metal chalco-
enide parasitifer for steady proton and zinc-ion insertion/extraction.
owever, until now, the zinc/bismuth selenide aqueous battery sys-

em has not been established and vacant for its energy storage mech-
nisms. Here, thin Bi 2 Se 3 nanoplates (TBSNs) with a uniform thickness
~5 nm) and good stability under circumstance condition are synthe-
ized and introduced as aqueous ZIB cathodes for the first time. The
s-prepared TBSNs exhibit a high discharge specific capacity of 263.2
Ah g − 1 at a current density of 0.1 A g − 1 . More importantly, ade-

uate cycling stability with a high capacity retention of 82.3% after
000 cycles can be achieved at 10 A g − 1 . Through in situ synchrotron
adiation-based X-ray diffraction, a sequential reversible proton and
inc-ion insertion/extraction process is verified, and the proton/zinc-ion
ual-carrier co-insertion/extraction mechanism is highly responsible for
he high capacity and rate of the aqueous ZIB system. Density functional
heory analysis approve the low adsorption energy and preferential em-
edding of protons, which further optimizes the Zn 2 + adsorption and
igration abilities in TBSNs by weakening the Coulombic ion-lattice

nteractions. As a result, an outward manifestation of a high pseudoca-
acitance proportion at high current rates is present and connected to
he ultrafast ion migration capacity in the TBSNs. 

. Experimental Section 

.1. Fabrication of the thin Bi 2 Se 3 nanoplates 

Bi(NO 3 ) 3 • 5H 2 O (99.0%), PVP 40000 (guaranteed reagent), selenium
owder (99.0%), ethylenediamine (99.0%), L-ascorbic acid (99.7%),
nSO 4 • 7H 2 O (99.5%) and Bulk crystalline Bi 2 Se 3 (99.99%) were pur-
hased from Sinopharm Chemical Reagent Co., Ltd. and used as re-
eived. The thin Bi 2 Se 3 nanoplates was prepared as follows. First, 0.5 g
i(NO 3 ) 3 and 0.6 g PVP 40000 were dissolved in 40 mL of ethanol and
35 
ixed with a magnetic stirrer for 0.5 h to form a homogeneous solution.
hen, 0.16 g of selenium powder was added, and 10 mL of ethylenedi-
mine was added and mixed with a magnetic stirrer for another 10 min.
fter that, the uniformly mixed solution was transferred into a 100 ml
eflon-lined stainless-steel autoclave, and a solvothermal reaction was
arried out at 150°C for 20 h. Subsequently, when the autoclave was
ooled to room temperature, 0.5 g of L-ascorbic acid was added and
tirred uniformly. The solution continued to react in the autoclave at
50°C for 5 h. The solid product was then collected by suction filtra-
ion and washed a few times with deionized water and ethanol. After
nnealing at 300°C under the protection of argon for 200 min, the thin
i 2 Se 3 nanoplates was finally obtained. The bulk Bi 2 Se 3 powders were
repared by grinding the as-received sample in agate mortar for one
our. 

.2. Materials Characterization 

The morphology, composition, and structure of the Bi 2 Se 3 
anoplates were studied by scanning electron microscopy (SEM, Carl
eiss Gemini SEM 300), X-ray photoelectron spectroscopy (XPS, Kratos
nalytical Axis UltraDLD) and transmission electron microscopy (TEM,
EM-2100). X-ray diffraction (XRD) patterns of the samples were ob-
ained at BL14B1 using a MarCCD area detector. Atomic force mi-
roscopy (AFM, CSPM-5500) was used to assess the height of the Bi 2 Se 3 
anoplates. 1 H NMR were performed on ADVANCE NEO spectrometer
ith a 700MHz magnet, using 1.9 mm rotors operating at a spinning

peed of 45 kHz. 

