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Lewis Acid Site Assisted Bifunctional Activity of Tin Doped
Gallium Oxide and Its Application in Rechargeable Zn-Air

Batteries

Aruna Narayanan Nair, Mohamed F. Sanad, Rahul Jayan, Guillermo Gutierrez,
Yulu Ge, Md Mahbubul Islam, Jose A. Hernandez-Viezcas, Vishal Zade,
Shalini Tripathi, Vaithiyalingam Shutthanandan, Chintalapalle V. Ramana,*

and Sreeprasad T. Sreenivasan®

The enhanced safety, superior energy, and power density of rechargeable
metal-air batteries make them ideal energy storage systems for application

in energy grids and electric vehicles. However, the absence of a cost-effective
and stable bifunctional catalyst that can replace expensive platinum (Pt)-based
catalyst to promote oxygen reduction reaction (ORR) and oxygen evolution
reaction (OER) at the air cathode hinders their broader adaptation. Here, it is
demonstrated that Tin (Sn) doped S-gallium oxide (f-Ga,03) in the bulk form
can efficiently catalyze ORR and OER and, hence, be applied as the cathode in
Zn-air batteries. The Sn-doped f-Ga,0; sample with 15% Sn (Sn,_g15-Ga,05)
displayed exceptional catalytic activity for a bulk, non-noble metal-based
catalyst. When used as a cathode, the excellent electrocatalytic bifunctional
activity of Sn,_15-Ga,O; leads to a prototype Zn-air battery with a high-power
density of 138 mW cm~2 and improved cycling stability compared to devices
with benchmark Pt-based cathode. The combined experimental and theoret-
ical exploration revealed that the Lewis acid sites in f-Ga,O; aid in regulating
the electron density distribution on the Sn-doped sites, optimize the adsorp-
tion energies of reaction intermediates, and facilitate the formation of critical
reaction intermediate (O*), leading to enhanced electrocatalytic activity.

as future power sources due to their
remarkably high theoretical energy
output.'™ For instance, Zinc-air batteries
are predicted to have a high theoretical
specific energy density of 1086 W h kg,
which is 2.5 times higher than state-of-
the-art lithium-ion batteries.’-®l The key to
the functioning of Zn-air batteries is two
electrochemical reactions occurring at the
air cathode, namely oxygen reduction reac-
tion (ORR) during discharging and oxygen
evolution reaction (OER) during charging.
Consequently, the inferior performance
of the air cathode leads to the Zinc-air
batteries displaying lower energy output
than the theoretical value. Hence, catalysts
with excellent catalytic efficacy towards
ORR (e.g., Pt) and OER (e.g., RuO,) are
employed in the air cathode to enhance
the performance of Zn-air batteries. How-
ever, the poor stability, high cost, and
scarcity of state-of-the-art catalysts such
as Pt or RuO, make the technology com-
mercially untenable. Thus, the widespread

1. Introduction

Metal-air batteries, which generate electricity through a redox
reaction between metal and oxygen, are promising candidates

adoption of Zinc-air batteries depends on discovering low-cost,
highly active, stable, and potentially bifunctional electrocata-
lysts. Recently, transition metal oxide (TMO) systems emerged
as viable ORR and OER electrocatalysts due to their competent
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activity and better stability.* A variety of non-precious metal
oxide catalysts (Co;04, FeO,, and MnO,, etc.), especially in the
nanoform, demonstrated high catalytic activity."> Nonethe-
less, most nano-TMO catalysts suffer from poor conductivity
and agglomeration-induced loss of active sites, leading to infe-
rior or gradually degrading catalytic activity.

Tailoring fundamental material properties such as
acidity/basicity, work function, and density of states near the
Fermi level can affect the charge distribution on the active sites
of catalysts. Recent research revealed that Lewis acid sites adja-
cent to the catalytic sites could influence their activity for oxygen
redox reactions.?l Theoretical studies indicated that in Lewis
acid catalysts, the metal atoms could coordinate with an adja-
cent electronegative atom with a lone pair, resulting in a charge
transfer between them. Gallium oxide (Ga,Os;) in its most
stable form, [-Ga,0; with tetrahedral and octahedral Ga ions
(Ga®), is a strong Lewis acid where tetrahedral Ga** is the Lewis
acid center.?Z Recently, -Ga,Os-based photocatalysts gained
increased attention due to their significant potential for acti-
vating CO,. They have also been recognized as alkane dehydroge-
nation catalysts because of their unique ability to activate hydro-
carbons.?3?4 However, despite their wide use in catalysis, the
exploration of (Ga,0; as an electrocatalyst remains under-
explored. Recently, Kakoria et al. investigated the electrocatalytic
activity of electrospun (Ga,0; nanofibers towards hydrogen
evolution reaction (HER) and ORR.** Nevertheless, like other
nanosystems, nanofiber catalysts are prone to aggregation and
hence have inferior long-term stability. Liu et al investigated the
role of oxygen vacancies in OER catalyzed by -Ga,0; using den-
sity functional theory (DFT).?% But, experimental investigation
of such systems is still unexplored in detail. Alternately, engi-
neering the electron distribution and Lewis acidity of Ga,0,
could be the key to realizing inexpensive, high-performance,
multifunctional, and stable catalysts without morphological and
dimensional modifications. Recent research proved that lattice
incorporation of appropriate dopants could modulate the elec-
tronic distribution, band structure, and catalytic activity of mate-
rials.”’-33] For example, Tin (Sn) doping improves the sluggish
kinetics of OER/ORR because the oxygen-bound intermediates
can interact favorably on the Sn surface.[223+-38]

