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Although non-aqueous lithium-ion batteries have a high gravi-
metric density, aqueous zinc-ion batteries (ZIBs) have recently
been in the spotlight as an alternative, because ZIBs have charac-
teristics such as high volumetric density, high ionic conductivity,
eco-friendliness, low cost, and high safety. However, the improve-
ment in electrochemical performance is limited due to insufficient
rate capability and severe cycle fading of the vanadium-oxide-
based cathode and zinc-metal-based anode material, which are
frequently used as active materials for ZIBs. In addition, complex
methods are required to prepare high-performance cathode and
anode materials. Therefore, a simple yet effective strategy is
needed to obtain high-performance anodes and cathodes. Herein,
an ammonium vanadate nanofiber (AVNF) intercalated with NH,*
and H,O as a cathode material for ZIBs was synthesized within
30 minutes through a facile sonochemical method. In addition, an
effective AlO3 layer of 9.9 hm was coated on the surface of zinc
foil through an atomic layer deposition technique. As a result,
AVNF//60Al,0:@Zn batteries showed a high rate capability of
108 mA h g~ even at 20 A g%, and exhibited ultra-high cycle
stability with a capacity retention of 94% even after 5000 cycles at
a current density of 10 Ag™™.

1 Introduction

For decades, lithium-ion batteries (LIBs) have been a major
energy storage device in the commercial electronics market
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due to their high energy transmission efficiency and high
energy density. However, concerns about high cost, safety, and
environmental contamination are growing, and alternative
energy devices to LIBs are needed.'” Zinc ion batteries (ZIBs),
a type of multivalent ion battery, have a high theoretical gravi-
metric and volumetric density of 820 mA h g™ and 5854 A h
L™ of zinc metal, respectively. In addition, they are more cost
efficient (~2.4 USD kg™") than lithium (19.2 USD) due to the
large amount of Zn reserves (300 times higher than lithium).
Zn metal has a lower redox potential (—0.76 eV) than the stan-
dard hydrogen electrode (SHE), which makes it suitable for
aqueous ZIBs.*” In addition, ZIBs, which use water as the elec-
trolyte, are relatively safe from flammability issues, and have
an ionic conductivity of ~1 S em™, which is 100 times higher
than that of non-aqueous batteries.®**

Vanadium pentoxide (V,05) has been studied as a cathode
material for ZIBs due to its appropriate interlayer distance of
0.43 nm, which is suitable for Zn®" ion intercalation.'® Recent
studies have revealed the specific capacity of V,05 to be
375-470 mA h g~ ."*'® However, multiple Zn>" ion intercala-
tion induces deformation of the V,0s structure, thus causing
degeneration in the specific capacity and rate capability.'
Recently, the synthesis of metal cation inserted electrodes has
been studied to prevent the deformation of materials. Mai
et al. reported Na" ion pre-intercalated V,0s, which exhibited a
cycle stability of 93% (of the initial capacity retention) after
1000 cycles of charging/discharging at 1.0 A g~*.*° In addition,
methods for synthesizing vanadate nanofibers pre-intercalated
with H,0 and metal cationic species by various methods, such
as hydrothermal water, sol-gel, surfactant-assisted templating,
and electrochemical methods have been studied.*’>*

In our previous work, we presented a simple and efficient
sonochemical method capable of synthesizing ammonium
vanadate nanofiber (AVNF: (NH,),Vs0,6-1.5H,0) to overcome
the aforementioned problems.”>”” The AVNFs were syn-
thesized in 30 min using sonochemistry. The synthesis mecha-
nism of this simple vanadate nanofiber is accompanied by a
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polyoxometalate reaction. The one-dimensional morphology of
vanadate nanofiber synthesized using the very simple method
can secure high capacity due to the expansion of the active site
by the large specific surface area in the electrochemical reac-
tion. In addition, AVNFs with this type of one-dimensional
morphology have higher electrical conductivity than bulk
vanadium oxide, which affects theimprovement in rate capa-
bility. However, during the charging and discharging process
of ZIBs, dendrites are easily formed on the Zn anode, increas-
ing the internal resistance by dead Zn, decomposing the elec-
trolyte, and lowering the efficiency. This phenomenon leads to
unstable cycle stability and low rate capability due to the for-
mation of heterogeneous ion pathways during repeated
cycles.*® Furthermore, excessively formed dendrites penetrate
through the separator and induce short circuits and a rapid
decrease in energy density.”> To overcome this problem,
studies on dendrite prevention in Zn-based alloys, surface
morphology treatment, hetero structure with conductive layer,
and electrolyte optimization have been reported.’*® For
example, He et al. reported retention of 89.4% by ZIBs with
Al,O; deposition on Zn after 1000 cycles.”” Dai et al. showed
the Al,O; effect of the discharging capacity, but the cycling
stability was lowered.’® The retention improved from 51.92%
to 76.11% of Al,O; on Zn-V,0; for 1000 cycles.*® Therefore, in
order to reach high rate capability and cycle stability in ZIBs,
the anode and cathode must be reformed simultaneously, and
this reforming method must be simple and effective.