.3. Electrochemical Measurements 

The electrochemical performance of the Bi 2 Se 3 nanoplates was
ested via CR2025 coin-type cells from 0.2-1.7 V. The Bi 2 Se 3 cath-
de was prepared by mixing the Bi 2 Se 3 nanoplates, carbon black, and
olyvinylidene fluoride (PVDF) in a mass ratio of 7:2:1 in 1-methyl-2-
yrrolidinone (NMP). Then, the slurry was coated on carbon paper and
ried under vacuum at 80°C for 12 h. The mass loading of the active ma-
erials was approximately 1.0 mg cm 

− 2 . The full cells were assembled
sing the Bi 2 Se 3 nanoplates and Zn foil as the cathode and anode, a glass
bre membrane as the separator and 1M ZnSO 4 as the electrolyte. The
ulk Bi 2 Se 3 electrode was fabricated from commercial Bi 2 Se 3 powders
ith the same approach. The galvanostatic charge-discharge test was

arried out on a LANHE CT2001A battery testing system. The cyclic
oltammetry test was performed on a CHI 760E (Chenhua Instrument
ompany, Shanghai, China) electrochemical workstation. 

.4. In situ Synchrotron Radiation-Based X-ray Diffraction Experiment 

In situ XRD experiments were performed in the beamline BL14B1 (X-
ay wavelength of 0.6887 Å) and BL02U2 (X-ray wavelength of 0.8857
) of the Shanghai Synchrotron Radiation Facility (SSRF). The beam
ize was confined by horizontal and vertical slits to be approximately
.3 × 0.3 mm 

2 . The two-dimensional XRD signal was acquired by a Mar-
CD detector with a typical time of approximately 4 min for one scan.
oreover, an in situ XRD study was carried out using a special coin cell.
here were two observation holes with a radius of ~2 mm in the mid-
le of both the cathode and anode side, guaranteeing that X-rays could
enetrate through the active materials while cycling. The observation
ole of the specially made in situ cell was sealed by polyimide tape. The
lectrochemical current density used for the in situ experiment was 0.08
 g − 1 . 

.5. Computational Methods 

First-principles calculations based on density functional theory
DFT) were performed by the Vienna ab initio Simulation Package

Administrator
高亮
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VASP) code. The Perdew-Burke-Ernzerhof (PBE) form within the gener-
lized gradient approximation (GGA) and the projector augmented wave
PAW) pseudopotentials were used to describe the electron exchange-
orrelation potential and core electrons, respectively. In addition, the
FT-D3 method proposed by Grimme was also adopted to provide a
etter description of the long-range van der Waals interactions between
he Bi 2 Se 3 layer and adatoms. The kinetic energy cutoff for the plane-
ave basis was set to 400 eV. A vacuum layer of 20 Å along the z-axis
as built to prevent interactions from periodic images. During struc-

ural optimization, all atoms were fully relaxed with a force conver-
ence criterion of 0.01 eV/Å. Monkhorst-Pack k-point sampling (3 ×3 ×1)
as utilized for the Brillouin zone integration. The adsorption energy
 Δ𝐸 𝑎𝑑𝑠 ) of the Zn atom absorbed on the Bi 2 Se 3 layer with and without
he pre-adsorption of H atoms was calculated by the following defini-
ion: Δ𝐸 𝑎𝑑𝑠 = 𝐸 𝑠𝑢𝑏 − 𝑍𝑛 − 𝐸 𝑠𝑢𝑏 − 𝐸 𝑍𝑛 , where 𝐸 𝑠𝑢𝑏 − 𝑍𝑛 and 𝐸 𝑠𝑢𝑏 are the to-
al energy of the Bi 2 Se 3 or Bi 2 Se 3 -H system with and without Zn atoms,
espectively; and 𝐸 𝑍𝑛 is the total energy of Zn atoms. 

