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ABSTRACT: Vanadium-based compounds have been widely used as
electrode materials in aqueous zinc ion batteries (ZIBs) due to the
multiple oxidation states of vanadium and their open framework
structure. However, the solubility of vanadium in aqueous electro-
Iytes and the formation of byproducts during the charge/discharge
process cause severe capacity fading and limit cycle life. Here, we
report an ultrathin HfO, film as an artificial solid electrolyte
interphase (SEI) that is uniformly and conformally deposited by
atomic layer deposition (ALD). The inactive hafnium(IV) oxide :
(HfO,) film not only decreases byproduct (Zn,SO,(OH)sxH,0) ' X Zn2+
formation on the surface of Zn,V,0,(0OH),2H,0 (ZVO) but also
suppresses the ZVO cathode dissolution in the electrolyte. As a
result, the obtained HfO,-coated ZVO cathodes deliver higher
capacity and better cycle life (227 mAh g~'@100 mA g~', 90% retention over 100 cycles) compared with pristine ZVO
(170 mAh g"'@100 mA g~', 45% retention over 100 cycles). A mechanistic investigation of the role of HfO, is presented,
along with data showing that our method constitutes a general strategy for other cathodes to enhance their performance
in aqueous ZIBs.
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energy storage technology, which has been widely
employed in various applications. However, current
commercial LIBs have some limitations such as flammable
electrolyte, limited lithium supplies, and high cost.'~* These
issues have motivated the search for alternative battery
technologies such as rechargeable aqueous batteries. Com-
pared with organic electrolytes, water-based electrolytes show
high ionic conductivity (~1 S cm™"), simple processing, and
good safety.’”” Among the various aqueous Dbatteries,
rechargeable aqueous zinc ion batteries (RAZIBs) exhibit
great promise due to zinc having a low redox potential (—0.762
V vs SHE), high theoretical capacity (819 mAh g~', 5851 mAh
mL™), great earth abundance, and ease of material
handling.lo_16
To date, various materials have been reported as the cathode
for RAZIBs (e.g, MnO,, Prussian blue analogues, polyanion
compounds).'”~*° Among them, vanadium-based compounds
with an open framework structure possess higher energy

T he lithium-ion battery (LIB) is the most important
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density than other cathodes, which can be attributed to the
multiple oxidation states of vanadium and their stable layered
structure.”””” Despite these advantages, vanadium-based
compounds still suffer from fast capacity fading, but the reason
remains unclear. The formation of an inactive byproduct has
been detected on the surface vanadium-based cathodes during
the discharge process in previous works, an effect that was
attributed to the reaction between OH™ and ZnSO, during the
proton co-insertion process.””>* Unfortunately, this insulating
byproduct impedes the electrochemical reaction and causes
increased resistance during repetitive cycling. The formation of
Zn,SO,(OH)4«H,O covers the cathode surface, leading to a
decrease of electrochemically active surface area and hindering
the movement of the electrons. In addition, vanadium-based
cathodes are likely to dissolve in neutral/mildly acidic
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electrolytes, as has been previously reported.”*® The solubility

of vanadium-based materials leads to direct capacity fading
with cycling via loss of cathode active materials. Several
approaches have been attempted to overcome these drawbacks.
Chen et al. developed a mixed aqueous electrolyte consisting of
both Na,SO, and ZnSO, which effectively inhibited the
continuous dissolution of NaV;04-1.5H,0.>* Na,SO, as an
additive in the electrolyte not only changed the dissolution
equilibrium between the electrode and electrolyte but also
suppressed Zn dendrite growth. Therefore, a good reversible
capacity (380 mAh g”'@100 mA g™') and enhanced long-term
cycling performance (82% over 1000 cycles) were achieved for
RAZIBs. Hu et al. deposited PEDOT with S nm thickness as a
protective layer on the surface of V,0;5 nanosheets, which
improved zinc storage performance and promoted zinc ion and
electron transport kinetics.”” This hybrid PEDOT/V,0;
electrode exhibited a specific capacity up to 232 mAh g~!

a large current density of 20 A g~' and excellent cycle life (97%
retention after 600 cycles at 1 A g~' and 89% after 1000
cycles).

