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ARTICLE INFO ABSTRACT

The sluggish kinetics of relatively larger Na-ion still limits the performance of sodium-ion batteries (SIBs) as
compared to lithium-ion batteries (LIBs). In this context, a novel route is introduced by coating a thin films of
ZnO on a porous 3D Ni-foam scaffold by atomic layer deposition (ALD) for the first time and is used as a superior
anode for SIBs without any post-modifications. The scanning electron microscopy along with transmission
electron microscopy studies reveal that highly crystalline ZnO can be deposited on such complex 3D Ni-foam
with excellent uniformity and conformality. A stable reversible capacity of ~ 65.1 mAhg~' up to 400 charge-
discharge cycles and the excellent rate capability in a wide current density range (30-1000 mA g~ !) establish the
potential of this composite prepared by a direct and relatively easier method of electrode fabrication. The
predominant alloying-dealloying based reactions for Zn-based anode material is also established in SIBs by the
post-cycling X-ray photoelectron spectroscopic analyses. The post-cycling analysis of these anodes also reveals
the robust structure with good adhesion of the ALD grown films on Ni-foam. In addition, similar study on 2D
substrate elucidates the extra advantages of this current strategy. This model efficient route can easily be ex-
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tended and adopted for any other materials to further enhance the performance of SIBs in future.

1. Introduction

Sodium-ion batteries (SIBs) are receiving increasing attention
among researchers, primarily due to the very high abundance of Na
compared to Li, which makes them more attractive than their Li-ion
counterparts (LIBs); the estimated levels of Li and Na in the Earth's crust
are 20 and 236,000 ppm, respectively [1]. While considerable research
has already been carried out in this area [2], one of the remaining
bottlenecks is the slower kinetics of the larger Na-ion during the so-
diation process [2]. To overcome this issue, sodiated transition metal
layered oxides (NaTyO,: Ty = Ti, V, Cr, Mn, Co, etc., or a combination
of 2-3 of these elements) have been explored as cathode materials,
while carbonaceous materials and transition metal oxides (sulfides)
were found to be suitable anode-material candidates [2,3]. Fe,Os,
Fe304, Co304, SnO,, Cu,O, FeS,, CoSy, MoS,, and ZnS, among others,
are potential compounds for use as SIB anodes [2]. Nevertheless,
drawbacks such as poor reversible capacity, capacity retention, and the
structural stabilities of different component materials still require im-
provement. However, recent studies showed the superior performance
of SIBs (power and cycling stability) at low temperature (— 30 and 0 °C,
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respectively) compared to LIBs [4]. Such study truly shows the pro-
mising future of SIBs as an alternative to the existing LIBs industry.
On the other hand, the unwanted extra mass loading during con-
ventional electrode fabrication adds additional electrical resistance, in
turn decreasing the capacity of the cell whether it is LIBs or SIBs.
Optimizing the mass loading of the active electrode material is there-
fore an important aspect, especially in SIBs. In this regard, atomic layer
deposition (ALD) is one of the most efficient techniques for depositing
the optimum amount of active electrode material [5-7]. Despite ALD
being extensively applied to Li-based batteries, there are very few re-
ports of its use in SIBs [8-17]. Earlier LIB studies showed that capacity
was enhanced when active electrode materials were coated on 3D
conducting scaffolds, such as multi-walled carbon nanotubes
(MWCNTs) by ALD [5-7,18]. However, for MWCNTs, an additional
solid current collector, such as a stainless steel (SS) disk, is also re-
quired. This issue is addressed by the adoption of 3D Ni-foam (NF) as
the current collector. Recently, ALD was very efficiently used to coat an
active electrode material on NF substrates to obtain superior electro-
chemical supercapacitors [19,20]. There are also several reports which
demonstrate the superiority of using NF as a self-standing 3D current
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collector for battery electrodes. Unfortunately, all of them used some
wet-chemical synthesis routes to coat the NF with the active electrode
material [21-26]. Therefore, these previous attempts could be con-
sidered inefficient for the conformal and uniform coating compared to
ALD. With this in mind, we chose to deposit ZnO in our novel approach,
since the ALD reaction mechanism between diethylzinc (DEZ) and H,O
is well-established [27]. In addition, ZnO has not been much explored
in SIBs; however, there are reports that showcase ZnO as a promising
anode material in LIBs [28-30], and the ALD process has also been used
to deposit ZnO films, while in most of these cases different C-based
materials, such as graphite, carbon black, graphene etc. were used as
the substrate for ZnO anode [31-33]. Another reason to choose this
ZnO for this study is to explore the possible reaction mechanism of ZnO
with Na-ion with post-cycling characterizations of the electrode. The
alloying-dealloying based reactions for ZnO anodes in LIBs are well
established and a recent report on zinc stannate (ZnSnOs) also proposes
similar kind of reaction between Zn and Na in SIBs as well [34].
However, there was no experimental evidence against it that might be
difficult due to the presence of similar alloying-dealloying reaction
between Sn and Na. Therefore, this attempt gives us a scope to look into
the mechanism explicitly for the ZnO/Zn with Na.

