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Abstract: The present work is focused on the fabrication of NiO-ZrO, /FTO and NiO-Y,03/FTO
thin films via a simple dip-coating method. The films are deposited from precursor solutions of
Ni(CH3COO),-2H;0, Zr(CH3COO)4, Y(CH3COO)3-HyO in methanol. The synthesized films, after
proper characterization, are employed for electrochemical oxidation of methanol. The analytical
techniques such as X-ray diffraction (XRD), Raman, and Infrared (IR) spectroscopy reveal the suc-
cessful formation of crystalline thin films of mixed metal oxide without any additional impurities.
Further, X-ray photoelectron spectroscopy (XPS) results, confirm the composition and oxidation
state of all the elements present in thin films. The field emission scanning electron microscopy
(FESEM) further aided to identify the uniformity and porous nature of composite thin films while
the energy-dispersive X-ray spectroscopy (EDS) confirms the targeted elemental composition of the
prepared thin films is in good agreement with precursors. The electrochemical oxidation of methanol
results reveals that NiO-Y,O3/FTO and NiO-ZrO, /FTO thin films showed current densities of
6.2 mA/cm? and 10 mA /cm? at 0.65 V, respectively, against Ag/AgCl/3M KCl using 0.6 M methanol
solution. Furthermore, Chronoamperometric (CA) results show good stability of NiO-ZrO, /FTO
and NiO-Y,03/FTO thin films with observed current decay of 10% and 6.8% of the initial current
density, respectively. Moreover, the effect of scan rate and concentration of metals in a catalyst was
also investigated. The Electrochemical impedance studies (EIS) further support electrochemical
results, where the lower charge transfer resistance (R.t) values are recorded for composite thin films
as compared to the pure metal oxide thin films (NiO/FTO, ZrO, /FTO, and Y,0O3/FTO).

Keywords: nickel-zirconium-yttrium oxide; thin films; XPS; XRD; methanol oxidation

1. Introduction

The tremendous increase in the use of technology is highly dependent on energy
utilization in the form of electricity. All electronic devices need a power source to be
operated. Furthermore, fossil fuels are used as top sources of electric power generation,
which adversely affect the environment [1-7]. Hence finding clean, renewable, efficient,
and eco-friendly alternative sources to meet the rising energy demand is the current global
concern [8-10]. In the last decade, direct methanol fuel cells, which use methanol as a fuel,
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have got popularity as an alternative source for electric power generation. The uprising di-
rect methanol fuel cell (DMFC) technologies are associated with characteristics like low cost,
eco-friendliness, portability, simple assembly, and ease of operation, respectively [11-16].
However, DMFCs still encounter challenges like methanol crossover, less long-term stabil-
ity, and durability, difficulty in managing water and heat, and high manufacturing costs
that have made their commercialization unfavourable. However, many researchers have
suggested plenty of advanced routes that can overcome the barriers to the operation of
methanol oxidation fuel cells [17,18].

The selection of the electro-catalyst greatly influences the performance of methanol
fuel cells. The main contributors to the high cost of DMFC are expansive noble-metal-based
electro-catalysts. Platinum-based electrocatalysts are still a popular class of catalyst that
has been widely used in fuel cell applications [19-23]. The major drawbacks associated
with these catalysts, high cost, CO-poisoning, and high activation over-potential make it
necessary to investigate novel electrocatalysts with characteristic features like high catalytic
activity, CO-poisoning resistivity, less cost, high stability, and durability [24,25]. Non-
Noble, transition metal oxide-based electrocatalysts are promising alternates [24,26,27].
The catalysts such as NiOy, CoOy, CuOy, CrOy, ZnOx, MnOy, and FeOy, have shown
improved reaction kinetics as well as strong anti-poisoning potential [28-33]. Apart from
first-row transition metal oxides, zirconium and yttrium oxides are well reported for their
catalytic activities. The yttrium stabilized zirconia is used in several heterogeneous catalytic
reactions including oxidation of carbon monoxide (CO) [34,35]. Therefore, these materials
can be the best candidate if employed for methanol oxidation, where the presence of yttria
or zirconia can further reduce the possibility of CO contamination. Moreover, yttria is also
reported for the catalytic decomposition of formic acid and formaldehyde [36].