Atomic layer deposition (ALD) is an effective method to
coat uniform and conformal layers on complex and high-area
surface structures via a sequential self-limiting gas/solid
reaction.”® The thickness of the ALD coating can be easily
tailored at the atomic scale. ALD coatings of TiO,,*’ Zr0,,*
and HfO,,”" have been proposed as surface passivation layers
to improve the performance of LIB. The undesirable interfacial
reactions between the electrodes and electrolytes could be
effectively suppressed by using a passivating ALD layer. This
passivation layer acts as an artificial solid electrolyte interphase
(SEI) in the rechargeable aqueous battery, which is important
in determining the electrochemical performance of the
electrode.” To the best of our knowledge, using ALD surface
engineering to improve zinc ion storage performance has not
been reported.

Here, we demonstrate that HfO,-coated Zn;V,0,(OH),-
2H,0 (denoted as HfO,-coated ZVO) effectively prevents
cathode dissolution during cycling and largely decreases the
formation of the insulating side products (Zn,SO,(OH)¢
xH,0) at the electrode/electrolyte interface. As a result, a
functional RAZIB with a HfO,-coated surface of the ZVO
cathode delivers higher specific capacity and better long-term
cycling ability compared with the pristine ZVO.

The process of preparation for a self-standing HfO,-coated
ZVO electrode could be divided into two steps, as illustrated in
Figure 1. First, ZVO nanobelts are prepared by microwave
synthesis and dispersed into deionized water with Super P
binder (carboxymethylcellulose (CMC) and styrene—buta-
diene rubber (SBR)) to form a homogeneous dispersion (see
details in the Experimental Section in the Supporting
Information). The mixture is assembled by a facile vacuum
filtration system, yielding a film that could be easily peeled off
from filter membranes to form a free-standing ZVO electrode.
In the second step, the as-obtained electrodes are transferred
into the ALD system for HfO, surface deposition on ZVO at
180 °C. To decrease the inner resistance, HfO, is directly
deposited on the assembled electrode instead of individual
nanobelts followed by electrode making. Our way maintains
direct interparticle electronic pathways without crossing the
insulating HfO, layer while HfO, helps in “gluing” particles
together.”” The thickness of the HfO, coating layer is simply
controlled by the number of deposition cycles. After the ALD
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Figure 1. Schematic illustration of the fabrication process of a
pristine ZVO cathode and the HfO,-coated ZVO by ALD. The
ALD coating acts as an artificial solid interphase layer, which
significantly improves the performance and stability of the ZIB
cathodes.

Vacuum System

process, the morphology of the HfO-coated ZVO cathode is
retained (Figure S1).

The crystal structure of pristine ZVO and HfO,-coated ZVO
cathodes was studied by X-ray diffraction (XRD). All of the
diffraction peaks obtained for both samples are indexed as
Zn;V,0,(0OH),2H,0 (JCPDS No. 50-0570) with no signs of
impurity phases (Figure 2a). No different peaks corresponding
to HfO, could be observed in the XRD pattern, which is most
likely due to its 5 nm thickness and amorphous state.”* The
chemical composition and bonding state of the HfO,-coated
ZVO cathode were evaluated by X-ray photoelectron spec-
troscopy (XPS). The high-resolution spectrum of V 2p is
shown in Figure 2b. The peaks at 517.3 and 524.6 eV can be
ascribed to the V 2p,/, and V 2p,,, peaks of V°*, which
demonstrate that the chemical valence of vanadium has not
been affected by the HfO, coating.”> The peaks around 17.0
and 18.7 eV of the Hf 4f spectrum in Figure 2c are related to
4f,,, and 4f;),, respectlvely, which belong to the Hf-O
bonding in HfO,.>® The XPS data on Zn and O (Figure S2a,b)
exhibit signals that can be expected for the sample of HfO,-
coated ZVO, which matches well with the previous report for
pure ZVO. Transmission electron microscopy (TEM), high
angle annular dark-field scanning TEM (HAADF-STEM), and
high-resolution TEM (HRTEM) were employed to provide
structural information on the samples. As shown in Figure 2d,
a clear interface between the core and shell is easily observed,
which is related to the different atomic numbers of the atoms
present in these two regions. In Figure 2e, a uniform HfO,
layer with a thickness of 5 nm can be seen maintaining a well-
defined nanobelt morphology with a core—shell structure
compared with pristine ZVO (Figure S3). The lattice spacing
of 0.21 nm is observed in Figure 2f, which corresponds to the
interplanar spacing of ZVO(022) planes. Elemental mapping
was performed using energy dispersive X-ray spectroscopy
(EDS), as shown in Figure 2g—k. The Zn, V, O, and Hf
elements are homogeneously distributed in the HfO,-coated
ZVO nanobelts. These results demonstrate that the ultrathin
HfO, layer has been successfully deposited on the surface of a
ZVO free-standing electrode film.