In this article, ALD-ZnO@NF was prepared as a model composite
material to establish an alternative and efficient route to prepare SIB
anode. While ALD-grown ZnO is tested in a Na-ion battery for the first
time, the advantages of ALD on a self-standing 3D conducting scaffold,
such as NF, is also explored. To realize the benefits of this approach,
similar experiments are also carried out on stainless-steel (SS) sub-
strates. Further, the stability of such a 3D composite was confirmed
through electrochemical experiments, as well as post-testing analyses.
The sodiation and desodiation reaction mechanism between ZnO and
Na is also proposed with the experimental evidences.

2. Experimental details
2.1. Synthesis of the atomic layer deposited electrode material

Zinc oxide (ZnO) thin films were deposited by atomic layer de-
position (ALD) at 150 °C in a laminar-flow-type thermal ALD reactor
(NCD, Lucida D100, Korea) using the well-known ALD-deposition
chemistry of diethylzinc (DEZ, EG Chem., Korea) and deionized (DI)
water as the ALD precursors of Zn and O, respectively. DEZ was
maintained at room temperature, whereas the H,O was maintained at
10 °C during the deposition process. A continuous 50-sccm flow of No
was used as the purging and carrier gas during the deposition process. A
ZnO ALD cycle consisted of a DEZ pulse for 0.2 s, N5 purging for 10s, a
H,0 pulse for 0.2's, and N, purging for 20s. The two separate surface
half-reactions for the ZnO-ALD process can be represented as:

ZnOH* + Zn(CH2CH3)2 I ZHOZH(CHchg)* + CH3CH3 (A)

Zn(CH;CH3)* + HyO — ZnOH* + CH3CHj; B)

where “*” denotes a surface species.

ZnO thin films were directly deposited on the Ni-foam (NF) sub-
strate by ALD under the same deposition conditions described above.
The NF substrates were first sonicated in acetone for 10 min, and then
etched in 1 M HCI aqueous solution for 10 min followed by sonication in
ethanol for 10 min after washing with DI water [26]. The substrates
were finally cleaned with DI water and dried under a flow of N, before
being placed in the ALD chamber.

2.2. Material characterizations

The crystallinity of the as-deposited film on SS substrate was ex-
amined by glancing angle X-ray diffraction (GAXRD) at @ = 0.5° using
high resolution X-Ray diffractometer (PANalytical, X’"Pert PRO MPD
with Cu ka radiation of 1.542A). X-ray photoelectron spectroscopy
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(XPS, VG Multilab 2000 X-ray photoelectron spectrometer equipped
with an Al Ka source) was used to determine the chemical compositions
of the constituent elements of the ZnO film on NF substrate, and in-
dividual elemental XPS peaks were deconvoluted using the CasaXPS
fitting software. The surface morphologies of the as-deposited and post-
cycling films on the SS substrates were investigated by scanning-elec-
tron microscopy (SEM, Hitachi S-4700). Top-view SEM images of the
ZnO thin film deposited on the NF substrate were obtained using fo-
cused-ion-beam scanning-electron microscopy (FIB-SEM; FEI, Quanta
3D FEG) during sample preparation for transmission-electron micro-
scopy (TEM). The FIB lift-out technique was used to prepare each
sample for cross-sectional TEM analysis. The ZnO@NF composite
electrodes were subjected to cross-sectional TEM and energy-dispersive
spectroscopy (EDS) (JEOL, JEM-2100F equipped with 200kV field
emission gun) to investigate structures and elemental distributions be-
fore and after electrochemical cycling.