In our study, ammonium vanadate nanofibers (AVNF) were
synthesized very quickly and efficiently using the sonochem-
ical method as a cathode active material. In addition, the
optimal Al,O3 layer thickness on zinc foil was found to mini-
mize cell polarization and form a stable ion pathway through
atomic layer deposition as an anode. Thus, the thickness of
the optimized Al,O; layer was found to be 9.9 nm. AVNF has a
one-dimensional structure, so it can secure a wide active site,
and ammonium cation and H,O intercalated in the vanadate
structure can express high specific capacity through the roles
of pillars and lubricants, respectively. The Al,O;@Zn anode
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mechanically inhibits dendrite growth to form a stable and
reversible ion pathway during the charging and discharging
process, resulting in improved cycle stability. The hydrophilicity
of Al,O;3 reduces charge transfer resistance and also improves
rate capability. The electrochemical properties of a coin cell
with an AVNF cathode and Al,Os-coated Zn electrode (AVNF/
ALO;@Zn) were analysed. As a result, AVNF/60ALO;@Zn,
whose numerical value indicating the number of ALD cycles for
batteries showed a high rate capability of 108 mA h g™* even at
20 A g7', and exhibited ultra-high cycle stability with a capacity
retention of 94% even after 5000 cycles with mossy-like dendrite
formation at a current density of 10 A g™,

2 Experimental

2.1. Synthesis of AVNF cathode

Fig. 1(a) shows a schematic of the AVNF synthesis. All chemical
reagents, including vanadium pentoxide (V,0s, 99%) and
ammonium persulfate ((NH,4),S,0s, 98%), were purchased
from Sigma-Aldrich. Deionized (DI) water was used as the
solvent for the synthesis of AVNF (18.2 mQ cm™", Milli-Q Plus
system, Millipore, France). A yellow dispersion was prepared by
dissolving 0.4 g of vanadium pentoxide (V,0s, 2.2 mmol) and
0.2 g of APS (0.88 mmol) in 100 mL of DI water. A sonicator
(20 kHz and 500 W) equipped with a titanium tip was
immersed in the dispersion to a depth of 1.5 cm and it was
sonicated for 30 min. After the ultrasonic reaction was over,
the colour of the solution changed from yellow to dark red.
Subsequently, the AVNF solid product was obtained through
filtration using ethanol and water. The obtained solid product
of AVNF was dried in a vacuum oven for 12 hours at 60 °C. The
morphologies and energy dispersive spectroscopy (EDS) data
of V,05 and the synthesized AVNF sample were measured with
a scanning electron microscope (SEM). Changes in the
vibrational, functional, and chemical structures of the bulk
V,0s5 and AVNF were analysed by measuring the FT-IR spectra.
The specific surface area and pore size distribution were esti-
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Fig.1 A schematic of the preparation of AVNF and Al,Oz@Zn. (a) A scheme for the synthesis of ammonium vanadate nanofiber (AVNF:
(NH4)2VeO16:1.5H,0) from V,0s5 using the sonochemical method. (b) A scheme for the deposition of Al,O3 formed by the reaction of TMA (trimethyl-

aluminum, Al(CH3)3) and distilled water (H,O) in an ALD cycle.
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mated by measuring the nitrogen adsorption curves of V,0s
and AVNF at 77.3 K. The pore diameters of the samples were
determined by linear fitting of a Brunauer-Emmett-Teller
(BET) plot. The crystal structure and weight loss depending on
the temperature were analysed by measuring the X-ray diffrac-
tion (XRD) patterns and thermogravimetric analysis (TGA)
curves. The chemical composition of AVNF was estimated by
measuring the X-ray photoelectron spectroscopy (XPS) data.

2.2. Synthesis of Al,O;@Zn anode

The Al,O;@Zn anode was prepared by atomic layer deposition
(ALD). Al,O3 was formed by chemical reaction of the trimethyl-
aluminum (TMA, Al(CH;);) precursor with distilled water
during the ALD process. To investigate the dependence of the
electrochemical performance on the thickness of Al,Oj3,
Al,O;@Zn samples were prepared under different numbers of
ALD cycles (20 to 100 cycles). An ALD cycle induces chemical
reactions of TMA (precursor) and H,O (reactant), which are
progressively injected into the chamber with Ar purging for
each injection. The thicknesses of a sample is dependent on
the number of ALD cycles. Evidence of the Al,O; layer was
obtained by measuring the XPS spectra and XRD patterns. The
thickness of the Al,O; layer was determined by observing the
cross-section using SEM and X-ray reflectivity (XRR) data. For
estimation of the thickness of Al,O;@Zn by ellipsometry, the
complex refractive index values were determined based on the
Al,O;@Si results.