The electrodes made by vacuum filtration were used as
cathodes in aqueous ZIBs, where zinc foil and 1 M ZnSO,
were used as the anode and electrolyte, respectively. Figure 3a
shows the cyclic voltammetry (CV) plot obtained at a scan rate
of 0.3 mV s7! in the voltage window of 02—1.8 V (vs Zn/
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Figure 2. Morphology and structure of as-prepared HfO,-coated ZVO and pristine ZVO cathodes. (a) XRD pattern showing that the HfO,
coating does not change the ZVO cathode structure. (b,c) XPS high-resolution spectra of (b) V 2p and (c) Hf 4f obtained from HfO,-coated
ZVO. (d) HAADF-STEM image, (e¢) TEM image, and (f) HRTEM image of HfO,-coated ZVO. (g—k) TEM-EDS elemental maps of a HfO,-

coated ZVO individual nanobelt.

Zn**). The shape of the CV curves is similar for the two
samples, indicating that the HfO, layer does not significantly
change the electrochemical reaction during Zn>* de/
intercalation. The RAZIBs with a HfO,-coated ZVO cathode
deliver a smaller polarization than pristine ZVO, which implies
faster kinetics. To further understand the charge storage
kinetics of these hosts, the diffusion-controlled and capacitive
contributions were quantitatively determined from CV curves
measured at different scan rates (Figure S4ab), and the b
values of six peaks were calculated (Figure 3b). The b values of
HfO,-coated ZVO were 0.74, 0.98, 0.8, 0.77, 0.67, and 0.84,
corresponding to peaks labeled as Al, A2, A3, Cl1, C2, C3
(Figure 3a), respectively. The b values for the HfO,-coated
ZVO are higher than those of pristine ZVO, suggesting
enhanced reaction kinetics.””*® The contribution ratio of
capacitive response to the whole capacity of HfO,-coated ZVO
at a scan rate of 0.3 mV s™! is 76.6%, indicating
pseudocapacitance-controlled electrochemical reactions (Fig-
ure SS). The rate performance is presented in Figure 3¢, where
the current density increases from 100 to 3000 mA g~ and
then back to 500 mA g™'. The reversible discharge capacities of
HfO,-coated ZVO cathodes are 215, 190, 165, 120, 106, and
88 mAh g~! at 100, 300, S00, 800, 1000, and 3000 mA g,
respectively. When the current density is reduced to 500 mA
g~', an average discharge capacity of 162 mAh g~' can be
recovered. At a low current density of 100 mA g~ in Figure 3d,
the HfO,-coated ZVO delivers 227 mAh g~' and 90% capacity
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retention after 100 cycles. However, ZVO delivers a lower
initial capacity, and only 45% is retained after the same number
of cycles, indicating rapid capacity degradation. To gain insight
into the reason for the fast capacity fading in pristine ZVO,
ICP-OES was conducted to determine the electrolyte
composition during cycling (herein, a three-electrode electro-
lyzer was used to collect the electrolyte). As shown in Figure
3e, the electrode was immersed in the electrolyte for 2 h before
testing. The vanadium detected in the electrolyte before
electrochemical testing should be ascribed to the dissolved
cathode material. The concentration of vanadium in the case of
pristine ZVO increases with cycling, indicating that the
vanadium corrosion becomes more serious due to the direct
contact between the active material and the mild acidic
electrolyte (pH = S.1). In comparison, the HfO,-coated ZVO
cathode has much less vanadium dissolution, which is
consistent with the better performance at low current density.
As a general method, the artificial solid interphase can be
applied for other materials (Figure S6). Even at a high rate of
10 A g~ (Figure 3f), 84% of the original capacity has been
retained after 1000 cycles for HfO,-coated ZVO cathodes,
which shows excellent long-term durability with negligible
capacity decay compared to the pristine ZVO electrode
cathode (only 70% of the capacity is retained).