2.3. Electrochemical cell fabrication and characterizations

The as-deposited ZnO@NF composites were punched intol6-mm-
diameter disks that were directly used as working electrodes without
any further binder or conductive medium. The mass loading of the
active material (ZnO) was determined by weight difference before and
after ZnO deposition. CR2032 coin cells were fabricated with the Na/
electrolyte/ZnO cell configuration, in which the active ZnO and me-
tallic-Na foil materials were used as the working and counter/reference
electrodes, respectively. All cells were assembled inside a glove box that
was filled with Ar gas prior to cell fabrication. A porous glass fiber
(Whatman) was used as the electrolyte-containing separator. The
electrolyte was composed of 1 M NaClO, in propylene carbonate (PC)
with 2% fluoroethylene carbonate (FEC) as an additive. The cells were
subjected to cyclic voltammetry (CV, SP-150, Biologic, France) at a scan
rate of 0.2mVs~! in the 0.01-3.0V (vs. Na/Na™) operating-voltage
range and the electrochemical impedance spectroscopy (EIS) in the
frequency range 100 kHz to 0.01 Hz. Galvanostatic charge-discharge
profiles were obtained using a battery-testing unit (WBCS 3000, Won-A-
Tech, Korea) in the same potential range used for CV. All electro-
chemical experiments were performed at room temperature.

3. Results and discussion
3.1. Material characterizations

A schematic representation comparing ALD-ZnO grown on the 3D-
NF and 2D-SS substrates and subsequent battery assembly are depicted
in Fig. 1; this schematic image clearly highlights the advantages of the
direct ZnO-thin-film deposition on 3D-NF substrate, which was then
directly used to assemble the battery without any additional binder,
conductive agent, or current collector. The multiple layers in the
commercial NF with macro-pores easily enable the ALD-grown ZnO to
be coated in and through the complete surface available which will be
manifolds compared to the only top-surface available in case 2D-SS
substrate used as a current collector. Therefore, the similar mass
loading in case of a NF substrate requires much less number of ALD
cycles with a further increment in the surface to mass ratio.

The XRD patterns of the as-deposited ZnO film on the SS substrate
and the bare SS substrate were obtained in glancing-incidence-angle
(w = 0.5°) configurations within the 25-70° 20 range, the results of
which are displayed in Fig. 2a. It clearly reveals that the as-deposited
ZnO film is polycrystalline. All the peaks are consistent with the hex-
agonal wurtzite structure of ZnO (JCPDS No. 036-1451).

The ZnO@NF composite was subjected to the XPS in order to in-
vestigate the chemical nature of the constituent elements. The Ni2ps,,
and Ni2p, ,» XPS peaks at the binding energy of 852.8 and 870 eV along
with their satellite peaks at 859 and 874.6 eV, respectively, which
correspond to the metallic Ni substrate, are shown in Fig. 2b [35-38].
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Fig. 1. Illustrating the ALD growth of a material on a 3D-NF and 2D-SS substrates and the subsequent fabrication of an electrode in a half-cell configuration against

Na.

The Zn2p3,» peak of ZnO (Fig. 2¢) was found to have a binding energy
of 1021.5 eV, which is typical of Zn2* in ZnO [32,39]. The Ols XP
spectrum (Fig. 2d) displays three deconvoluted peaks centered at 530.1,
531.4, and 532.2eV. The fitted peak of high intensity at the lower
binding energy of 530.1 eV is attributed to lattice 0>~ involved in Zn-O
bonding in the wurtzite ZnO structure [30,32,39]. The shoulder Ols
peak at 532.2 eV usually indicates chemisorbed or hydroxyl oxygens on

the ZnO surface [30,39]. In addition, another peak at 531.4 eV is ob-
served, which arises due to 02 deficiencies in the ZnO matrix that
generally act as sources of conductivity in ZnO films [39,40]. On the
basis of the XPS analyses, we conclude that ZnO was successfully grown
on the NF.