Furthermore, the electrochemical activity is influenced by the synthesis of the catalyst
material and the fabrication of the electrode. For deposition of metal oxide thin films,
several techniques have been reported including spin coating [37], electrodeposition [38],
chemical vapor deposition [10,39,40], and so on. While some studies have shown the use of
a dip-coating approach in presence of simple, soluble precursor solutions. This technique
is low cost with simple processing conditions [41,42]. Furthermore, the dip-coating method
has advantages such as repeatability, homogeneity, safety, and purity at low temperatures.
We picked the dip-coating method to fabricate electrocatalysts on the conductive substrate
without the use of a binder or carbon content. This approach not only offers superior
substrate adhesion but also facilitates the electrochemical reaction cost-effectively. The
present work focused on the fabrication and investigation of non-Noble, transition metal
oxide-based composite thin films formed via a simple dip-coating method for the efficient
methanol oxidation reaction. It is also reported that the use of binary transition metal oxide
electrocatalysts facilitates the efficient removal of the adsorbed carbonaceous intermediates
(CO) through a bi-functional mechanism [43].

Acidic/basic electrolytes affect the oxidation of methanol. The current study was
conducted using an alkaline electrolyte solution. It is reported that most electrocatalysts
function better in alkaline media [32,44—46]. Alkaline media facilitate weak bonding of
carbonaceous products to the electrode and hence enhanced catalytic performance while
acidic media promote strong bonding of carbonaceous products to the electrode surface,
which shifts the oxidation peak potential to a higher value and causes poisoning of the
electrodes [47]. Furthermore, the hydroxyl ions in alkaline electrolyte solution get adsorbed
on the catalytic surface and promote oxidation of methanol even at a lower potential. It
is also reported that the kinetics of the cathode oxygen reduction reaction is well fitted
in alkaline media [48-50]. Studies have proposed that the methanol cross-over issue is
reduced in alkaline media compared to acidic media because the flow of anions is opposite
in direction to that of proton flow, which results in reversed electro-osmotic drag and
reducing methanol crossover [51,52].

Another main parameter that influences the catalytic behaviour is the type of sup-
port material used [53,54]. Different studies conducted using different support materials



Crystals 2022, 12, 534

30f18

revealed that type of support influences properties like morphology, stability, porosity,
surface area, CO-tolerance, and current density of the catalyst electrode [17]. The main
drawback related to the widely used carbon-based support materials is their lower electro-
chemical stability, the carbon-support materials are also observed to undergo structural
collapse during operating conditions [55]. Thus, the emphasis is on the use of inexpensive,
transparent, conductive, non-carbon, highly efficient, and stable support materials as al-
ternatives to carbon-based materials [54]. In the present study, fluorine-doped tin oxide
(FTO) was used as a support material for the deposition of metal oxide thin films. The
FTO showed enhanced stability, good interaction between the catalyst and support, and
improved electrical conductance [56]. It is reported that the stable metal oxide support
framework hinders the agglomeration of electrocatalyst nanoparticles and stabilizes it [57].
According to another study reported, heteroatom anions (e.g F~ in FTO) help in enhancing
electrical conductivity and catalyst-support interactions. Additionally, electron transfer
from FTO to catalyst occurs due to the spillover effect, which increases electron density on
the catalytic surface [58,59].

2. Materials and Methods

The chemicals used in the fabrication of NiO-Y,0O3/FTO and NiO-ZrO, /FTO compos-
ite thin films were purchased from Sigma Aldrich and were used as received. Deionized
water was utilized throughout the experimental analysis. The FTO glass substrate sheets
(surface resistivity~8 (3/sq) were cut into 1 cm x 2 cm (W x L) and washed before use.