2.3. Electrochemical tests

The AVNF cathode was prepared using AVNF, carbon black
(Super P, TIMCAL), and polyvinylidene difluoride (PVdF, HSV
900, Kynar) with a mass ratio of 7:2:1. The powders were
mixed with N-methyl pyrrolidone (NMP, Sigma-Aldrich) to
make a homogenous slurry using a planetary centrifugal
mixer (AR-100, Thinky Corporation). The slurry was uniformly
coated on carbon paper with a loading mass of 1.0-1.2 mg.
The aqueous electrolyte was prepared by dissolving 2.58 M
zinc trifluoromethanesulfonate (Zn(OTf),, Alfa Aesar, 98%) in
DI water. A Zn-Zn symmetric cell and AVNF-Zn half-cell were
assembled using a CR2032 coin cell. A glass fiber separator
(GF/A, Whatman) and 150 pL of 2.58 M Zn(OTf), were used.
All the electrochemical analyses were performed under
ambient conditions. The Zn-Zn symmetric cells were tested
at 1 mA cm™> with a fixed capacity of 1 mA h em™>. Tests of
the Zn-Zn symmetric cell and AVNF//Zn half-cell were con-
ducted using a battery cycler (WBCS 3000 L, WonATech).
Electrochemical impedance spectroscopy (EIS) measurements
were performed from 1 MHz to 0.1 Hz with an amplitude of
5 mV. EIS was employed on an electrochemical workstation
(CHI 660E, Chinese Science, Day Ltd). A half-cell with an
AVNF cathode was tested over the voltage range of 0.2-1.8.
Cycle performance was measured at a current density of 10 A
g~ after three pre-cycles at 0.5, 1, 2, 4, 8 A g~ " to stabilize
the cell.

This journal is © The Royal Society of Chemistry 2023

View Article Online

Communication

3 Results and discussion

3.1. Structure and morphology of AVNF

AVNF can be synthesized in less than 30 min using the sono-
chemical method shown in Fig. 1. When ultrasonic waves are
irradiated onto a solution, a sonochemical reaction is induced
by acoustic cavitation in the liquid. Acoustic cavitation occurs
in three stages: nucleation, growth, and bubble implosive col-
lapse.*® The chemical reaction accelerates the acoustic cavita-
tion of the liquid by ultrasonic irradiation, thus reducing the
time required to synthesize the vanadate nanofiber. The
nucleation of cavitation bubbles, such as the microbubbles
between suspended particles, begins at weak points, and when
microbubbles are exposed to the large negative pressure of
acoustic waves, cavitation bubbles are created. As the gener-
ated cavitation bubbles undergo repeated compression and
rarefaction, they grow and expand until the negative pressure
indicates the maximum value. In the collapse step, extreme
temperatures of approximately 5000 K and enormous press-
ures of approximately 200-500 atm occur in the liquid. The
explosion points where these extreme environments occur are
called ‘hot spots’.** All these processes take place within a few
picoseconds, and these extreme conditions cause the break-
down and recombination of chemical bonds in the material
within a short time. Therefore, the reaction time of the sono-
chemical method is shorter than that of the surfactant-assisted
templating, reflux, hydrothermal, sol-gel, and electrochemical
deposition methods. In this sonochemical reaction, the
growth mechanism of ammonium vanadate fibers can be
explained by the olation and oxolation reactions of the precur-
sors formed by internal proton transfer of vanadium six-co-
ordinated by water molecules.** At this time, when the solu-
tion reaches a certain pH, the reaction rate of olation becomes
faster than that of oxolation. Therefore, the growth direction of
the precursor is biased toward olation rather than oxolation.
Thus, the fibrous morphology of ammonium vanadate is
formed.