Fig. 3a displays top-view scanning electron microscopy (SEM)
images of the ALD-grown ZnO film on the 3D-NF substrate, which
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Fig. 2. (a) XRD pattern of the bare and ZnO-coated SS substrate showing the highly poly-crystalline growth of ALD-ZnO on this substrate, (b) Ni2p, (c) Zn2ps,,, and

(d) O1s XPS spectra of the ALD-grown ZnO thin film on NF.
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NF-substrate

5 nm

Fig. 3. (a) Top-view SEM images, (b) cross-sectional TEM image, and (c¢) HRTEM micrograph of uniform and crystalline ALD-ZnO on NF, (d-f) TEM-EDS elemental

maps of the composite.

reveal that a highly uniform and conformal film was deposited by ALD
on the 3D-NF substrate. However, no specific morphology was observed
in these SEM images.

The cross-sectional transmission electron microscopy (TEM) image
of this composite is shown in Fig. 3b. An extremely uniform and con-
formal ZnO thin film, with a thickness of ~ 15 nm, is clearly observed
on the 3D-NF substrate, which highlights the capabilities of the ALD
process, even for a 3D-substrate. The high-resolution TEM (HRTEM)
micrograph of the composite clearly reveals its polycrystalline nature,
as shown in Fig. 3c. The lattice fringes provide interplanar distances of
~2.47 and 2.8 A, which correspond to the (101) and (100) planes of
the hexagonal wurtzite structure of ZnO (JCPDS Ref. 00-036) and is in
good agreement with our XRD analysis of the ZnO@SS film (Fig. 2a).
Therefore, it could also be concluded here that the growth and the
crystalline properties of the ALD grown ZnO does not depend on the
different substrates used in this study. Further, the cross-sectional TEM-
EDS elemental maps of the ZnO@NF composite are displayed in
Fig. 3d-f. The uniform distribution of Zn and O on the Ni (Fig. 3d)
substrate is clearly evident in Fig. 3e and f. Hence, the cross-sectional
TEM image, along with the EDS analysis, confirms growth of poly-
crystalline ZnO on the 3D-NF substrate and highlights the superiority of
the ALD process compared with other thin-film-deposition techniques.

3.2. Electrochemical performances of ALD-ZnO as anode

Fig. 4 displays the electrochemical performance of the ZnO@NF
electrodes. The ZnO@NF electrode was subjected to cyclic voltammetry
(CV) in order to understand its electrochemical behavior during the
sodiation/desodiation process against Na metal. Fig. 4a displays the CV
trace over the first five consecutive cycles at a scan rate of 0.2mV s~ in
the 0.01-3.0V (vs. Na/Na*) potential range. The first cathodic CV
sweep encompasses the reduction process in which the conversion of
ZnO into elemental Zn takes place followed by alloying with sodium to
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form NaZn,, which is encapsulated in the Na,O matrix. Similar phe-
nomena have been observed for other metal-oxide-based anode mate-
rials in SIBs [34,41,42]. The matrix acts as a buffer during the alloying-
dealloying reactions; hence, the electrochemical reactions in the ZnO
half-cell are proposed to be:

ZnO + 2Na™ + 2e” — Zn + NayO 1

@

The broad strong reduction peak below 1V is therefore ascribed to
the formation of a solid electrolyte interface (SEI) layer and the Na-Zn
alloy (NaZn,3), while a small hump at ~ 1.3 V might correspond to the
ZnO—Zn conversion reaction and the formation of the Na,O phase
[43]. The significant amount of irreversible conversion of ZnO into Zn
metal (Eq. (1)), followed by the reversible alloying reaction with Na
during further reduction (Eq. (2)), or the sodiation of the ZnO@NF
electrode, results in a high capacity loss after the first cycle. However, a
certain amount of this metallic Zn is also expected to undergo the re-
versible ZnO formation by the oxidation reaction during anodic sweep
(charge cycle). From second cycle onwards, two distinct reduction
peaks are evident in the CV which could be assigned to the two si-
multaneous process of the sodiation in the electrode that consist of the
conversion of ZnO (which formed reversibly in the first charge cycle)
and the alloying formation of Na-Zn at relatively lower potential. In-
terestingly, the conversion reaction from second cycle onwards is also
observed to shift to a lower potential that might be caused by the
drastic change in the chemical environment of electrode after the first
charge-discharge cycle. However, from the second cycle onwards,
ZnO@NF exhibited overlapping cyclic behavior during CV, which is
indicative of the stability in the sodiation-desodiation process with si-
milar redox reactions took place in the second cycle.