Anticipating synergistic effects due to the Lewis acid sites in
S-Ga,03 and the favorable oxygen adsorption properties of Sn,
we atomically doped B-Ga,0; with Sn to derive excellent bulk
bifunctional electrocatalyst towards ORR and OER, for the first
time. Here, the -Ga,0; was synthesized via the high-tempera-
ture, solid-state route and doped with different Sn percentages
(x = 0.05-0.20).3 Interestingly, a superior bifunctional ORR
and OER activity, the best activity reported for a bulk sample,
was demonstrated at 15% doping of Sn (x = 0.15, denoted as
Sn,_o15-Ga,03) with a lower overpotential and higher current
density. Our experimental investigations revealed that the
lattice incorporation of Sn leads to modification of the bandgap,
decreases the charge-transfer resistance, and introduces new
highly catalytic centers in the Ga,0; lattice. Our theoretical
exploration indicated that the addition of Sn near the Lewis acid
coordination sites triggers an electron transfer from the Ga** to
the adjacent Sn—O bond leading to a redistribution of the elec-
tron density and a significant decrease in activation energy on
the surface of Sn-doped (-Ga,0s3, accounting for the enhanced
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catalytic performance. Bader charge analysis of the interme-
diate steps proved the importance of the Ga** Lewis acid sites
in augmenting the catalytic activity of doped Sn sites. Finally,
we leveraged Sn,_,;5-Ga,O; as the air cathode of a Zn-air
battery, which demonstrated significantly improved stability
and reduced polarizability compared to devices with bench-
mark Pt and RuO, electrocatalysts, pointing to the potential of
Sn,_.15-Ga,0j3 for electrochemical energy storage applications.

2. Results and Discussion

2.1. Structure and Chemistry

Among the different crystal forms of Ga,03, -Ga,0; is the most
stable (melting point 1740 °C), with the oxide ions in distorted
ccp arrangement and Ga** occupying distorted tetrahedral and
octahedral sites. Further, -Ga,0; is stabilized in monoclinic
crystal symmetry with the C2/m space group at ambient con-
ditions.?*#l The prepared B-Ga,O; and Sn,Ga,O; samples
were analyzed using different microscopic and spectroscopic
techniques to confirm the Sn doping and derive an in-depth
understanding of their morphology, structure, and surface
chemistry. We recently reported a detailed account of crystallog-
raphy, Rietveld refinement, structure, and surface morphology
of the Sn-doped Ga,0;.1%! Figure 1a shows the XRD patterns
of pristine 3Ga,0; and Sn,_15-Ga,05.#?! While lower levels of
doping lead to lattice incorporation, increasing the concentra-
tion of Sn (e.g., Sn,,-Ga,03) resulted in the formation of a
secondary SnO, phase, as evidenced by the XRD.B% Figure 1b
shows the Raman spectra of f-Ga,03 and Sn,_y;5-Ga,0; sam-
ples using a 532 nm laser excitation. The corresponding Raman
spectrum of other Sn dopant ratios is given in Figure S1, Sup-
porting Information. The features in the Raman spectrum
can be divided into three groups, namely low-frequency mode
(below 200 cm™), mid-frequency mode (500-300 cm™?), and
high-frequency mode (770-500 cm™), all of which are related
to different vibrational modes of Ga,0.143] All relevant Raman
vibration modes of Ga,0; are visible in parent -Ga,0O; and
Sn-doped Ga,03; samples (Figure 1b). The Raman bands at
140, 166, and 195 cm™ are due to vibration of Ga-O chains;
345, 414, and 475 cm™ belong to the deformation of Gal(OI),
octahedra; 652 and 767 cm™ are because of the symmetric
stretching of GaO, tetrahedra.*¥l Figure S2, Supporting Infor-
mation shows the Raman bands of the SnO, at 482, 633, and
775 cm™!, which corresponds to the E,, Ay, and By, vibrational
modes, respectively.”] The close overlap of features from
f-Ga,03; and SnO, made it challenging to confirm the Sn
doping using Raman spectroscopy. However, the presence of
relevant features of f-Ga,0s in the undoped and doped samples
confirmed the XRD observation that the structural integrity of
the samples is preserved under moderate doping concentra-
tions. Figure 1c depicts the optimized structures of [-Ga,0s
and Sn,-Ga,0; derived from DFT calculations. The Sn,-Ga,0s
structure was modeled by replacing a single Ga atom from the
[100] surface with an Sn atom. A 1 x 2 x 4 supercell of 3-Ga,0;
was used for the calculations, and the calculated lattice para-
meter was 12.452 A, which is consistent with other works. [~
Additionally, we found that the average bond length of Sn-O
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Figure 1. a) XRD spectrum, b) Raman spectrum, c) optimized structures of #-Ga,0s (left), and Sn-doped -Ga,O; (right). d) SEM image of 5-Ga,0;
and e) high-resolution TEM image for f-Ga,O3 (with -200 plane resolved) corresponding Fourier transform shown in the inset. f) SAED pattern for
B-Ga,03, g) SEM image of Sn,_915-Ga,O; (h) high-resolution TEM images for Sn,_15-Ga,O3 showing a -111 plane; corresponding Fourier transform

shown in the inset i) SAED pattern for Sn,_15-Ga,0s.