In order to get further information on the energy storage
mechanism, ex situ XRD and electrochemical impedance
spectroscopy (EIS) experiments were carried out to analyze
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Figure 3. Electrochemical performance of the HfO,-coated ZVO and pristine ZVO cathodes: (a) CV curves measured at a scan rate of 0.3
mV s7%; (b) b value for different redox peaks determined from the log(i) versus log(v) plots; (c) rate performance; (d) cycling performance
at a current density of 100 mA g~'; (e) ICP-OES results after different numbers of cycles; (f) cycling performance at a current density of 10

A g_l.

the pristine ZVO and HfO,-coated ZVO electrode during the
charge/discharge process. As marked in Figure 4a, in the ex
situ XRD pattern of ZVO, upon deep charge to 0.2 V in the
third cycle, the peak located at 24.7° corresponding to (002)
reflection shifts to a lower angle, which is caused by the co-
insertion of H,O and Zn®". In the subsequent discharge
process, the (002) reflection shifts back to its initial position
due to the Zn*' deintercalation, which indicates a reversible
reaction related to Zn>* uptake/removal from the ZVO lattice.
Most interestingly, apart from the peak shifting, a new group of
peaks can be observed in the XRD pattern of ZVO. The peaks
that appear at 26, 27.6, and 28.8° are well assigned to
Zn,SO,(OH)4xH,0, which is an insulating byproduct
reported in previous literature.’”” The Zn,SO,(OH)«H,0
continuously formed with decreasing voltage and gradually
diminished upon voltage reversal. The same phenomenon has
also been found in previous work.”* The reversible formation
of Zn,SO,(OH)sxH,O should be ascribed to the reaction
between ZVO and electrolyte, which results in an insulating
layer deposited on the cathode surface (Figure S7). It should
be noted that this byproduct can significantly influence the
electrochemical reaction during the discharge process, and this
point can also be proved by the ex situ EIS measurement
(Figure S8). The charge transfer resistance (R.) of the two
samples at different charge/discharge stages in the first cycle
are shown in Figure 4b,c. Figure 4b shows that R increases
sharply during the discharge process (from 24.8 to 304.9 Q)
and reverts to near the original value (from 304.8 to 15.4 Q) in
the charging process. Dramatic changes take place in R ; during
the whole process because the byproducts partly insulate the
electrode surface, which leads to an increase in internal
resistance and hinders electron transportation. For the HfO,-
coated ZVO electrode, the R, changes more gradually
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compared to bare ZVO (Figure 4c). This result can be
attributed to the HfO, layer, which acts as an artificial passive
layer, effectively suppressing the Zn,SO,(OH)4s«H,O for-
mation. It is worth mentioning that the R, of the HfO,-coated
ZVO electrode is higher than that of pristine ZVO at the initial
state, which can be attributed to the low conductivity of HfO,.
On the basis of these findings, we proposed the storage
mechanism shown in Figure 4de. During the discharge
process, OH™ reacts with ZnSO,, resulting in a large amount
of Zn,SO,(OH)4«H,0 formation on the ZVO surface (Figure
4d). Zn,SO4(OH)4«H,0 as an insulating byproduct not only
increases the internal resistance of the whole battery but also
seriously impedes the reactions by decreasing the electro-
chemically active area during cyclings.”* It will be detrimental
to power capability and extended cycling. An ultrathin HfO,
layer deposited by the ALD approach can directly separate the
electrode and electrolyte. On the one hand, formation of the
byproduct could be effectively suppressed due to the different
properties of the interface, which leads to a higher capacity. On
the other hand, the contact between the cathode and
electrolyte is avoided by the HfO, layer, alleviating the
dissolution of active material. Meanwhile, the Zn>* could
transport through the interface quickly, indicating that the
Zn** diffusion kinetics are not affected by the passive layer
because of the amorphous state of the HfO, layer.

In conclusion, we have shown that the surface passivation of
ZVO cathodes by HfO, as an artificial SEI significantly
enhances the performance of ZIBs. When compared with
pristine ZVO, the HfO,-coated ZVO cathode exhibits largely
enhanced capacity and cycling stability. The mechanism of
capacity fading has been studied, which demonstrates that the
artificial SEI HfO, layer plays a bifunctional role during the
cycling process. It works as a screen that isolates the electrode
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and electrolyte, reducing dissolution of active materials in the
electrolyte and suppressing the formation of the insulating
byproduct. This approach was demonstrated to work with
other cathode materials, which shows the universality of our
artificial SEI approach.
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