The galvanostatic charge-discharge cycling performance of the
ZnO@NF electrode was further investigated at a current density of

Zn, + Na — NaZny
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Fig. 4. (a) Cyclic voltammograms of the ALD-ZnO@NF electrode for the first five cycles in the 0.01-3.0 V potential window at a scan rate of 0.2 mVs~?, (b)
representative charge-discharge profiles at a current density of 30mA g~ (Inset shows the first charge-discharge profile), (c) cycling performance comparison
between the ZnO@NF and ZnO@SS electrode along with the coulombic efficiencies at a current density of 30 mA g~ 7, rate capability of the (d) ZnO@SS and (e)
ZnO@NF electrodes with large variations in current densities (30-1000 mA g~ b.

30mA g~ ! in the similar 0.01-3.0 V (vs. Na/Na™) potential range. The
charge-discharge profile of the ZnO@NF electrode (Fig. 4b) exhibits an
initial discharge/charge capacity of 197.3/33.3mAh g, with a high
irreversibility of about 83%. The initial capacity loss of the ZnO@NF
electrode is attributed to SEI-layer formation, decomposition of the
electrolyte, and the irreversible conversion of ZnO into Zn. Although
the discharge capacity dropped to 43 mAh g~ ! during the second cycle,
the increase in coulombic efficiency (to 73%) together with a charge
capacity of 31.3mAhg~! indicate that the electrochemical reactions
were efficient and reversible during the charge-discharge process after
the first cycle. Similar characteristic charge-discharge profiles were
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observed for the remaining cycles during extended cycling performance
testing.

The cycling stability of the ZnO@NF electrode at a current density
of 30mA g~ ! is shown in Fig. 4c. The ZNO@NF electrode exhibited a
discharge capacity of ~ 65.1 mAh g~ ! with 99.3% coulombic efficiency
after 400 cycles; it was essentially stable without any significant ca-
pacity fading. Fig. 4c also reveals that the discharge capacity of the
ZnO@NF electrode decreased during the second cycle, but slowly in-
creased during consecutive cycles to attain an essentially stable capa-
city of 74.8 mAh g~ ! after 20 cycles with an 83% coulombic efficiency;
the increase in the capacity over these consecutive cycles is attributed
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to the activation process [6] and an increase in the interfacial area by
surface roughening of the ZnO upon cycling. For electrochemical per-
formance comparison, the similar mass loading (~ 0.3 mg) of ZnO ac-
tive material was also obtained on SS disk current collector (named as
ZnO@SS) with 16-mm diameter by using 1300 ALD cycles which re-
sulted in a uniform thickness of ~ 240-245nm of ZnO film. The mass
loading of the active material (ZnO) on SS substrates were calculated by
using the thickness of the ZnO thin films as measured on the Si sub-
strates, which were deposited together during the same reaction pro-
cess. The calculated density of ZnO thin film was used for this mass
calculation as obtained from the XRR measurement. The mass loading
value also cross checked by taking the weight of the SS substrates be-
fore and after ZnO deposition. In comparison to the ZnO@NF elec-
trodes, the ZnO@SS electrodes with similar mass loading of electrode
material delivered a very low specific discharge capacity of
~21mAhg~"! after only 100 charge-discharge cycles as shown in
Fig. 4c. The poor performance of ZnO@SS electrodes can be primarily
attributed to the extremely low surface to volume ratio of it. The ALD
on a 2D substrate like SS perfectly leads to end up with a similar 2D
dense ZnO without any porosity inside the film. On the other hand, to
achieve the similar mass loading (~ 0.3 mg), the deposited film be-
comes considerably thick that provides highly resistive path for the
efficient sodiation in the anode material. The increase in internal re-
sistance in the thick film may result in a mechanical instability of the
electrode material which induces the formation of cracks or fracture in
the active material due the significant volume change through the so-
diation and de-sodiation process during the charge-discharge cycles. It
should also be noted that an almost three-fold increase in reversible
capacity was observed for the ZnO@NF electrode fabricated using
significantly fewer ALD cycles compared to that based on the 2D-ZnO@
SS electrode. Therefore, it seems that suitable electronic conduction and
the highly porous NF substrate provide a greater number of 3D charge-
transport pathways during cycling in the ZnO@NF composite.