2.1. Preparation of Precursor’s Solutions

To prepare 0.1 M of Nickel acetate, zirconium acetate, and yttrium acetate precursor
solutions, 0.12 g of Ni(OAc),-2H;0, 0.1 g of Zr(CH3COO),4, and 0.14 g of Y(CH3COO)3-H,O
salts were dissolved in methanol, separately. The solutions were prepared by stirring at
room temperature. A few drops of TFA (trifluoroacetic acid) were added to the yttrium
acetate solution to completely solubilize it in methanol. Similarly, to fabricate 0.1:0.1
composite NiO-ZrO; thin film, a solution from both the precursors was made by dissolving
0.12 g of Ni(OAc),;-2H0 and 0.1 g of Zr(CH3COO), salts in methanol upon stirring.
Likewise, NiO-Y,0Os thin films were deposited from a precursor solution of 0.12 g of
Ni(OAc);-2H,0 and 0.14 g of Y(CH3COO)3-H,O in methanol. For comparative study
precursor solutions of different molarities and ratios as shown in Table 1 were also prepared
via the same route.

Table 1. Thin films fabricated with different ratios of precursors.

Ni:Zr Ni:Y
0.09:0.01 0.09:0.01
NiO-ZrO,/FTO 0.07:0.03 NiO-Y,03/FTO 0.01:0.09
0.03:0.07 0.07:0.03
0.1:0.1 0.03:0.07
0.1:0.1

2.2. Fabrication of NiO-ZrO,/FTO and NiO-Y,03/FTO Thin Films

NiO-ZrO; thin films were deposited on an FTO-glass substrate by a dip-coating
method. FTO glass was cut into dimensions 1 x 2 cm? (W x L). Before deposition FTO
substrate was washed thoroughly with a mixture of acetone and ethanol solvents and
sonicated for about 15 min. at room temperature using an ultrasonication water bath.
After washing and drying at room temperature the FTO substrate was dipped in 0.1:0.1 M
precursor solution of Ni—Zr mixture for 45 s and then dried on a hot plate for 10 min at
100 °C. After deposition of the first layer of thin film, the same procedure was repeated ten
times to produce uniform and ultrathin films coated on FTO substrate. After deposition,
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the prepared films were calcined at 500 °C for 3 h in a mulffle furnace. The same procedure
was employed to fabricate nickel oxide and zirconium oxide thin films separately for
comparison purposes. The NiO-Y,0O;3 thin films were also deposited on the FTO-glass
substrate by the dip-coating method as explained above.

2.3. Characterization of NiO-ZrO,/FTO and NiO-Y,O3/FTO Thin Films

The topography of the prepared thin films was characterized by SEM (TESCAN)
with magnification ranging up to 100,000 x. For elemental mapping, EDS was conducted
(Oxford Instrument INCAx-act PentaFET Precision). The crystallinity of the films was
revealed via XRD (Bruker, D8 Advance, Ettlingen, Germany) with 20 range from 10° to 90°
and at 1.542 A° wavelengths of Cu-K« radiations. X-ray photoelectron spectroscopy (XPS)
(Versa probe II, ULVAC-PHI, Inc. Chanhassen, MN, USA) studies were conducted under
an ultra-high vacuum (~107!° bar). The synthesis of thin films was further confirmed by
FTIR (Bruker, Alpha, platinum ATR) with a spectral range of 4000 to 500 cm~! and Raman
(Nikon, eclipse ci) spectroscopic analysis.

2.4. Electrochemical Oxidation of Methanol for As-Fabricated Metal Oxide Thin Films

Electrocatalytic behaviour of prepared thin films towards methanol oxidation was
studied using Reference 3000 potentiostat/galvanostat/ZRA by Gamry consisting of three-
electrode systems. The study was carried out in 0.5 M NaOH electrolyte solution at a scan
rate of 100 mV /s, using Pt wire as a counter electrode, Ag/AgCl as a reference electrode,
and prepared metal oxide composite thin film (1 x 1 cm?) as working electrode, providing
a potential range of —0.5 to 2.0 V. All the three electrodes were dipped in the electrolyte
solution and catalytic behaviour of fabricated thin films was investigated by recording
voltammograms at 100 mV /s before and after addition of (0.2, 0.4, 0.6, 0.8, and 1 M)
methanol to the reaction medium. Cyclic voltammetry (CV), electrochemical impedance
spectroscopy (EIS), and chronoamperometry (CA) studies were performed to evaluate the
efficiency of prepared metal oxide thin films for methanol oxidation. Furthermore, the
effect of scan rate and concentration of metal oxide thin films on the methanol oxidation
process was also studied using the same experimental parameters.