. Results and Discussion 

The TBSNs were synthesized via a simple two-step solvothermal ap-
roach and compared with bulk Bi 2 Se 3 (Supplementary Fig. S1). Fig. 1 a-
 present the scanning electron microscopy (SEM) images of the as-
ig. 1. (a-b) SEM images of the dense products and corresponding EDS analysis of Bi a
FM images of the TBSNs (left) and (e) corresponding AFM height profiles (right). (f)

g) Low-resolution TEM images of the TBSNs. (h) High-resolution TEM image of the T
nd (j) Se 3d fine spectra of the TBSNs after exposure to circumstance for more than 

36 
repared TBSNs, showing a nanoplate morphology with a transverse
ize of approximately 500 nm. Energy-dispersive X-ray spectra (EDX)
lemental mapping of the TBSNs reveals that the Bi elemental mapping
mage overlapped well with the Se image, showing the uniform distri-
ution of Bi and Se. To further investigate the thickness of the TBSN,
he synthesized materials are gently dispersed on silicon wafers and de-
ected by SEM ( Fig. 1 c) and atomic force microscopy (AFM) ( Fig. 1 d).
he results indicate a small diameter and uniform size. The average to-
ographic height obtained by AFM analysis is ~5 nm, corresponding to
-6 quintuple layers ( Fig. 1 e). [30] The special multi-layer structure is
onsidered to provide sufficient space for ion storage and effectively de-
rease the ion-diffusion distance. X-ray diffraction (XRD) pattern of the
btained TBSNs is shown in Fig. 1 f. The TBSNs display a high degree
f crystallization, and all the diffraction peaks can be indexed to lay-
red orthorhombic Bi 2 Se 3 (JCPDS No. 33-0214). The crystal structure
f Bi 2 Se 3 shown in the illustration of Fig. 1 f consists of five covalently
onded atomic sheets that are ordered Se-Bi-Se-Bi-Se, thus forming a
uintuple layer. To futher investigate the structure of the TBSNs, trans-
ission electron microscopy (TEM) and selected area electron diffrac-

ion (SAED) were conducted. Fig. 1 g and Supplementary Fig. S2 show
he whole view of the nanoplate structure. The size of the TBSNs ranges
rom 0.5-1 𝜇m, which is consistent with the SEM results. The unique
hin nanoplate structure can effectively alleviate the large volume ex-
nd Se. (c) SEM images of the TBSNs on the silicon substrate after dispersion. (d) 
 XRD pattern of the as-prepared TBSNs (inset is the crystallographic structure). 
BSNs, inset: the corresponding SAED pattern of the Bi 2 Se 3 nanoplates. (i) Bi 4f 
3 months. 
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Fig. 2. Electrochemical performance of the TBSNs as a cathode material for ZIBs in 1M ZnSO 4 solution. (a) Cyclic voltammograms at a scan rate of 0.1 mV s − 1 . (b) 
Galvanostatic charge/discharge curves at 0.1 A g − 1 . (c) Cycling performance of the TBSN cathodes at 0.1 A g − 1 . (d) Charge-discharge profiles of the TBSN cathode 
at various current densities. (e) Rate performance comparison between the TBSN cathode and previously reported metal chalcogenide cathode materials for aqueous 
ZIBs, such as VSe 2 , VS 2 , Bi 2 S 3 , MoS 2 , hydrated MoS 2 , and VS 2 @N-doped carbon. (f) Rate capability of the TBSNs at various current densities, and (g) the cycling life 
of the TBSN cathode at 10 A g − 1 . 
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ansion, thereby achieving steady electrochemical performance with-
ut deforming the electrode microstructure after multiple cycles. [31]
igh resolution TEM (HRTEM) of the TBSNs shows a lattice spacing
f 0.206 nm, which corresponds to the (110) crystal plane of Bi 2 Se 3 
 Fig. 1 h). Selective area electron diffraction (SAED) pattern confirms
he high crystallinity of the synthesized TBSN. To explore the elemental
omposition, bonding and chemical stability of the TBSNs, X-ray photo-
lectron spectroscopy (XPS) was performed using TBSNs after exposure
o circumstance for more than 3 months. The results clearly indicate the
resence of Bi and Se in the TBSNs, where the binding energies are cor-
ected by the presence of adventitious C 1s at 284.6 eV (Supplementary
ig. S3). The peaks of the 4f 5/2 and 4f 7/2 core levels of Bi clearly appear
t 163.3 and 158 eV, respectively ( Fig. 1 i), and the 3d 3/2 and 3d 5/2 core
evels of Se are located at 54.1 and 53.4 eV ( Fig. 1 j), which are in agree-
ent with the pure Bi 2 Se 3 bulk (Supplementary Fig. S4). These results