Furthermore, we investigated the rate capability of the ZnO@SS and
ZnO@NF electrodes at different current densities in the
30-1000 mA g~ ! range, the results of which are shown in Fig. 4d and e,
respectively. Fig. 4e shows an initial discharge capacity of
175.5mAhg™' during the first discharge at a current density of
30mAg ! and ~73.6mAhg ! at the 10th cycle for the ZnO@NF
electrode. The specific capacities decreased slightly with further in-
creases in current density. The first-cycle discharge capacities of the
ZnO@NF electrode were about 67.3, 54.2, 44.7, 37.4, and 30.9 mAh
g~ ! at current densities of 50, 100, 200, 500, and 1000 mA g~ *, re-
spectively. Even after cycling at the high current density of
1000mA g™, the ZNO@NF electrode retained a favorable average
specific capacity value of ~51.6mAhg~' at a current density of
30mA g~ ! after 60 cycles, which is around 70% of the capacity ob-
served at the 10th cycle with the same initial current density of
30mA g~ !. While, the ZnO@SS electrode exhibited much lower capa-
cities and poor rate capability as shown in Fig. 4d. Hence, this study
reveals that the ZnO@NF electrode delivers rate stability and a re-
markably stable cycling life, highlighting the superiority of the ZnO@
NF composite as a SIB anode. In addition, we also investigated the rate
capability of ZnO@NF electrode with higher mass loading (~ 1 mg) of
the active material by using 400 ALD cycles which showed a significant
decrease in specific capacity in comparison to the ZnO@NF electrode
grown by 100 ALD cycles for all current densities (not shown here).
Therefore, a very thin film of any ALD grown active material on 3D-NF
is expected to provide an optimum performance in SIBs compared to a
much thicker film needed in case of conventional electrode casting on
2D conducting substrates like SS or Cu foils.

To investigate further the kinetics and the improved electro-
chemical performance of ZnO@NF electrode, the EIS measurements
were performed in the frequency range of 100 kHz to 0.01 Hz for both
the as prepared electrodes. A comparison between the Nyquist plots of
the ZnO@SS and ZnO@NF electrodes is shown in Fig. 5 as obtained
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Fig. 5. Nyquist plots obtained from the EIS measurements of as prepared ZnO@
NF and ZnO@SS electrodes.

from the EIS measurements. A Nyquist plot of an electrochemical
system can be assigned in different parts. The semicircle from high to
medium frequency corresponds to charge transfer resistance (R.) be-
tween electrode and electrolyte and a typical Warburg behavior can be
obtained from the slope of the linear portion at the low frequency re-
gion of the curve [26,44-46]. It can be clearly seen from Fig. 5 that the
diameter of the semicircle as obtained for the ZnO@NF electrode is
smaller than the ZnO@SS electrode whereas the ZnO@SS electrode
basically displays an incomplete semicircle which denoting a lower
resistance along the interface for ZnO@NF electrode in comparison to
the ZnO@SS. Therefore, the network-like ZnO@NF porous structure
can be attributed to the higher contact area between the electro active
materials and electrolyte which is also favorable for rapid Na™ diffu-
sion than the ZnO@SS electrodes.