3. Results & Discussion
3.1. Powder X-ray Diffraction

XRD analysis was performed to confirm the formation of mixed metal oxide com-
posite thin film. Figure 1a shows XRD peak patterns of NiO/FTO, Y,03/FTO, and NiO-
Y,03/FTO thin film. The XRD spectrum of NiO/FTO shows major diffraction peaks at
20 values of 37.2°, 43.3°, 62.8°, 75.4° and 79.3°, which correspond to the (111), (200), (220),
(311) and (222) reflection planes, respectively. All of these peak values perfectly coincide
with the standard values of the cubic crystalline structure of NiO (JCPDS 01-073-1519) [60].
The XRD pattern of Y,03/FTO shows major diffraction peaks with 26 values 28.8°, 33.1°,
37.6° 40.45°, 43.4°, 47.8°, 56.65°, 61.8° and 65.8°, which corresponds to (222), (400), (420),
(332), (134), (440), (622), (543) and (642) reflection planes, respectively. The diffraction
peaks of Y,O3/FTO thin film correspond well to the standard cubic structure (JCPDS
00-043-1036) [61]. Peaks at 26.5°, 33.8°, 37.9°, 51.5°, 61.6° and 65.5° in all the XRD patterns
correspond to FTO with tetragonal structure (JCPDS 41-1445) [62]. The XRD spectrum of
NiO-Y;03/FTO thin film shows separate diffraction peaks of both cubic NiO and cubic
Y,03, which confirms the successful formation of mixed metal oxide thin film without
additional impurities. Figure 1b shows the XRD pattern of pure NiO/FTO, ZrO, /FTO, and
NiO-ZrO, /FTO thin films. The XRD spectrum of NiO/FTO shows major diffraction peaks
with 26 values of 37.2°,43.3°, 62.8°, 75.4° and 79.3°, which correspond to the (111), (200),
(220), (311) and (222) reflection planes, respectively. All of these peak values perfectly coin-
cide with standard values of the cubic crystalline structure of NiO (JCPDS 01-073-1519) [60].
The XRD pattern of ZrO,/FTO shows prominent diffraction peaks with 20 values and
planes 24.0° (011), 28.2° (—111), 31.4° (111), 34.1° (200), 34.5° (020), 35.3° (002), 38.6° (120),
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Figure 1. (a) XRD pattern of a) NiO/FTO, Y,03/FTO and NiO-Y,03 /FTO thin film and (b) NiO/FTO,
ZrO, /FTO, and NiO-ZrO,/FTO thin film, (c,d) are narrow scans for Zr 3d and Ni 2p for NiO-
ZrO, /FTO thin film and (e,f) are narrow scan for Y 3d and Ni 2p for NiO- Y,0O3/FTO thin film.

3.2. X-ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) was conducted to further verify the elemental
composition of the prepared thin films by investigating the binding energies for principal
core levels of the elements involved. The NiO-ZrO, /FTO wide range survey scan is shown
in Figure Sla revealed the presence of principle core level binding energies of the oxides
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(NiO, ZrO,, and F-5SnO;), which successfully confirmed the formation of thin films. The
Zr3d spectrum (Figure 1c) showed principle photoemission peaks at 181.7 eV and 184.0 eV
attributed to Zr3ds,, and Zr3d3,,, respectively, which perfectly resembles the standard
monoclinic zirconia [63]. In Figure 1d strong peaks at binding energies of 855 eV and
861.2 eV correspond to Ni 2p3,, and its satellite while peaks appeared at 872.8 eV and
880.0 eV correspond to 2p1/, and its satellite, respectively. Satellite peaks originate from
interactions of emitted core-shell photoelectrons with valence electrons [64]. While in
Figure S1b the de-convoluted peaks at 530 eV are due to Zr-O and Ni—-O bonds while peaks
at 533.3 eV and 532.2 eV are due to absorbed water or other oxygen-containing species
like OH on the surface of the thin film [65]. While performing XPS Carbon impurity (at
285.6 eV) always appears in the spectrum coming from the vacuum chamber (Survey scan).