(2.14 A) is greater than Ga-O (1.81 A), which corresponds to the
larger atomic radius of Sn*" (0.70 A) compared to Ga*" (0.62 A).
Moreover, the calculated reduction in the bandgap upon Sn
doping using DFT is well consistent with the literature.*->%
The morphology of -Ga,0; and Sn,—5-Ga,0; and the lattice
structure were studied using scanning electron microscopy
(SEM) and transmission electron microscopy (TEM). The SEM
micrograph (Figure 1d,g) validates the bulk powder nature of
[-Ga,0; as well as Sn,_15-Ga,0;. It is evident that the
rod-shaped nature of monoclinic -Ga,0; is mostly preserved
with the introduction of Sn dopant into the lattice. Elemental
analysis performed using energy-dispersive X-ray spectrometry
(EDS) confirmed the presence of Ga, O, and Sn elements in
Sn,_o15-Ga,0; (Figure S3, Supporting Information). Our X-ray
photoelectron spectroscopy (XPS) analysis further confirmed
the Sn doping. Figure S4, Supporting Information shows the
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Ga 2p, Sn 3p, and Sn 3d high resolution XPS spectrum for
Ga,03 samples with x = 0 and x = 0.15 dopant percentages. The
high-resolution XPS analysis in the Ga 2p region indicates that
Ga exists in a +3 oxidation state in both the samples. Similarly,
the oxidation state of Sn was also confirmed to be +4.

To probe the atomic-level crystal structure (and validate
our DFT calculations) and understand any lattice distortions
or formation of interfacial compounds during Sn doping, we
analyzed our sample using high-resolution TEM (HRTEM).
Figure le,fh,i show lattice resolved TEM image and selected
area electron diffraction (SAED) of pure fS-Ga,0; and
Sng 15-Ga,0; samples. The HRTEM image in Figure le shows the
002 planes confirming the monoclinic structure of pure 3Ga,0s.
The corresponding SAED pattern (Figure 1f) and the FFT
pattern (inset of Figure le) confirmed the highly crystalline
monoclinic phase of the sample. Interestingly, the Sn,_q15-Ga,03
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also exhibited a 111 plane (Figure 1h), and the crystalline nature
in the SAED (Figure 1i) and the FFT (inset of Figure 1h), again
emphasizing that the crystal structure is mostly preserved in
samples up to Sn, = 0.15. Thus, as established in our bulk XRD
measurements,*” the HRTEM and SAED analysis confirmed
that no apparent change in the crystal structure or separation of
secondary phases happened until x < 0.15, even at local nano-
scopic levels. It is also evident that the segregation of dopants
in the form of tetragonal SnO, can be observed only at higher
doping concentrations. It is interesting to note that, without
any significant structural modifications, the doping resulted in
substantial changes in the electronic structure, and the bandgap
of doped samples varied in the range of 4.7-4.5 eV (Figure S5,
Supporting Information), with an inverse relationship between
the amount of Sn-doping and the bandgap.>’!

2.2. Electrocatalytic Activity

Linear sweep voltammetry (LSV) measurements using a
rotating disk electrode (RDE) in O, saturated 0.1 M KOH solu-
tion were performed to investigate the ORR activity of bulk
S-Ga,03 and Sn,-Ga,03 samples. The presence of a reduction
peak in the ORR region after O, saturation and the absence
of any such peak in N, saturated electrolyte indicates the
intense ORR activity of the as-synthesized materials (Figure S6,
Supporting Information). As evident from Figure 2a, the
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performance improved with increasing the doping ratio up to
15%, beyond which the limiting current decreased. Compared
to other dopant ratios, the Sn,;5-Ga,0; sample displayed
an exceptional ORR activity with an onset potential of 0.76 V
and half-wave potential (E ;) of 0.7 V, which is one of the best
reported for any Ga,0;-based materials. Thus, the LSV curves
proved that doping of Sn enhances the ORR activity of pristine
B-Ga,03 (onset 0.6 V vs RHE). The ORR activity of pristine
SnO, revealed a poor activity thereby confirming the impor-
tance of a doping-based strategy to enhance ORR (Figure S7,
Supporting Information). Figure 2b shows the mass activity
obtained from the ORR polarization curve of the Sn,_j5-Ga,03
at 0.6 V and is found to be 0.09 A mg! which is close to the
benchmark Pt/C (0.11 A mg™ with loading 50 pg cm™ that of
Pt/C). The oxygen reduction properties were further analyzed
by varying rotation speeds ranging from 200 to 1600 rpm for
Pt/C and Sn,_5-Ga,03 (Figure 2¢,d). From the RDE voltam-
mograms, the limiting current of ORR on Sn,(5-Ga,03
increased with increasing rotation speed from 200 to 1600 rpm,
illustrating first-order reaction kinetics (Figure 2d), with a
maximum diffusion-limited current density of 4.5 mA cm™ at
1600 rpm. The kinetic parameters were estimated by applying
the Koutecky—Levich (K-L) equations. The linearity of the K-L
plots for Pt/C and Sn,_y5-Ga,0; (insets of Figure 2c,d) also
confirms similar first-order reaction kinetics with respect to the
dissolved oxygen concentration in the case of both the catalysts.
We also investigated the mechanism of ORR to understand
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-1/2 m—1 /2)