The post-cycling (after 100 discharge-charge cycles) ex situ XPS
analyses were carried out to understand the possible reactions in the
ZnO anode in SIBs. After 100 cycles, the electrodes were dismantled
and washed with propylene carbonate to remove the electrolyte salts,
after which it were dried overnight under vacuum before analysis. The
individual high-resolution XP spectra of Nals, Ols Cls and Zn2p are
shown in Fig. 6. The distinct and prominent presence of Nals peak
primarily confirms the irreversible reaction between the Zn and Na,O
after the conversion reaction takes place during the very first discharge
cycle of this anode. As the cell was dismantled for XPS analysis after the
complete charge cycle, Na is expected to be absent in the film. In a more
practical situation, a small amount of Na would be present. However,
Nals appeared to be one of the strongest peaks in the complete survey
of the electrode after cycling (Fig. 6a). The further deconvolution of the
Nals (Fig. 6b) at 1070.8 and 1071.6 eV could be assigned to Na,CO3
and Na,O, respectively [38,47,48], in almost equal percentage. The
Na,CO; could either be formed due to the reaction between Na,O and
the propylene carbonate (PC) during the cleaning of the electrode after
cycling or could also come from the reaction of electrolyte and PC. The
absence of ZnO as a major phase inside the electrode after cycling is
confirmed by the significant shift in the Ols peak (Fig. 6¢). The rela-
tively broad peak centered at ~ 532.4 eV could be fitted corresponding
to O in C-O (in Na,CO3), O-H (in NaOH), Zn-O (in ZnO) and Na-O (in
Na,O) at 531.7, 5329, 530.1, and 529.6eV, respectively
[32,38,48-50]. In addition, the Na KLL Auger peak is also identified
along with this Ols at a higher binding energy of it (~ 536.4 eV) that
can be ascribed to the Na in Na,O [48,51]. It is clear from this O1s and
associated Na Auger peak that the major contribution is from Na,O and
Na,CO3;. However, very little amount of ZnO could be there in the
electrode resulted from the certain amount of reversible conversion
reaction during charge cycle. Therefore, unlike to the complete
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Fig. 6. (a) Full XPS survey, and individual XPS spectra of (b) Nals, (c) Ols, (d) Cls, and (e) Zn2ps,, after 100 charge-discharge cycle in comparison with as-deposited

ZnO@NF electrode.

alloying-dealloying based reaction proposed earlier in the case ZnSnO3
[34], a certain amount of reformation of ZnO would be possible for this
case. This proposed activity is further supported by post-cycling TEM
analysis as discussed later of this article. Few earlier reported CVs of
ZnO anodes in LIBs also showed that the reversible oxide formation
after each discharge cycle drastically decreases upon cycling and slowly
disappears. However, our study reveals that reversible ZnO formation
takes place and a certain amount of capacity, though less, could be
contributed by conversion reaction in addition to the reversible al-
loying-dealloying reaction. Here, we assume that no amount of as-
grown ZnO is left unreacted after 100 charge-discharge cycles. As the
ZnO film on NF was extremely thin (only ~15nm) in this particular
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case, such an assumption is well-justified. Similar to the O1s, along with
the major peak of Cls, the additional peak centered at 289.4 eV could
be assigned to Na,COs3 [38,52] as shown in Fig. 6d. All of these further
indicate the presence of significant Na,O which acted as a host matrix
for the alloying-dealloying reaction to take place. Moreover, there is a
visible shift (> 0.3 eV) that can be observed from Fig. 6e, for the peak
corresponding to Zn2ps,, orbital electron towards the lower binding
energy. The shift in this Zn2p;,, XP spectrum could only occurr due to
the presence of metallic Zn in the electrode after the charge cycle.
However, this peak (Zn2ps,,) also can be deconvoluted into two peaks
corresponding to Zn(0) as metal and to Zn*? in ZnO at 1020.7 and
1021.5eV, respectively [32,53]. Thus the post-cycling XPS analysis
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Fig. 7. Top-view SEM images of the (a) ZnO@SS and (b) ZnO@NF after 100 charge-discharge cycles; the insets show the corresponding SEM image prior to battery

cycling for comparison.