llustrate the high stability of the prepared Bi 2 Se 3 nanoplates. 
The electrochemical performance of the TBSNs was evaluated by as-

embling a Zn/Bi 2 Se 3 cell utilizing TBSNs as the cathode, zinc foil as
he anode, and 1M ZnSO 4 solution as the electrolyte. Fig. 2 a displays
he cyclic voltammetry (CV) curves of the TBSNs at 0.1 mV s − 1 in the
oltage window of 0.2-1.7 V. Two pairs of redox peaks can be observed
t approximately 0.7/1.0 V and 0.4/0.8 V, which can be ascribed to the
ccurrence of reversible ion insertion/extraction. Furthermore, the gal-
anostatic discharge/charge (GCD) curves at a current density of 0.1 A
 

− 1 show two plateaus in both the charge and discharge processes in
ig. 2 b, which is in accordance with the CV curves. The cycling per-
37 
ormance of TBSNs was tested at a low current density of 0.1 A g − 1 .
he cycling data in Fig. 2 c shows a discharge capacity of 263.4 mA h
 

− 1 after 200 cycles with almost no capacity decay, and the Coulom-
ic efficiency approaches 100% during cycling. In contrast, the Bi 2 Se 3 
ulk electrode exhibits lower capacities and decay rapidly than the TB-
Ns (Supplementary Fig. S5). Therefore, it is considered that the supe-
ior rate performance of TBSNs was ascribed to the two-dimensional
tructure. [32] Fig. 2 d and 2 f show the charge-discharge curves and rate
erformance of the TBSNs. The discharge capacities are 263.2, 240.3,
02.7, 178.9, 152.4, 121.5 and 100.6 mA h g − 1 at 0.1, 0.2, 0.5,1, 2,
, 10 A g − 1 , respectively, far surpassing that of the Bi 2 Se 3 bulk elec-
rode (Supplementary Fig. S6). In addition, when the current density
eturns to 0.2 A g − 1 after cycling for 40 cycles, the specific capacity
ecovers back to 231.2 mA h g − 1 , indicating the high reversibility of
he reactions and fast charge storage kinetics. Such rate capability out-
erforms most previously reported metal chalcogenide cathodes (such
s VSe 2 , [33] VS 2 , [19] Bi 2 S 3 , [25] MoS 2 , [20] hydrated MoS 2 , [34] and
S 2 @N-doped carbon [35] ) and enables a superb power density of 4750
 kg − 1 at an energy density of 115.425 W h kg − 1 based on the active
aterials mass of cathode ( Fig. 2 e and S6). The long ‐term cycle perfor-
ance was evaluated at high current of 10 A g − 1 . As shown in Fig. 2 g,

he TBSN cathode remains at 82.8 mA h g − 1 with 82.3% capacity re-
entions (compared with rate capacity at 10 A g − 1 ) after 1000 cycles,
hereby demonstrating the good cycling stability of the prepared Bi 2 Se 3 
anoplates. In contrast, bulk Bi 2 Se 3 can only maintain discharge capac-
ties of 48.9 mA h g − 1 after 1000 cycles at 10 A g − 1 (Supplementary
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Fig. 3. Analysis of the ion storage mechanism for the TBSN cathode. (a) Galvanostatic charge-discharge curves between 0.2-1.7 V at 0.08 A g − 1 (3M ZnSO 4 

solution) during the in situ observation. (b) In situ XRD patterns (X-ray wavelength of 0.6887 Å) of the (001) Bragg peak and (c) the corresponding peak area of the 
Zn 4 SO 4 (OH) 6 • 5H 2 O byproduct during the second discharge-charge scan. (d) In situ XRD patterns of the (110) Bragg peak and (e) the related crystalline interplanar 
spacing changes in the TBSNs during the second discharge-charge scan as a function of the discharge and charge voltage. (f) Solid state 1H NMR at selected states 
and (g) XPS spectra of Zn 2p. (h) Schematic illustration showing the Zn 2 + /H 