-2 200 rpm
34— 400 rpm
—— 600 rpm
44 900 rpm
-5 1225 rpm

Current density (mAcm2)
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Figure 2. a) Linear sweep voltammetry of the Ga,O3 and Sn,-Ga,0; with different ratios (electrode-rotating speed, 1600 rpm. Scan rate: 2mV s™).
b) Mass activity of Sn,_915-Ga,O3 and Pt/C at 0.6 V versus RHE. c) The RDE plots of Pt/C in oxygen-saturated 0.1 M KOH at rotation speeds ranging
from 200 to 1600 rpm and a scan rate of 10 mV s7". Inset (K-L plots). d) The RDE plots of Sn,_o15-Ga,0; in oxygen-saturated 0.1 M KOH at rotation
speeds ranging from 200 to 1600 rpm and a scan rate of 10 mV s, Inset (K-L plots).
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whether it proceeds through four electrons or two electrons
pathway.?*3] The kinetic parameters obtained from K-L plots
demonstrated that Pt/C under dynamic conditions exhibits a
3.8 electrons-based mechanism. The average electron transfer
number for Sn,_;5-Ga,03; was calculated to be 3.7 electrons,
confirming that the mechanism follows a four-electron reduc-
tion process (Figure 2d inset).

In addition to ORR activity, bifunctional catalysts that can
promote OER activity are beneficial for application as cathode
material in high energy density devices such as the Zn-air
battery. Hence to check the bifunctional nature, we investi-
gated the electrocatalytic OER performance for the Sn,-Ga,03
system in an alkaline electrolyte (0.1 M KOH). Figure 3a shows
the iR corrected CV curves with different Sn loading. Similar to
the ORR activity, the CV curves showed a superior activity for
Sn,_15-Ga,03 compared to other dopant ratios with an onset
potential of 1.75 V versus RHE. Additionally, to understand the
catalytic mechanism of the electrocatalytic OER process, we
evaluated the Tafel slopes (Figure 3b). A smaller Tafel slope
indicates superior catalytic efficacy and resultant increased
OER rate, with decreased overpotentials.’¥ A Tafel slope of
128 mV dec! for Sn,_5-Ga,0; again confirmed the superior
OER performance of the 15% doped sample compared to other
ratios.

To understand the origin of the superior performance of
the doped electrocatalysts, we investigated the bandstructure,
calculated the double-layer capacitance (Cy), and analyzed the
samples using electrochemical impedance spectroscopy (EIS).
The band structure of the bulk f-Ga,0; and Sn-doped Ga,0;
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samples was explored using cyclic voltammetry (CV), and cor-
responding highest occupied molecular orbital (HOMO) and
lowest unoccupied molecular orbital (LUMO) were identi-
fied (Figure S8, Supporting Information).”>>® It is evident
from the figure that the better proximity of HOMO with the
oxygen reduction potential in Sn, (;5-Ga,03 aids in enhanced
electron transfer, thereby improving the reaction kinetics. Our
EIS analysis demonstrated that Sn,_,5-Ga,053 has the smallest
charge transfer resistance among all the ratios (Figure 3c).
Figure S9, Supporting Information and Figure 3d show the CV
and Cyg plots, which indicate an increase in the electrochemical
surface area with increased doping percentage (x = 0.05-0.20).
Though a minimal rise in Cy value (1.03 vs 1.18 mFcm™)
is observed between Sn,_yi5-Ga,0; and Sn,_,-Ga,0;, as
evidenced by the EIS measurements, Sn,—5-Ga,0; has the lower
charge transfer resistance (Figure 3d) compared to Sn,,,-Ga,0;3,
potentially leading to the superior bifunctional activity of
Sn,_15-Ga,03 towards ORR and OER. The turnover frequency
(TOF) reveals the intrinsic efficiency, by calculating the rate of
product formation (O,) at a specific catalytic site.’” To calculate
TOF, the number of Sn active sites in the sample was calculated
from inductively coupled plasma optical emission spectrometer
(ICP-OES) measurements (Table S1, Supporting Information).
The TOF of Sn,_y5-Ga,03 on Sn active sites was calculated to
be 0.88 st at a current density of 10 mAcm™2. To evaluate the
efficiency of the catalyst towards OER, we also calculated the
Faradaic efficiency (F.E). For this, the amount of oxygen gen-
erated from OER was calculated using gas chromatography.
Subsequently, the experimental yield was compared with the

-
N
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Figure 3. a) iR corrected CV measurements for OER and b) corresponding Tafel plot. c) Nyquist plot and d) Cyq measurements for -Ga,0O3 and