NF substrate

10 nm

ALD-ZnO

NF-substrate

i o | 2

Fig. 8. (a-b) Cross-sectional TEM analysis of the ZnO@NF electrode at the end of 100th charge-discharge cycles revealing relatively less uniform and wavy like ZnO
film present on the NF substrate, the TEM-EDS elemental mapping of the composite showing the uniform but relatively scattered presence of both (c) Zn and (d) O.

clearly established the predominant alloying-dealloying reaction be-
tween Zn and Na after the first discharge cycle. In addition, a certain
amount of reversible ZnO formation during the charge cycle is also
highly possible for this particular case.

In addition to the electrochemical studies discussed above, the
ZnO@SS and ZnO@NF electrode were examined by SEM after 100
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charge-discharge cycles at a current density of 30mA g~ *, the ex-situ
top-view SEM image is displayed in Fig. 7a and b, respectively. The
post-cycling top-view SEM image of the ZnO@NF electrode shows a
slightly deformed film surface without any considerable formation of
cracks or damage, when compared to the ZnO@SS electrode. The active
electrode material was retained almost intact on the 3D-NF substrate,
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and may be responsible for the superior electrochemical performance
observed for the ZnO@NF electrode.

Further post-cycling cross-sectional TEM and EDS analyses were
carried out on the ZnO@NF electrode to complement the previous SEM
image. Fig. 8a reveals that a uniform layer of the active material is still
present on 3D-NF substrate following the cycling experiment. A slight
deformation of the film can be observed in the TEM micrographs. The
HRTEM image (Fig. 8b) shows the presence of ZnO along with the
traces Zn metal, which also supports the post-cycling ex-situ XPS ana-
lyses as discussed above. However, the material maintained its struc-
tural stability and strong adhesion to the NF substrate after the cycling
process when compared with the as-deposited material (Fig. 3c).

The performance of the present ZnO@NF electrode is comparable
with that very recently reported by Teng et al. on hydrothermal-ZnO
[54], which exhibited a specific capacity of 100 and 70mAhg~?! at
different current densities. The nominally higher capacity reported by
Teng might be attributed to the conductive carbon coating on the ZnO
used in their work. On the other hand, zinc stannate (ZnSnO3) shows
much higher performance as an anode in SIBs where the majority of the
capacity was contributed by the reversible alloying-dealloying reaction
between Zn and Sn. Interestingly, the capacity achieved from the only
ZnO for this case was as low as ~ 20-25mAh g~ ' at 30mA g~ ! current
density [34]. ALD-grown active electrodes for SIBs are concerned, a
crystalline ternary-layered oxide (sodium titanate, Nag,3TiO;) de-
posited on CNTs exhibited a stable reversible capacity of 28 mAhg~!
which is much lower compared to current work without any carbon
[55]. Similarly, an optimum 100 cycles ALD-TiO5 on CNT-CFP (carbon-
fiber paper) also delivered about 128.6 mAh g~ ! at a current density of
2mA g~! [6]. Therefore, the present results are on par with the existing
literature, while introducing a novel approach to combine ALD and NF
for the first time in the field of SIBs. Interestingly, a very recent study on
ALD-MoS, on a SS substrate revealed very high capacities in SIBs [56].
The present approach could be therefore extended to these more-sui-
table conversion-based transition metal binary compounds to achieve
even higher SIB capacities.

4. Conclusion

In this work, ALD-grown ZnO@NF was used to showcase the easy,
direct, and efficient preparation of a SIB anode. The extremely uniform
and conformal ALD thin-film coating on the NF withstood a current rate
of 1000mAg~! with significant capacity recovery. The ZnO@NF
composite yielded a stable ~ 65.1 mAh g~ capacity over 400 cycles.
When compared with the similar ALD-grown ZnO on 2D-SS current
collector, a three-times-greater reversible capacity was observed after
significantly fewer ALD-deposition cycles, highlighting the novelty of
this approach. Both reversible conversion and alloying-dealloying re-
action mechanism between ZnO and Na was evident from the CVs and
supported by the post-cycling analyses of the electrodes. We expect that
this model approach of combining ALD and Ni-foam can be further
extended to grow any other electrode material in order to enhance SIB
performance.
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