+ insertion/extraction in the TBSNs. 
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ig. S8). The electrochemical performance of the TBSN is further in-
erstigated in high-concentration electrolyte (3M ZnSO 4 solution). As
xpected, on the one hand, a much higher specific capacity of 327 mA
 g − 1 at 0.2 A g − 1 and rate capacity of 111 mA h g − 1 at 20 A g − 1 (Sup-
lementary Fig. S7) can be concurrently achieved due to the dense ions
Zn 2 ± and H 

± ) surroundings; [36] on the other hand, the more strong
cidic chemical environment caused by the enrichment of H 

± will ac-
elerate the corrosion of zinc foil and eventually lead to inferior cy-
lability [37] . Given the above, the feasibility of TBSN as a potential
igh-performance cathode for ZIBs can be concluded. 

The galvanostatic charge and discharge processes between 0.2-1.7
 at a low current density of 0.08 A g − 1 are shown in Fig. 3 a. Si-
ultaneously, in situ XRD is conducted to analyse the phase evolu-

ion of the TBSN cathode to further understand the energy storage
echanism (Supplementary Fig. S8). Notably, the new diffraction peak

bserved at 3.66° during the discharge process can be indexed to
n 4 SO 4 (OH) 6 • 5H 2 O ( Fig. 3 b). The formation of Zn 4 SO 4 (OH) 6 • 5H 2 O
38 
as also proved by the SEM images. Compared to the initial TBSN
lectrode, obvious flakes are observed on the surface of the TBSN elec-
rode discharged to 0.7 V (Supplementary Fig. S9). Besides, SEM-EDS
esults verify that the flake is Zn 4 SO 4 (OH) 6 • 5H 2 O due to the fact that
here are Zn, O, and S in the flakes (Supplementary Fig. S10). The
ormation of the alkaline Zn 4 SO 4 (OH) 6 • 5H 2 O byproduct is ascribed
o the massive consumption of protons by the cathode in the weakly
cidic ZnSO 4 electrolyte. Due to the small radius of protons, the in-
ercalation process of protons into the lattice of the TBSN cathode is
inetically easier than Zn 2 + during the initial discharge process (~0.7
). As a result, more protons will be supplemented by the decompo-
ition of H 2 O in the electrolyte to generate H 

+ and OH 

− . Addition-
lly, the obtained OH 

− can coordinate with the ZnSO 4 electrolyte to
pontaneously form Zn 4 SO 4 (OH) 6 • 5H 2 O. Until an energy balance is
eached between the ionization efficiency of H 2 O and the adsorption
nergy of H 

+ in the TBSN cathode, the H 

+ insertion process may be
imited, which is reflected by the constant (001) peak area of the
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n 4 SO 4 (OH) 6 • 5H 2 O byproduct (emphasized by the light blue region
n Fig. 3 c). Zn 4 SO 4 (OH) 6 • 5H 2 O gradually disappears after charging
rom 0.9 to 1.3 V. These phenomena indicate the reversible genera-
ion/decomposition of Zn 4 SO 4 (OH) 6 • 5H 2 O on the cathode during the
ischarge/charge process.To clarify the structural evolution of the TB-
Ns during the charge and discharge processes, the characteristic peak
ocated at 19.1° (reflection of the (001) plane of Bi 2 Se 3 ) is enlarged, as
hown in Fig. 3 d. The diffraction peak shifts to a small angle during the
ischarge process and recovers to the original state during the charge
rocess, revealing a typically reversible insertion/extraction reaction of
he TBSN cathode, consistent with SEM images (Supplementary Fig. S9).
ig. 3 e displays the evolution of the d (110) value of Bi 2 Se 3 according
o the in situ XRD results. The increase of the d (110) plane value during
ischarge can be divided into two parts. The increased amplitude of the
 (110) value is relatively small at the initial discharging stage, corre-
ponding to the high production of the Zn 4 SO 4 (OH) 6 • 5H 2 O byproduct
 Fig. 3 c) and indicating exclusive H 