The AVNF synthesized by the sonochemical method accord-
ing to the previously described mechanism was investigated by
comparing the SEM images with V,0s, as shown in Fig. 2(a)
and (b). SEM images at various magnifications in Fig. 2(a)
show bulk V,0;5 in disordered form. In bulk vanadium oxide,
primary particles of approximately 0.2 pm form secondary par-
ticles of approximately 1 to 3 pm. In addition, through EDS
mapping, it was confirmed that the vanadium pentoxide
sample was composed of only elements V and O. The SEM
images in Fig. 2(b) show the formation of ammonium vana-
date with nanofiber morphology after 30 min of the sonication
reaction. The diameters of the synthesized AVNFs were in the
order of nanometers and had a length of more than 4 pm. In
addition, through the EDS mapping data in Fig. 2(b), it was
confirmed that the AVNFs containing V, O, and N elements
were well synthesized by the sonochemical phenomena.
Among these elements, the N atom is due to NH,', which
exists between crystal planes of vanadate nanofiber and can

Nanoscale, 2023,15, 3737-3748 | 3739
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Fig. 2 Surface morphologies and quantitative analysis of V,Os and the ammonium vanadate nanofiber (AVNF: (NH,4),V¢O14:1.5H,0). SEM images

and EDS data for V,O5 and AVNF are shown in (a) and (b), respectively.

Fig. 3 TEM images of the AVNF. The fiber thickness and interlayer dis-
tance are 15 nm and 9.1 A, respectively, as shown in the figure.

improve electrical conductivity by proton transfer, as observed
in previous studies.*?

Fig. 3 shows the crystal structure of AVNF and detailed fiber
morphology observed through HR-TEM image analysis at
various magnifications. It can be confirmed that the diameter
of the synthesized AVNF after 30 min of sonication reaction
was exactly 15 nm. In addition, the interplanar spacing of the
(002) planes of AVNF were found to be 9.1 A. This result is con-
firmed through Bragg’s law in the XRD analysis.

As shown in Fig. 4(a), the vibrational, functional, and
chemical structures changes in bulk V,05; and AVNF were
demonstrated by FT-IR spectra.** The V=0 stretching of vana-
date appeared at 992 and 962 cm™" in Fig. 4(a).** In addition,

3740 | Nanoscale, 2023,15, 3737-3748

the 791 and 843 cm ™" bands are assigned to V=0 and V-O-V
bending bands, respectively.’> These shifts in the V=0 and V-
O-V bands are due to the charge interaction of the ammonium
cation with the oxygen bound to the V element. The peak of
710 cm™" shows the V-OH, stretching band by the coordinated
water molecule.*® The bands at 3204 and 1418 cm™" indicate
the asymmetric stretching and symmetric bending vibrations
of the ammonium cation, respectively, which was inserted in
the vanadate interlayer.”” In addition, 3553 and 1600 cm™*
are assigned to stretching of water molecules and their
bending band, respectively.*® As a result, it can be confirmed
that water molecules and ammonium ions are added into the
AVNF structure to form a chemical structure when V,O5
changes to AVNF.

The nitrogen isotherm curves of V,05 and AVNF powder are
shown in Fig. 4(b). The nitrogen isotherm curve for V,Os
resembles a type II isotherm curve, which is the typical shape
for an adsorbent with a very low specific surface area.
However, at the beginning of the BET curve for AVNF, the
absorbed amount and volume are higher than those of V,05
due to the increase in the specific surface area. The values of
the specific surface areas of V,05 and AVNF were estimated to
be 5.2 and 61.5 m> g%, respectively, corresponding to an
increase in the pore volume from 0.012 to 14.1 cm® g™".

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 The chemical and crystal structures of V,0s and ammonium vanadate nanofiber (AVNF: (NH4),V¢O14:1.5H,0) characterized by (a) the FT-IR
spectra, (b) nitrogen isotherm curves, (c) XRD patterns, and TGA and DTG curves.

XRD measurements were conducted to analyse the crystal
structure of V,05 and AVNF, as shown in Fig. 4(c). Fig. 4(c) dis-
plays the XRD pattern of V,05, which exhibits peaks that can
be attributed to the crystalline phase of V,05 [JCPDS no. 001-
0359]. The peak positions of 15.4°, 20.3°, 21.7°, 26.2°, 31.1°,
and 34.4° correspond to the (200), (001), (110), (101), (400),
and (301) planes, respectively. The strong peak at 20 = 20.3°
corresponds to the (001) plane of V,0s. The XRD pattern of
AVNF showed a monoclinic structure of (NH,),VsO14-1.5H,0,
which is in good agreement with JCPDS no. 51-0376. The 20
positions of 10.8°, 14.4°, 17.4°, 21.5°, 22.3°, 25.8°, 27.0°, 28.0°,
and 30.6° correspond to the (002), (200), (20—2), (004), (30—1),
(110), (204), (112) and (006) planes, respectively. The interlayer
distance of the (002) plane of AVNF (9.1 A) is wider than
that of V,05 (4.32 A). This wide AVNF interlayer distance can
help the ions of the electrolyte to diffuse into the lattice more
quickly during the charging and discharging process of ZIBs.