Figure Slc. summarizes the principal peaks associated with the corresponding el-
ements in NiO-Y,0O3/FTO thin film. The presence of principle peaks of the expected
elements (NiO, Y,03 and F-SnO,) in the wide range spectrum of NiO-Y,O3/FTO thin
film confirms its impurity-free formation. All the XPS results relate very well to XRD
and EDS results. The high-resolution spectrum of Y3d in Figure 1le showed a doublet of
de-convoluted peaks at 157.8 eV and 159.9 eV, which are attributed to Y3ds5,, and Y3ds,»,
respectively. [66] In Figure 1f strong peaks at binding energies of 855.4 eV and 861.6 eV
correspond to Ni 2p3,, and its satellite while peaks appeared at 872.9 eV and 880.4 eV
correspond to 2pj/, and its satellite, respectively. In Figure S1d the de-convoluted peaks
at 530.5 eV are due to Y-O and Ni-O bonds while peaks at 533.8 eV and 532.8 eV are due
to absorbed water or other oxygen-containing species like OH on the surface of the thin
film [65]. After comparing Zr3d spectrums of NiO-ZrO, /FTO and pure ZrO, /FTO, a small
negative shift in binding energies of Zr3ds5,, and Zr3d3,, was observed (Figure Sle). This
shift in binding energies supports the synergism phenomenon via the electron transfer
process in the prepared metal oxide composite thin film. The addition of NiO to ZrO,
changes the electronic environment of pure ZrO,, which ultimately causes a shift in the
binding energies. Likewise, a very small shift in the binding energies of Y3ds,, and y3ds,»
was observed due to electron transfer between NiO and Y,O3 in NiO-Y,03/FTO thin film
(Figure S1f). This phenomenon of synergism between metal oxides in the prepared thin
films is responsible for higher currents observed with the oxidation of methanol.

3.3. Raman and FT-IR Spectroscopy

The formation of mixed metal oxide thin film was further confirmed by Raman
spectroscopic analysis. Figure S2a shows Raman spectra of NiO-Y,O3/FTO thin film in
comparison with pure NiO/FTO and Y,03/FTO thin films. Samples of NiO/FTO showed
the main vibrational band at 560 cm ™!, which originates from a scattering of a first-order
phonon (1P) and corresponds to LO vibrational mode.

The broadband that appeared at 1098 cm~! originates from a scattering of a second-
order phonon (2P), which corresponds to the 2LO vibrational mode. Pure Y,0O3/FTO thin
film showed main Raman peaks at 137 ecm~ 1,237 em~1, 297 em ™1, 461 em ™! (attributed to
Fg vibrational mode) and 569 cm ™!, which corresponds to Eg active vibrational mode. The
Raman spectrum of NiO-Y;O3/FTO showed the characteristic bands of both NiO and Y,0s3,
which confirms the formation of mixed metal oxide thin film. Figure S2b shows Raman
spectra of NiO-ZrO, /FTO thin film in comparison with pure NiO/FTO and ZrO, /FTO
thin films. Pure ZrO, /FTO showed main peaks at 173 cm ! (Bg), 324cm ™! (B1g), 462 cm !
(Eg) and 603 cm~! (B1g). Raman spectrum of NiO-ZrO, /FTO showed characteristic bands
of both NiO and ZrO,, which confirms the formation of mixed metal oxide thin film.

FTIR spectra of NiO-Y,03/FTO and NiO-ZrO, /FTO thin film show no characteristic
peaks because the characteristic absorption bands for metal oxides usually appear in the
range below 500 cm~!. The IR absorption band at 645 cm~! is attributed to Sn—-O bond
vibration due to the FTO glass substrate. All the spectra reveal the formation of pure metal
oxide thin films with no carbonaceous impurities present, as shown in Figure S2c.
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3.4. Surface Topography

The morphology and textural features of the prepared metal oxide thin films were
analyzed via FESEM.