+ insertion. When the (001) peak
rea of the Zn 4 SO 4 (OH) 6 • 5H 2 O byproduct becomes stable, the produc-
ion of Zn 4 SO 4 (OH) 6 • 5H 2 O ends, signifying that the proton insertion
rocess is terminated (the light blue region in Fig. 3 c). At this time, the
ncrease in the d (110) plane value suddenly accelerates, which means
n 2 + insertion is occurring in the TBSN cathode due to the larger radius
f Zn 2 + than H 

+ (the light blue region in Fig. 3 e). These results indi-
ate that the intercalation of Zn 2 + and H 

+ is carried out sequentially
ather than simultaneously. During the charging process, the d (110) of
i 2 Se 3 and (001) peak area of Zn 4 SO 4 (OH) 6 • 5H 2 O recover to the ini-
ial state after strictly following the sequential steps. The above results
learly confirm the highly reversible dual-carrier storage in the aqueous
n/Bi 2 Se 3 system, which undergoes a different sequence of H 

± and Zn 2 ± 

nsertion/extraction and maintains consistency in the stable cycles with
lectrolytes of various concentrations (Supplementary Fig. S11). 

To further confirm the sequential insertion/extraction of H 

+ and
n 2 + in the TBSNs during the charge/discharge process, the TBSN-based
ositive electrodes at the selected charge/discharge states were investi-
ated by the solid state 1H NMR and XPS spectra respectively ( Fig. 3 f
nd 3 g). As shown in Fig. 3 f, compared with the initial state of the TBSN
lectrodes, there appears an new peak at 2.7 ppm when the battery dis-
harge to 0.6 V, which would be ascribed to the H 

+ that inserted in
he TBSN. However, the intensity of this peak is slightly enhanced at
ischarge stage from 0.6 V to 0.2 V, which probably because a small
mount of H 

+ insert into TBSN. Subsequently, at the charge stage from
.2 V to 1.7 V, the intensity of this peak decreased, indicating that
 

+ was reversibly extracted form the TBSN. Meanwhile, XPS spectra
ere employed to confirm the insertion/extraction of Zn 2 + , as shown in
ig. 3 g. In the Zn 2p spectra of TBSN electrodes, three pairs of Zn 2 + peaks
ocated at 1022.2/1045.2, 1023/1046, 1024/1047 eV are assigned to
he inserted Zn 2 + in Zn(OH) 2 , ZnSO 4 from Zn 4 SO 4 (OH) 6 • 5H 2 O, and
n 2 + in TBSN, respectively. At the discharge stage from 0.6 to 0.2 V,
t is noted that there is a distinct increase in the intensity of peaks be-
onging to the inserted Zn 2 + in the TBSN while the peak area of the Zn 2 + 

rom Zn 4 SO 4 (OH) 6 • 5H 2 O byproduct remains unchanged. It reveals that
 large quantity of Zn 2 + insert to TBSN during this discharge process.
he peak of the Zn 2 + in the TBSN is obviously decreased and nearly re-
overs to the initial state at the charge stage from 0.2 V to 1.7 V. It sug-
ests that the Zn 2 + in the TBSN can reversibly extracted from the TBSN
uring cycling. Furthermore, the peaks of the Zn 2 + in Zn(OH) 2 and Zn 2 + 

rom Zn 4 SO 4 (OH) 6 • 4H 2 O also exhibit a similar trend, revealing the re-
ersible conversion of Zn 4 SO 4 (OH) 6 • 4H 2 O during cycling. Therefore,
ased on the above discussion, it is verified that H 

+ and Zn 2 + can suc-
essively insert into and extract from TBSN during cycling.The illustra-
ion of the entire reaction mechanism of the TBSN cathode is depicted
ividly in Fig. 3 h. The sequential dual-insertion mechanism may benefit
harge transfer, thus resulting in a high theoretical capacity and good
lectrochemical performance. 