Sn,-Ga,03 systems.
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theoretically expected values to calculate the FE. Our analysis
gave a Faradaic efficiency of 98% for Sn,_;5-Ga,0;, fur-
ther indicating its catalytic activity towards OER (Figure S10,
Supporting Information). Hence, our experimental explora-
tion suggests that in Sn,_(5-Ga,03, the proximity of HOMO to
oxygen reduction potential, a lower charge transfer resistance,
and higher electrochemical surface area, work synergistically
to enhance electrocatalytic activity and selectivity compared to
the other dopant ratios. Table S2, Supporting Information com-
pares the OER and ORR activity of Sn,_;5-Ga,03 with other
reported works in the literature. Compared to other reported
systems, the performance of the Sn,_q5-Ga,03 doped sample
is superior or comparable, despite being largely bulk in nature.

To gather a comprehensive understanding of the ORR and
OER mechanism of -Ga,0; and Sn-doped B-Ga,0; samples
and identify the active sites on the doped materials, we per-
formed DFT calculations. Our DFT-based analysis concentrated
on the adsorption behavior of reactants (O,), intermediates
(OOH *, O%*, and OH¥*), and products (H,0) in an alkaline
medium. The exposed planes for the calculations were selected
based on the previous reports which indicated that [100] planes
have the lowest surface formation energy, electrocatalytic
efficiency, and enhanced optical properties.’8-%% Initially, we
employed the electron localization function (ELF) to investi-
gate the electron distribution on the surface of -Ga,0; and
Sn-doped Ga,0;. The ELF can be described as a contour plot
in real space, as shown in Figures 4a,b. The region close to
0 (red) indicates a low electron density area, while a region
close to 5 (blue) indicates a highly localized dense electron
region coming from the nucleus or because of the presence of
strong covalent electrons or lone-pair electrons. It is plausible
that the dense electron accumulation on the Sn atom site
arises due to the electron donation from the adjacent Lewis
acid sites to the Sn—O bond. This observed electron accumula-
tion on the Sn site is anticipated to exhibit stronger covalent
interactions with the ORR and OER intermediates. For ORR
and OER, the catalytic activity of the studied substrates in the
alkaline medium mainly depends upon the initial adsorption
of O, followed by the adsorption energies of various reaction
intermediates. The Gibbs free energy diagram calculated using
the standard 4e™ association mechanism is used to study the
bifunctional ORR and OER activity on -Ga,03 and Sn-doped
Ga,0; substrates. We examined two kinds of adsorption pat-
terns: end on and side on for initial O, adsorption and observed
that the end-on configuration is more energetically favorable
for both #Ga,0; and Sn-doped Ga,0; substrates. To confirm
the active sites on the catalyst, we investigated various
possible adsorption sites for the reaction intermediates (OOH¥,
O%*, and OH*) on the substrates. The most stable structural
configurations are shown in Figure S11, Supporting Informa-
tion, which validates that Sn is the most active site in Sn-doped
Ga,0;, whereas it is the Ga site in f-Ga,0s. The corresponding
reaction free energies for each intermediate step in ORR are
shown in Figure 4c. From the calculations, we confirmed that
the rate-determining step (RDS) is the fourth hydrogenation
step (4OH"), with the highest energy barrierl® corresponding
to the stronger or weaker binding energies between the oxy-
genated species and substrates. For the overall ORR reaction at
U = 0V, the rate-determining step for 3-Ga,0; is O*— OH*
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(2.216 eV), whereas for Sn-doped Ga,03, the RDS is OH* — OH~
(1.899 eV). It is worth mentioning that Sn-doped Ga,0;
requires less energy to make all the reaction intermediate steps
to be thermodynamically downbhill, revealing its superior ORR
activity compared to the parent substrate. Moreover, the initial
oxygen adsorption step is thermodynamically uphill for pristine
Ga,0;. In contrast, Sn doping significantly reduces the energy
barrier, making the O, adsorption thermodynamically downhill
and is well correlated with its stronger adsorption energies and
increased charge transfer characteristics. Further, for Sn-doped
Ga,03, we found electron-dense clouds around incoming O
atoms confirming the charge transfer from the metal atoms to
incoming O atoms (Figure S12, Supporting Information).