Figure 2a—c shows FESEM images of NiO/FTO, ZrO,/FTO, and NiO-ZrO, /FTO thin
films, respectively. SEM images revealed that the prepared thin films constitute porous layers
of well-interconnected uniformly distributed irregular-shaped stacks of particles. Figure 2d,e
display FESEM images of Y,03/FTO and NiO-Y,0O3/FTO thin films, respectively. Samples of
Y»O3 show a porous surface with uniformly distributed and well-interconnected irregular-
shaped particles. FESEM images of NiO-Y,0O3/FTO thin film revealed the formation of a
smooth and uniform film, with improved connectivity as compared to individual NiO and
Y03 films. The characteristic well-connected particles and porosity of the surfaces allow
the methanol and electrolyte solution to diffuse to the deeper layers of the prepared catalyst,
which ultimately boosts the MOR kinetics and efficiency.

Figure 2. FESEM images of (a) NiO/FTO (b) ZrO,/FTO and (c) NiO-ZrO, /FTO (d) Y,03/FTO
(e) NiO- Y,03/FTO.

The elemental composition and atomic distribution of the prepared thin films were
confirmed by the EDS technique. Figure S3 the EDS spectra of NiO/FTO, ZrO,/FTO,
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Y,03/FTO, NiO-ZrO, /FTO, and NiO-Y,O3/FTO thin films, which were taken after focus-
ing on different areas of the films. The analysis confirms the successful formation of thin
films by ensuring the presence of expected elements.

3.5. Electrochemical Oxidation of Methanol

Electrocatalytic performance, of prepared metal oxide thin films towards methanol oxi-
dation, was carried out in 0.5 M NaOH electrolyte solution at a scan rate of 100 mV /s using
Pt wire as a counter electrode, Ag/AgCl as reference electrode, and prepared metal oxide
composite thin film as the working electrode. Figure 3a represents a cyclic voltammogram
of synthesized NiO-Y,O3/FTO thin films recorded before and after the addition of 0.6 M
methanol solution to the reaction medium. It can be seen that in the absence of methanol
no prominent oxidation peaks are observed, only a small reduction peak at 0.34 V in the
backward scan is observed, which is attributed to Ni(OH), /NiOOH reduction reaction [67].
A prominent methanol oxidation peak at 0.65 V with a current density value of 6.2 mA /cm?
is observed with 0.6 M methanol solution at a scan rate of 100 mV/s. Figure 3b represents
a cyclic voltammogram of synthesized NiO-ZrO, /FTO thin film recorded in the absence
and presence of 0.6 M methanol solution. Here it is also observed that in the absence of
methanol no prominent oxidation peaks are observed, only a small reduction peak due to
Ni(OH),/NiOOH reduction is observed at 0.28 V in the backward scan [67]. A prominent
methanol oxidation peak at 0.65 V with a current density value of 10 mA /cm? is observed
with 0.6 M methanol solution. The appearance of an oxidation peak in the reverse scan
reveals that methanol oxidation continues in the cathodic half-cycle as well. This behavior
can be explained as the oxidation peak obtained in the anodic scan is due to the oxidation of
freshly chemosorbed methanol to carbonaceous intermediate species parallel to oxidation
of Ni?* and Ni** species [67]. Oxidation of Ni?* and Ni3* species along with deposition of
carbonaceous intermediates/products on working electrode (electrode poising) results in
decreasing the availability of active sites for overall methanol oxidation. Thus, when the
potential was swept cathodically methanol oxidation continues, and a maximum oxidation
peak current is obtained associated with oxidation of carbonaceous species not completely
oxidized in the anodic scan and availability of active sites for adsorption of methanol.

For comparative studies, cyclic voltammograms obtained with prepared composite
metal oxide thin films were compared with pure NiO/FTO, Y,03/FTO, and ZrO, /FTO
thin films as shown in Figure 3c,d. No prominent oxidation peaks were observed with pure
NiO/FTO and Y,03/FTO and ZrO,/FTO thin films in the presence of methanol solution,
which is attributed to the synergistic effect between metal oxides in mixed metal oxide
thin films. The good interaction between the two metal oxides on the surface of thin film
allows the oxides to exchange electrons through synergism, as a result enhancing the peak
performance of the electrocatalyst and giving high current densities.