The ion storage and kinetics properties of the TBSN cathode were
arried out by consecutive CV measurements at various scan rates from
39 
.1 to 0.6 mV s − 1 ( Fig. 4 a). The redox peaks of Peak 1 and 3 correspond
o the (de)intercalation process of Zn 2 + , while Peak 2 and 4 are related to
he (de)intercalation process of protons. In general, the peak current ( i )
esponse in the CV curves obeys the power law according to the equation
escribed as follows: 

 = 𝑎 𝑣 𝑏 (1)

here i is the current, 𝜈 is the scan rate, and a and b are adjustable
arameters. [38] The b -value is determined from the slope of the log
 i ) versus log ( 𝜈) plot. Diffusion-controlled behaviour dominates when
he b -value approaches 0.5, and on the other hand, surface-driven be-
aviour, viz. , the capacitive process, dominates as the b -value increases
o nearly 1.0. [39] It was calculated that the b -values of Peaks 1-4 are
.7, 0.8, 0.78, and 0.99, respectively ( Fig. 4 b), demonstrating the pres-
nce of a synergistic charge storage process that includes both diffusion-
ontrolled and capacitive behaviours coexisting in the TBSNs. In addi-
ion, the CV curves show a similar shape at various scan rates from 0.1
o 0.6 mV s − 1 ( Fig. 4 a), suggesting the small polarization voltage and
ast kinetics of the TBSN cathode. To further specify the capacitive con-
ribution at a certain scan rate, the following equations: 

 = 𝑘 1 𝑣 + 𝑘 2 𝑣 
1∕2 (2)

nd 

 ∕ 𝑣 1∕2 = 𝑘 1 𝑣 
1∕2 + 𝑘 2 (3)

re employed to evaluate the capacity ratio between the capacitive ( k 1 v )
nd diffusion-controlled ( k 2 v 1/2 ) behaviour at a particular voltage dur-
ng cycling. [40] With increasing scan rates from 0.1 to 0.5 mV s − 1 , the
apacitive contribution ratios increase from 63% to a dominant position
f 85% at 0.5 mV s − 1 ( Fig. 4 c). Therefore, it is concluded that the high
ate performance of the TBSNs is attributed to the prominent capacitive-
ontrolled kinetics process. The abovementioned analysis explains the
rigin of the excellent capability of the TBSN electrode at a high rate. 

To further interpret the experimental results, we performed a the-
retical investigation of the superior ion storage and diffusion proper-
ies of the TBSNs by performing a series of density functional theory
DFT) calculations. According to the proposed kinetic process, the ad-
orption energies of the Zn-ions and protons on the original Bi 2 Se 3 sur-
ace were calculated to illustrate the selective adsorption during the cy-
le. All atoms were fully relaxed with a force convergence criterion of
.01 eV/Å during the structural optimization. Consistent with the XRD
nd CV measurements, Bi 2 Se 3 shows a lower adsorption energy for pro-
ons with values of -1.01 eV at the Top, -0.59 eV at the Hollow and -0.12
V at the Valley (Supplementary Fig. S12) than for Zn-ions with values
f 0.60 eV at the Top, -0.05 eV at the Hollow, 0.30 eV at the Valley
Supplementary Fig. S13), suggesting the preference for the proton em-
edding process. The binding energy of the Bi 2 Se 3 surface for proton,
ith varies proportionally of the protons occupying number, is also cal-

ulated to further evaluate the occupation trend. The calculated binding
nergy for H x Bi 2 Se 3 is -0.91 eV for H 0.33 Bi 2 Se 3 , -0.86 eV for H 0.5 Bi 2 Se 3 ,
0.89 eV for HBi 2 Se 3 , and -0.94 eV for H 2 Bi 2 Se 3 . It can be clearly seen
hat with the increase in the proportion of protons on the surface, Bi 2 Se 3 
xhibits a stable binding energy, which is conducive to the capture and
torage of protons and leads to complete proton occupation on the sur-
ace after the termination of proton intercalation (Supplementary Fig.
14). Subsequently, after being occupied completely by protons, the ad-
orption capability of Zn-ions is greatly improved ( ΔE = -1.11 eV, lower
dsorption energy) compared with the original surface (Supplementary
ig. S15). Therefore, the second ion insertion, i.e. , the Zn 2 + insertion
rogress, also shows excellent capacity. Furthermore, considering the
esults of the in situ XRD measurements and the above discussion, we
alculated the energy barriers of the migration of Zn 2 + on the origi-
al Bi 2 Se 3 surface and the Bi 2 Se 3 surface completely occupied by H 