We performed Bader charge analysis to establish the
increased electron density in Sn-doped Ga,0; and electron
transfer from Lewis sites (Figure 4d). The Lewis acid coordina-
tion in Sn-doped Ga,0; allows for electron transfer from the
Ga*" to the Sn—O bond, facilitating the formation of intermedi-
ates in ORR and OER. The increased electron charge transfer
values in the case of Sn-doped Ga,0; substrates for all the
intermediate steps in ORR and OER also confirmed the charge
transfer. Also, as per the Bader charge calculation, the forma-
tion of the O* intermediate is enhanced the most due to the
strong Lewis acid property of the system. We also observed
that while the average charges of Ga and O atoms for the O*
intermediate are 1.799 and —0.481Je|, the charges are 2.271 |e|
for Sn and —0.541 |e| for O in Sn-doped Ga,0;, again pointing
to the higher charge transfer characteristics of Sn-doped sub-
strate. Additionally, a charge density difference analysis was
performed to establish the increased chemical interaction
between the metal p orbital and 7* antibonding orbital of O,.
We found a =2.5% and =7% increase in the O—O bond lengths
(Figure 4e and Figure S13, Supporting Information) for the
S-Ga,03 and Sn-doped Ga,0; compared to the corresponding
gas-phase molecule (do-o = 1.22 A9). This is because there is a
higher charge transfer of =0.89 |e| from Sn to O, in Sn-doped
Ga,0;, compared to =0.77 |e| from Ga to O, corroborating the
increased elongation of the O=0 bond length (Figure 4e and
Figure S13, Supporting Information). Charge density difference
analysis performed on O, adsorbed substrates also reveals a
charge accumulation between Sn—O bonds indicating stronger
covalent interactions. Hence, experimentally observed superior
ORR activity of Sn-doped Ga,0; agrees with theoretical DFT
calculations. Moreover, the calculated theoretical overpotential
of Sn-doped Ga,03 was lower (0.66 eV) when compared to that
of pristine Ga,0; (0.98 eV) illustrating that the Sn doping could
improve the ORR catalytic activity than pristine Ga,0;. The
enhancement in OER activity was also further proved using
Gibbs free energy calculations. Figure 4f shows the proposed
4e” mechanism for OER on -Ga,03 and Sn-doped Ga,0s sub-
strates. Like ORR, the OER on both f-Ga,0; and Sn-doped
Ga,0; catalysts also proceeds in four elementary steps with the
generation of OH*, O*, and OOH* as the OER intermediates.
The computed free energy of each OER intermediate step takes
place at corresponding metal sites in -Ga,0O; and Sn-doped
Ga,0;. From Figure 4g, we observed that the intermediate
step involving the deprotonation of OH* to O* is the rate-
determining step in the overall OER process. The computed
difference in Gibbs free energy value of Sn-doped Ga,0;
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Figure 4. Electron localization function plots of a) 5-Ga,0; and b) Sn,-Ga,O;. c) Gibbs free energy diagram for ORR. d) Bader charge calculation.
e) Charge density difference analysis and bond length calculation for Sn,-Ga,Oj;. f) Mechanism for OER. g) Gibbs free energy diagram for OER.

(1.355 eV) is much lower than the $-Ga,0; (1.714 eV), indicating
that lower overpotential is required for the Sn-doped catalyst

to drive the water oxidation and thus higher theoretical OER

activity.

2.3. Zn-Air battery

The superior bifunctional electrocatalytic activity of bulk
Sn, - 9.15-Ga,0; inspired us to construct a rechargeable Zn-air
battery using the doped material as the cathode (Figure 5a).
A solution of 6 M KOH with 0.2 M zinc acetate solution was
used as the electrolyte. A charge-discharge cycle test was per-
formed with a current density of 2 mA cm™ on two separate
devices using Pt/C + RuO, (benchmark) and Sn, _ 5-Ga,0; as
air cathode (Figure 5b,c). As shown in Figure 5b (Figure S14,
Supporting Information), the initial charge and discharge

Small 2022, 18, 2202648

potentials of Sn, _ o5-Ga,03 (red curve) reached 1.80 and 1.22'V,
respectively, whereas it was 1.81 and 1.19 V for Pt/C + RuO,
(black curve) after 120 h. While Sn, _ ¢5-Ga,03 and commer-

cial Pt/C and RuO, catalysts exhibited similar charging and
discharging potential at low current density (Figure 5c), Sn, _
015-Ga,03 has a smaller polarization at high current densities,
indicating a better performance at high current densities for
the Zn-air battery than the corresponding state-of-the-art battery

2202648 (7 of 11)

based on Pt/C + RuO, mixture air-cathode. The increased polar-
ization of Pt/C + RuO, compared to Sn, _ 5-Ga,0; causes a
higher reduction in the performance of the battery. Further, no
significant potential drop was observed during galvanostatic
discharge for 24 h at 2 mA cm™ (Figure S15, Supporting Infor-
mation), indicating good catalytic stability of Sn, _ ¢;5-Ga,0;
in the metal-air battery. Figure 5d shows that the maximum
power density of the Zn-air battery using the Sn, _5-Ga,03
catalyst was determined to be 138 mW cm™2, close to that of
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Figure 5. a) Schematic representation of Zn-air battery, b) charge-discharge cycles of Sn,_q15-Ga,03 and Pt/C + RuO, mixture, c) charge and discharge
cycle showing the polarization in Sn,_y15-Ga,03 and Pt+RuO,, and d) discharge cycle and power density values at different current densities for Sn,_g 15

Ga,03 and Pt/C.

the benchmark Pt/C + RuO, catalyst (150 mW c¢cm2). Under a
higher current density of 10 mAcm™, the battery charge—dis-
charge cycles showed very low polarization and stable cycles for
30 h (Figure S16, Supporting Information). Therefore, the
Sn-doped Ga,03-based Zn-air battery showed comparable power
performance and enhanced stability to the device with bench-
mark Pt/C + RuO, air-cathode. Our post-mortem OER, ORR,
and Zn-air battery cycling characterizations of Sn, _ 15-Ga,0;
catalysts using SEM, XRD, Raman, and ICP-OES measure-
ments (Figures S17-S19, and Table S1, Supporting Informa-
tion) further confirmed the superior stability of the catalysts.
As revealed by the characterizations, Sn, _ o5-Ga,0; does not
undergo any structural or chemical changes after electrochem-
ical measurements pointing to their potential long-term utility.