The content of the intercalated species (water and NH,"
ions) in the vanadate nanofiber composites was determined
from TGA and derivative thermogravimetry (DTG) data. The
TGA/DTG curves of AVNF are shown in Fig. 4(d). Based on the
DTG curve, the weight loss area can be divided into three sec-
tions, as shown in Fig. 4. Weight loss section <A> goes from
0 °C to 200 °C, the second section <B> goes from 200 °C to
500 °C, and the third <C> section goes from 500 °C to 900 °C.
The 5% weight loss in region <A> occurred due to the removal
of weakly adsorbed water molecules, and in the <B> and <C>
sections, a weight loss of 15% occurred due to the loss of the
water molecules strongly coordinated with vanadium and
NH," ions in the layered structure.*’

This journal is © The Royal Society of Chemistry 2023

XPS analysis was performed to obtain information about
the constituent atomic species and valence state of AVNF.
Fig. 5(a) shows the wide survey XPS spectrum of bare AVNF.
The wide survey XPS spectrum shows that the surface of the
AVNF sample is composed of N from ammonium ions and V
and O from vanadate, which is in good agreement with the
results of the EDS data in Fig. 2(b). In Fig. 5(b), the two
vanadium peaks appearing in the binding energy range of
527.5-513 eV were attributed to the spin-orbit splitting of V
2ps2 and V 2py),, and each peak can be deconvolved into two
peaks corresponding to V' (2ps: 517.3 eV, 2pys,: 524.8) and
V* (2psja: 515.9 €V, 2py,: 523.3), respectively.’®" The average
valence of vanadium obtained by calculating the area ratio of
deconvoluted peaks in the XPS spectra is V*7>*. The chemical
formula of AVNF is (NH,4),V¢O;6'1.5H,0, so the valence of
vanadium should be +5; however, it was confirmed that some
+4 valence existed. The reason may be the partial oxygen
vacancies in the vanadium oxide structure present in AVNF
obtained through the sonochemical method. In Fig. 5(c), the O
1s peak of vanadate in the region of 535.0-528.0 eV is deconvo-
luted into three components with a broad peak at 530.2 eV
from lattice oxygen, a small peak at 531.3 eV from oxygen
vacancies, and another peak at 532.8 eV from structural water
molecules.”® Lastly, the XPS peak of N 1s was analysed in
Fig. 5(d). It can be seen that the peak at 399.8 eV matches well
with the N 1s peak of NH,".

3.2. Structure and growth rate of Al,0;@Zn

Wide surveys of XPS for bare Zn and Al,O;@Zn with 80 ALD
cycles are shown in Fig. 6(a) and (b), respectively. For bare Zn,

Nanoscale, 2023,15, 3737-3748 | 3741
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the binding energies of Zn LMM, Zn 2p;/,, and Zn 2p,,, were
estimated to be 497.4, 1021.1, and 1044.3 eV, respectively, and
the XPS spectra of bare Zn exhibited small peaks related to
oxygen, which is from the natural oxide on Zn. No hint of the
Zn composition was observed for the Al,O;@Zn samples due
to electron scattering through the Al,O; layer. These results
demonstrated that Al,O; was homogenously deposited on the
Zn substrate. The intensity of the binding energy for the O 1s
core level, as shown in Fig. 6(b), was increased due to the
increase in the oxygen ratio from Al,O; deposition. Hints of Al
2p and Al 2s were observed at 71.9 and 119.6 eV, as shown in
Fig. 6(b). The ALD cycling for Al,O; formation is due to the
chemical reaction of TMA with distilled water, and the reaction
formula is given by

2Al(CH3), 4 3H,0 — Al,03 + 6CH,

For this reaction, the TMA precursor and H,O reactant were
frequently injected. Therefore, the injection time for precursor
and reactant should be determined to prevent inner Al-OH
generation. As shown in Fig. 6(c), the narrow scan of the O 1s
(531.9 eV) and Al 2p (71.9 eV) spectra show 63.17 and 36.83%
Al-O and AI-OH, respectively. This partial ratio of Al-O is con-
firmation that it was laid on the surface, as evidenced by angle
resolved X-ray photoelectron spectroscopy (ARXPS).

The grazing incidence XRD (GIXRD) scan data of Al,O,@Zn
after 20, 40, and 100 ALD cycles are shown in Fig. 6(d). The
GIXRD patterns showed Zn and ZnO crystal structures that
correspond to JCPDS no. 04-0831 (Zn) and 65-3411 (ZnO),
respectively. The crystalline phase for Al,O; was not observed.
According to the XPS and XRD results, the Al,O; layer was de-
posited on the Zn foil as an amorphous phase. It is well
known that Al,O; by ALD under 600 °C exhibits an amorphous
phase.>®