+ 

o match the actual charge/discharge process and the analysis results of
he binding energy of H x Bi 2 Se 3 . For the original Bi 2 Se 3 , the inserted Zn-
ons possess three possible diffusion paths: Hollow-Hollow (H-H, Path
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Fig. 4. Kinetics analysis and mechanism of the ion storage process of the TBSNs. (a) CV curves of the TBSNs tested at different scan rates from 0.1 to 0.6 mV s − 1 . 
(b) Log ( i ) versus log ( v ) curves of the cathodic and anodic peaks, and (c) contribution ratios of the normalized capacitive (light orange) and diffusion-controlled 
(light green) peaks from 0.1 to 0.5 mV s − 1 . (d) Top view and side view of the original Bi 2 Se 3 surface and the marked path (Path Ⅰ , Path Ⅱ and Path Ⅲ ) of the Zn-ion 
migration. (e) Migrated energy barriers on the original Bi 2 Se 3 surface that correspond to Path Ⅰ , Path Ⅱ and Path Ⅲ . (f) Top and side view of the Bi 2 Se 3 surface 
completely occupied by protons and the marked path of the Zn-ion migration. (g) Migrated energy barriers on the Bi 2 Se 3 surface completely occupied by protons. 
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 ), Hollow-Top-Hollow (H-T-H, Path Ⅱ ) and Hollow-Valley-Hollow (H-
-H, Path Ⅲ ). The calculated energy barriers of Bi 2 Se 3 corresponding

o the different paths are shown in Fig. 4 d-e. Path Ⅰ is considered to
e the most likely diffusion mode as it is the migration path with the
owest diffusion barrier (0.19 eV). For the stable Bi 2 Se 3 surface com-
letely occupied by protons, Zn-ions show isotropic migration and have
n appropriate diffusion barrier as low as 0.17 eV ( Fig. 4 f and g), which
s lower than that of any possible migration path on the original pure
i 2 Se 3 . This result is consistent with the observed ion insertion process

n the batch experiments, in which the protons inserted first promote the
iffusion of the Zn-ions that are subsequently embedded. This process is
eneficial for achieving excellent capacity and fast kinetics at high rates
nd further illuminates the excellent performance and high reversible
apacity of TBSN cathodes in aqueous ZIBs. 
40 
. Conclusion 

In summary, thin Bi 2 Se 3 nanoplates are synthesized by a simple hy-
rothermal method and introduced as aqueous ZIB cathodes for the first
ime. These nanoplates deliver a high specific capacity of 263.2 mA h
 

− 1 at 0.1 A g − 1 , ideal rate performance (100.6 mA h g − 1 at 10 A g − 1 ),
nd decent cycling stability (82.3% retention after 1000 cycles). A se-
uential proton and Zn-ion insertion/extraction process is captured by
n situ synchrotron radiation-based X-ray diffraction, demonstrating a
eversible dual-carrier storage mechanism. Furthermore, density func-
ional theory analysis shows that the intercalation of protons via low
dsorption energy occurs much more easily, which further optimizes
he Zn 2 + absorption and migration abilities in the TBSNs by weakening
he Coulombic ion-lattice interactions and leads to an outstanding rate
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apability. As a result, the outward manifestation of a high pseudoca-
acitance proportion at high current rates is connected to the ultrafast
on migration capacity in the TBSNs. This new type of Bi 2 Se 3 cathode
rovides a promising choice for the development of high-performance
queous ZIBs. 
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