3. Conclusion

In summary, we designed a bulk Sn, _(5-Ga,05 catalyst with
superior bifunctional ORR and OER activity and durability
in alkaline media. The excellent catalytic activity of Sn-doped
Ga,0; is attributed to the symbiotic relationship between Ga®*
Lewis acid sites and Sn-based active sites with favorable oxygen
adsorption characteristics. The symbiotic relationship signi-
ficantly improved the electronic density distribution around
Sn, as confirmed by the electron localization function plots.
Further, the Bader charge analysis established that the forma-
tion of the intermediates, especially the O*, was significantly
improved due to the strong Lewis acid property of Sn-doped
Ga,0s. Finally, Sn, _ (45-Ga,0; was successfully employed

Small 2022, 18, 2202648
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as cathodes in Zn-air batteries, displaying the highest power
density and excellent charge-discharge stability reported from a
bulk system. The rational design of atomically dispersed Lewis
acid sites in our study is beneficial for constructing high-per-
formance bifunctional bulk electrocatalysts for electrochemical
energy applications.

4. Experimental Section

Synthesis: The Sn mixed Ga,O; compounds were produced via the
high-temperature, solid-state chemical reaction method. To obtain the
homogenous mixtures, high pure 3-Ga,03; and SnO, powders are mixed
thoroughly. In the solid-state synthesis route adopted, the process was
first initiated by grinding the powders using a mortar and pestle under
a volatile liquid environment. This ensured the homogeneous mixing
and formation of smaller size particles. The mixture was then heat
treated and calcined, at a temperature closer to the melting point of the
material. In this case, the mixed compound was heat treated at 1100 °C
for 12 h in a muffle furnace. The ramp rate used for heating and cooling
was 5 °C min~'. After calcination of the sample, the mixture was ground
again by introducing polyvinyl acetate (PVA). Under the presence of PVA,
the mixture had been ground into a fine powder, which was then used
to make pellets. The pellets were made by pressing the final Sn,-Ga,0;
powder at 1.5 tons for 1 min. The pellets were made with an 8 mm
diameter and 2 mm thickness. The second stage of compound synthesis
involved the sintering process. The pellets were subjected to the second
heat treatment, that is, sintering. The sintering temperature, which was
typically higher than the calcination temperature, was set to 1350 °C for
12 h while maintaining the same ramp rate as in the calcination. The
materials thus obtained were subjected to further characterization to
understand the structure, composition, and electrochemical properties.

Material Characterization: The XRD analysis was performed on a
Rigaku Smartlab diffractometer in 0D mode with HyPix 3000 high energy
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resolution 2D HPAD detector. A trace amount of Sn,-Ga,O; powder was
placed on a zero-diffraction plate to counter any diffraction peak arising
from the sample holder. The X-ray source was set at the operating
parameters of 44 kV and 40 mA. The step size was kept at 0.02 degrees.
The diffraction data analysis or phase matching was carried out using
proprietary PDXL software. The morphology of the Sn,-Ga,0; samples
was studied using the FEI Magellan 400 scanning electron microscope.
TEM samples were prepared by the simple drop cast method for
powder samples. To remove agglomerates, the powder was sonicated
for 10 s to achieve a homogeneous dispersion. Then a drop from
the dilute solution of each aliquot was drop cast over an amorphous
C-coated Cu grid. TEM studies were performed on a JEOL-Arm 200CF
microscope operating at 200 kV equipped with a high dynamic range
Gatan DIF camera for diffraction patterns. Total gallium and tin content
in the GaSnO compounds were determined using an inductively coupled
plasma optical emission spectrometer (ICP-OES, Perkin-Elmer Optima
4300 DV, Shelton, CT). A calibrated Kratos Axis Ultra DLD spectrometer
(Kratos Analytical, Manchester, U.K.) which has a high-performance Al
Kor (1486.7 eV) spherical mirror analyzer was used for XPS analysis. Gas
detection and quantitative analysis were performed by a SHIMADZU
GC-8A gas chromatograph (GC)

Electrochemical Measurements: The electrocatalytic performance of all
catalysts was analyzed by CV, LSV, and chronoamperometric test using a
CHI6372E CH instrument workstation. The electrochemical workstation
was coupled with a rotating disk electrode (Pine Research) system. All
the experiments were performed in a three-electrode configuration using
platinum wire as a counter electrode, a saturated calomel electrode
(SCE) as a reference electrode, and a glassy carbon electrode having a
3 mm diameter as a working electrode.f26% The electrolyte used was a
0.1 M aqueous KOH solution. All potentials reported in this work were
calibrated versus the reversible hydrogen electrode (RHE) using the
equation,

E(RHE) =E(SCE)+(0.197 + 0.059 *pH) (1)