The growth rate of Al,O;@Zn is important for investigating
the electrochemical properties of ZIBs depending on the Al,O;
layer thickness. The thickness of the deposited layer is depen-
dent on the number of ALD cycles. The thicknesses of the
Al,O;@Si samples for different numbers of ALD cycles were
analysed by measuring the cross-sectional view and XRR data
using SEM and X-ray diffractometer, respectively. The cross-
sectional images for 100, 150 and 200Al,0;@Si samples,
whose numerical values indicate the number of ALD cycles,
revealed thicknesses of 14.83, 21.82, and 29.67 nm, respect-
ively, which were in agreement with the fitted results of the
XRR data (5% difference), as shown Fig. S2(a)-(d).T Based on
the results, the complex refractive index values for the ellipso-
metric analysis were determined for the Al,O;@Zn sample;
however, it was difficult to determine the thickness by XRR
and SEM measurements due to the roughness of the Zn plate.
The thicknesses of Al,O;@Si depending on the number of
ALD cycles are shown in Fig. S2(e).f The growth per cycle
(GPC) was determined to be 1.46 A per cycle by linear fitting. It
was confirmed that the thickness results by SEM images, XRR
data, and analytical data from the ellipsometry agreed well.
These results demonstrate that the ellipsometric analysis is

This journal is © The Royal Society of Chemistry 2023
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suitable and effective for estimation of thickness. An ellips-
ometer was employed to analyse the thickness of Al,O;@Zn.
As a result, the GPC for Al,0;@Zn was estimated to be 1.65 A
per cycle. The thickness values for the 20, 40, 60, 80 and
100A1,0;@Zn samples were calculated to be 3.3, 6.6, 9.9, 13.2
and 16.5 nm, respectively, based on the GPC. The contact
angles for the electrolyte on bare Zn and Al,O;@Zn after 100
ALD cycles are shown in Fig. S2(f).t These results, which show
decreases in the contact angle from 50.4° to 39.5°, demon-
strate that the wettability of the electrolyte was improved by
the Al,O; coating.

3.3. Electrochemical performance

To evaluate the Zn anode surface stability depending on the
thickness of the Al,O; layer, a Zn-Zn symmetric cell test was
conducted at a current density of 1 mA cm™ and a fixed
capacity of 1 mA h em™, thereby elucidating the behavior of
the Zn metal anode. The anode surface stability and cell
failure were determined by evaluating the polarization, which
is represented as changes in the voltage-time profile. As
shown in Fig. 7(a), the bare Zn was electrically internally
shorted after 75 hours due to the separator penetration
induced by Zn dendrite growth. In contrast, the Al,Os-coated
Zn metal anode showed stable cycling performance beyond
100 hours. To evaluate the polarization behavior according to
the Al,O; thickness, voltage profiles were obtained at 0, 50,
and 100 hours, as shown in Fig. 7(b)-(d). The large peak
voltage at the beginning of the first cycle indicates Zn nuclea-
tion on the electrode surface. Nucleation inherently involves
an additional energy barrier; thus, a large overpotential was
observed in every case. In particular, due to the insulator pro-
perties of Al,O3, Al,O;@Zn exhibited a higher nucleation over-
potential than bare Zn, and the overpotential increased with
Al,O; thickness. Once the ion pathway was created by Zn ion
migration at the Al,Oj3 layer, 20, 40, and 60Al,0;@Zn exhibited
stable voltage-time profiles, whereas 80 and 100Al,0;@Zn
exhibited large voltage fluctuations and a voltage shape that
did not follow the peaking behavior. This demonstrates that
the formation of a stable ion pathway was difficult due to the
thick layer of Al,O;. In the initial cycle, cell polarization was
attributed to electrode/electrolyte interphase kinetics.>* Thus,
the lowest overpotential of 60Al,0;@Zn implies the sustain-
able fastest kinetics of Zn plating and stripping though surface
stabilization. Once the Zn nuclei have been achieved, the
additional Zn ions preferentially deposit/deplete at these
nucleation sites rather than forming new nucleation sites,
which leads to dendrite growth and dead Zn.>**® During the
repeated cycles, a significant amount of dead Zn gradually
accumulated on the electrode surface, causing an increase in
cell resistance. As shown in Fig. 7(c), bare Zn exhibited the
highest overpotential because of the large cell resistance
induced by the tortuous ion pathway. In contrast, Al,O;@Zn
shows a stable voltage-time profile because the Al,O; layer
serves as an artificial solid electrolyte interphase (SEI) layer
that provides ion conductivity and prevents the strong
reduction condition between the Zn metal and electrolyte.?”>>®
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Fig. 7 (a) Zn—Zn symmetric cell at 1 mA cm™2. (b)—(d) Initial, intermediate, and later symmetric cell test: (b) initial, (c) 50 hours, and (d) 100 hours.
(e) Voltage hysteresis of the Zn—Zn symmetric cell test at 1 mA cm™2. (f)—(g) EIS measurements for Zn—Zn symmetric cell: (f) before cycling and (g)

after 50 cycles.

As shown in Fig. 7(d), Al,Os;@Zn exhibited stable cycling per-
formance beyond 100 hours, indicating that the Al,O; layer
suppressed dendrite formation. Fig. 7(e) represents the voltage
hysteresis in the Zn-Zn symmetric cell test. The voltage hyster-
esis was calculated from the difference between the maximum
and minimum voltages of each cycle. Cell failure of bare Zn
occurred after 75 hours. The values of average voltage hyster-
esis of bare Zn for 20, 40, 60, 80 and 100Al,0;@Zn were 67.72,
44.31, 42.91, 32.71, 44.81, and 53.26 mV, respectively. In the
case of bare Zn, the overvoltage hysteresis increased with the
number of cycles because ion diffusion through the thick dead
Zn layer on the electrode surface was more tortuous, while the
Al,O;@Zn exhibited constant voltage hysteresis. This result
represents the uniform Zn ion plating/stripping occurring on
the Zn metal surface due to uniform Zn ion diffusion, leading
to an ion guiding effect by the Al,O; layer. The lowest hyster-
esis voltage of 60Al,0;@Zn indicates the fast kinetics of Zn
ion plating/stripping.

The electrochemical impedance spectroscopy (EIS) of the
symmetric cell before/after cycling was employed to confirm
the change in surface behavior. As shown in Fig. 7(f) and (g),
the intersection of the semicircle and X-axis represents the
bulk resistance and interphase resistance. The interphase re-
sistance increased in the order of 60, 40, 20, bare, 80, and
100A1,0;@Zn. Because the Al,O; layer provides a stable ion

3744 | Nanoscale, 2023, 15, 3737-3748

pathway to promote uniform Zn ion plating/stripping, the
interphase resistance decreased after 50 cycles. In particular,
60A1,0;@Zn showed the smallest interphase resistance,
proving the outstanding stability of the 60Al,0;@Zn electrode.
In the case of bare Zn, because the cell was shorted before 50
cycles, there was no impedance data after cycling. Based on
the symmetric cell test and impedance behavior, we judged
60A1,0;@Zn to be an appropriate thickness to stabilize the Zn
metal surface.

Further, to confirm the Al,O; protective layer effect, we eval-
uated the corrosion resistance of bare Zn and 60Al,O;@Zn. As
shown in Fig. S3,1 60Al,0;@Zn represented more positive cor-
rosion potential and lower corrosion current, which means
improved corrosion resistance by the Al,O; protective layer.
The corrosion current was calculated from the intersection of
the cathodic and anodic tangent lines. 60Al,0;@Zn displays a
low corrosion of 3.55 mA ¢cm™ compared with the 7.01 mA
em™? of bare Zn. This result indicated that suppression of
undesirable side reactions between electrode and electrolyte.

The electrochemical properties for AVNF and AlL,O;@Zn
with variable cycle number (AVNF//(a number of ALD cycles)
Al,O;@Zn) were analysed. Fig. 8(a) exhibits the rate capability
of AVNF//bare Zn and AVNF//60Al,0;@Zn with various current
densities. AVNF//60Al,0;@Zn exhibits specific capacities of
292.87, 253.09, 220.83, 191.24, 172.87, 158.74, 147.57, and

This journal is © The Royal Society of Chemistry 2023
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108.36 mA h g~' at current densities of 0.5, 1, 2, 4, 6, 8, 10,
and 20 A g, respectively, whereas AVNF/bare Zn exhibits
specific capacities of 282.26, 247.53, 217.02, 186.45, 166.72,
151.61, 138.55, and 95.56 at the same current densities.

These high specific capacities were attributed to the AVNF
structure. The one-dimensional structure of AVNF provided a
shortened ion diffusion pathway and the interplanar distance
was widened due to the ammonium ion, enabling fast ion
diffusion in AVNF. The electrostatic interaction between the Zn
ion and AVNF was reduced by the intercalated H,O, resulting in
a high reversible specific capacity. A slight specific capacity
enhancement was obtained in AVNF//60Al,O;@Zn since the
charging characteristics of AVNF//60Al,0;@Zn were improved by
Zn anode surface stabilization. AVNF//60Al,0;@Zn exhibited the
highest specific energy density (220.7 W h kg™") with a specific
power density (379.0 W kg™') at 0.5 A g”". Even at a high current
of 20 A g7, AVNF//60Al,0;@Zn presented a specific energy
density (54.7 W h kg™!) with a maximum specific power density
of 10149.7 W kg™". Our battery showed superior energy and
power densities to previously reported ZIB, as displayed in
Fig. S4.7°°7°° Apart from AVNF//60AL,0;@Zn, the rate capability
profiles of AVNF with 20, 40, 80 and 100Al,0;@Zn half-cells are
displayed in Fig. S5(a).t The specific capacities were higher in
the order of 40 > 20 > 80 > 100Al,0;@Zn, corresponding to the
decreasing order of overpotential in the symmetric cell test.