The OER activity was obtained via CV at a low scan rate of 5 mV s7\.
The overpotential values corresponding to different current densities
were determined from the cathodic going half cycle of the CV curves.
The voltammograms were recorded with 90% iR drop compensation
automatically on the workstation, where the potential and current
offset were measured and compensated.® The ohmic resistance was
corrected according to E = E(RHE)-iR, where E is the iR-corrected
potential, E(RHE) is the measured potential with respect to RHE, i is
the measured current, and R is the uncompensated resistance. The
capacitance of the catalytic surface was measured from the non-Faradaic
capacitive current associated with double layer charging from the scan
rate dependence of cyclic voltammograms. Cyclic voltammograms were
recorded in a non-Faradaic region at various scan rates.[6>-%

For the Zn-air battery test, the air electrode was prepared by uniformly
coating the as-prepared catalyst ink onto a glassy carbon working
electrode and then drying it at room temperature. The mass loading was
4 mg cm™2 unless otherwise noted. A Zn foil was used as the anode.
Both electrodes were assembled into a Zn-air battery setup and a 6 M
KOH (pH 13.78) aqueous solution with 0.2 M zinc acetate solution was
used as the electrolyte. Further, a potential versus current density graph
was plotted for Pt/C + RuO, and Sn,15-Ga,0s. For this, individual
charge and discharge measurements were performed at various current
densities. Data points corresponding to different voltages were selected
and plotted together.

Faradaic Efficiency Calculation: Chronoamperometry measurement
was performed in a gastight electrochemical two compartment H-cell
using Pt wire and Hg/HgO as the counter electrode and the reference
electrode, respectively. The working electrode and reference electrode
were placed in the anode cell and the counter electrode was put in
the cathode cell. 50 mL 0.1 M KOH aqueous solution was used as an
electrolyte. Before the measurements, the solution was purged with
Argon gas for 30 min to completely remove the oxygen gas in the
system. The generated O, volume during electrolysis was measured

Small 2022, 18, 2202648

2202648 (9 of 11)

www.small-journal.com

using gas chromatography. Faradaic efficiency (F.E) was calculated using
the equation,

FE= Experimental moles of Oxygeng as
7 Theoretical moles of Oxygengas

%100 2)

The theoretical amount of O, gas was calculated from Faraday's law,

iXt
n=_xF 3)
where n is the number of moles, i is the current in ampere, t is the time
in seconds, z is the transfer of electrons (for O, z = 4), and F is the
Faraday constant (96 485 C mol™).

Calculation of TOF: The turnover frequency was defined as moles of
O, per moles of the active site (Sn) evolved per s (s™'). The geometric
current densities (j) were extracted at 520 mV overpotential (1.75 V RHE,
all reported potentials are iR corrected) from CV measurements. The
total moles of Sn on the electrode was determined by ICP-OES prior
to the measurement. A is the area of the GC electrode surface (3 mm
diameter). Assuming a z = 4 electron transfer for the overall reaction,
TOF was calculated according to the equation below,

XA

TOF = 2XFxn

(4)

Computational Methods: The Vienna Ab initio Simulation Package was
used for all spin-polarized DFT computations (VASP).%%] To examine
electron—electron exchange correlations, the projector augmented wave
(PAW) approach was used to characterize the electron—ion interaction
and the Perdew—Burke—Ernzerhof (PBE) functional with generalized
gradient approximations. The van der Waal (vdW) interactions for the
substrates were described using Grimme's DFT-D3 technique. For
the plane-wave (PW) basis computations, a kinetic cutoff energy of
520 eV was employed. With the addition of 20 A® vacuum space along
the z-axis, the interaction between two nearby images was avoided. To
examine the position of atoms and cell parameters, the conjugated
gradient approach was used. For self-consistent electronic energy
calculations, the convergence requirements were established at 107 eV
in energy and 1072 eV/in force. The Brillouin zone was sampled using a
5% 5xT1and 11 x 11 x 1 k-point mesh generated using the Monkhorst—
Pack scheme for both geometric and electronic relaxations. The charge
transfer during the ORR (OER) intermediate adsorption was determined
using Bader charge analysis, and charge differences were calculated
using the formula

Pb = Padsorbedstate — (padsorbent + pAM) (5)

Where Padsorbed stater Padsorbenty @Nd Pan represent the charge density of
the pristine and Sn-Ga,03; (AM) with adsorbed ORR (OER) intermediate
species, pristine ORR(OER) species, and the AM, respectively. A VESTA
code was used to analyze the charge density difference.l?

The binding energies of the ORR(OER) intermediate species with the
substrates were calculated using the expression,

AE= Eads/sub - Eads - Esub (6)

where Eggsjup Eads @nd Egy denotes the total energies for adsorbed
species on substrate, adsorbed species and isloted substrate (AM)
respectively.

The Gibbs free energy (AG) for each ORR (OER) intermediate step in
the overall ORR (OER) process was calculated as

AG = AE+AZPE — TAS+ AGy + AGpy 7

where AE is for adsorption energy, AZPE and TAS stand for the zero-
point energy difference and entropy difference between the gas and
adsorbed phases obtained from frequency calculations at 298.15 K,
and AG stands for the applied electrode potential contribution (U).
AGpH = kgT In 10 pH, where T = 300 K and kg is the Boltzmann
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constant. For the acidic medium, pH = 0 was assumed and for the
alkaline medium, pH =14.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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