This journal is © The Royal Society of Chemistry 2023

Fig. 8(b) indicates the cycle stability and CE at 10 A g~* of
AVNF//bare Zn and AVNF//60Al,0;@Zn. After 5000 cycles,
AVNF//60Al,0;@Zn maintained 94% of the initial specific
capacity, while AVNF//bare Zn maintained only 59% of the
initial specific capacity. Because the Al,O; layer mechanically
suppressed dendrite formation and prevented -electrolyte
decomposition, the cycle performance was significantly
improved. Fig. S5(b)t shows the cycle performance of 20, 40,
80, and 100Al,0;@Zn. AVNF with 20 and 40Al,0;@Zn cells
retained 66% and 82% of initial capacity, respectively, indicat-
ing a poor mechanical dendrite suppression effect due to the
thin Al,O; layer. On the other hand, 80 and 100Al,0;@Zn
maintained 96% and 100% of their initial capacity, respect-
ively. AVNF//100Al,0;@Zn showed a slight capacity increase
after 5000 cycles, which indicates that sufficient cycles were
required to create uniform ion diffusion. 80 and 100Al,0;@Zn
exhibited better cycling performance than AVNF//60Al,0;@Zn;
however, they exhibited lower specific capacity. The specific
capacities of AVNF with 80 and 100Al,0;@Zn at 10 A g~* were
135.29 mA h ¢7' and 130.27 mA h g™, respectively, which were
85% and 82% of the specific capacity of AVNF//60Al,035Zn.

The impedance behavior and SEM images of AVNF//bare Zn
before and after 5000 cycles are shown in Fig. 8(c)-(e). After
5000 cycles, the charge transfer resistance (R.) was signifi-
cantly increased from 56.24 to 1753 Q, suggesting a deterio-
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ration in the electrode/electrolyte interphase due to repeated
electrolyte decomposition and dendrite formation. Compared
to a pristine bare Zn surface, dendrite formation was clearly
observed on the cycled bare Zn electrode surface. On the other
hand, the change in the impedance behavior of AVNF/
60Al,0,@Zn was relatively small, as shown in Fig. §(f). This
indicates that the 60Al,O; layer suppressed the electrolyte
decomposition and promoted even ion diffusion. The SEM
images of Fig. 8(g) and (h) revealed mossy-like dendrite for-
mation on the 60Al,0;@Zn surface after the cycles, which
demonstrates that the surface of the 60Al,0; layer effectively
stabilized the Zn metal surface. The SEM images of pristine
and 20, 40, 80, 100Al,0;@Zn are shown in Fig. S6 and S7.7
Sharp dendrite flakes were clearly observed in 20 and
40Al,0;@Zn, which implied they could not mechanically sup-
press dendrite growth. On the other hand, 80 and
100A1,0;@Zn presented a relatively flat surface with many
fewer Zn dendrite flakes.

Because of poor mechanical dendrite suppression, 20 and
40Al,0;@Zn exhibited dendrite formation on the metal sur-
faces. On the other hand, mossy-like dendrite formation was
observed in 80 and 100Al,0;@Zn. Considering all the electro-
chemical results, 60Al,0;@Zn was determined to be the best
thickness for improved cycling performance.

4 Conclusion

In order to achieve both high rate capability and cycle stability
of ZIBs, we introduced AVNFs synthesized by a facile sono-
chemical method as cathode materials and Al,O;@Zn coated
through the ALD technique as anode materials. The
ammonium ijons and H,O intercalated AVNF structure per-
formed with high specific capacity. We found the optimal
Al,O; thickness to minimize cell polarization and form a
stable ion pathway. In addition, a 9.9 nm layer of Al,O;
reduced dendrite formation on the Zn anode during charging/
discharging. The rate capability of AVNF//60Al,0;@Zn indi-
cates a high value, which is 108 mA h g¢”* even at 20 A g™, and
the cell shows very high cycling stability, whose initial specific
capacity is maintained at 94% after 5000 cycles at 10 A g™
Surface stabilization of Zn by Al,O; was confirmed by SEM
images as compared with AVNF/bare Zn and AVNF/
60A1,0;@Zn after 5000 cycles. Based on the results of this
study, it is expected that advanced research on the active
material of the cathode and surface modification of the anode
with improved electrochemical performance will be possible in
the future.
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