Similarly, the cyclic voltammograms of prepared NiO-Y,03,FTO and NiO-ZrO, /FTO
thin films using 0.6 M methanol solution were compared as depicted in Figure 3e, NiO-
ZrO,/FTO thin film observed a current density of 10 mA/cm? with onset potential at
0.33 V while NiO-Y,03,FTO gave a current density value of 6.2 mA/cm? with an onset
potential of 0.33 V, respectively. To check the effect of FTO glass substrate, bare FTO glass
substrate was run in the absence and presence of 0.6 M methanol, and it was found, that
bare FTO glass is not active for methanol oxidation. In supplementary information, Figure
S4a,b show the results of bare FTO in the presence/absence of methanol and comparison of
FTO with composite oxides in presence of 0.6 M methanol, respectively.
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Figure 3. (a) Cyclic voltammogram of (a) NiO-Y,O3,FTO (b) NiO-ZrO,/FTO thin films in 0.5 M
NaOH solution in absence and presence of 0.6 M methanol. Comparison of cyclic voltammogram
of (¢) NiO/FTO and Y,03/FTO with NiO-Y,03/FTO and (d) NiO/FTO and ZrO, /FTO with NiO-
ZrO, /FTO thin films using 0.6 methanol, respectively. (e) Comparison of cyclic voltammogram of
NiO-Y,03/FTO and NiO-ZrO, /FTO thin film using 0.6 M at 100 mV/s.

3.5.1. Effect of Methanol Concentration on the Electro-Catalytic Performance of Thin Films

The dependence of electrocatalytic behavior of synthesized metal oxide thin films on
methanol concentration was also studied. Figure 4a,b display a cyclic voltammogram of
NiO-Y,03/FTO and NiO-ZrO, /FTO thin film, recorded in 0.5 M NaOH in the absence
and presence of (0.2, 0.4, 0.6, 0.8, and 1 M) methanol solution. The current density for
methanol oxidation steadily increases as methanol concentration increases, which means
the current density of oxidation peaks depends on the bulk concentration of methanol.
Additionally, methanol oxidation peaks shifted towards higher potential with increasing
methanol concentration, which might be attributed to increased concentration of unox-
idized carbonaceous products that need higher potential to be oxidized plus saturation
of active sites, which leads to slowing down the oxidation process [67,68]. The current
densities of NiO-Y,03/FTO and NiO-ZrO, /FTO for different concentrations of methanol
at specified onset potentials are presented in Tables 2 and 3, respectively.
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Figure 4. Cyclic voltammogram of (a) NiO-Y,0O3/FTO and (b) NiO-ZrO, /FTO thin films in 0.5 M
NaOH solution using 0, 0.2, 0.4, 0.6, 0.8 and 1 M methanol solution at scan rate of 100 mV/s. (c) cyclic
voltammogram of NiO-Y,03/FTO and (d) NiO-ZrO, /FTO thin films using 0.6 M methanol solution
at scan rates of 25, 50, 100, and 150 mV /s.

Table 2. Current densities of NiO-Y,03/FTO thin film for different concentrations of methanol at
specified potentials.

Methanol Concentration Current Densﬂzy at0.65 Onset Potential (V)
(mA/cm?)
02M 35 0.33
04 M 4.8 0.33
0.6 M 6.2 0.33
0.8M 7.0 0.33
1M 7.3 0.33

Table 3. Current densities of NiO-ZrO, /FTO for different concentrations of methanol at specified
onset potentials.

Methanol Concentration Current Densﬂ;y at 0.65 Onset Potential (V)
(mA/cm*)
02M 55 0.35
04M 8.1 0.35
0.6 M 99 0.33
0.8 M 10.4 0.33
1M 10.8 0.33

3.5.2. Effect of Scan Rate on the Electro-Catalytic Performance of Thin Films

The effect of different scan rates on the electrocatalytic performance of thin films was
studied in 0.5 M NaOH electrolyte solution against Ag/AgCl reference electrode and Pt as
counter electrode in the presence of 0.6 M methanol solution. Cyclic voltammograms of
NiO-Y,03/FTO and NiO-ZrO, /FTO thin films, as shown in Figure 4c,d, respectively, peak
current density increases with an increase in the scan rate (from 25 mV/s to 150 mV/s),
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which underpins the fact that oxidation of methanol is diffusion-controlled process. An
increase in scan rate increases the electron transfer process, which ultimately enhances the
peak current density. Additionally, as can be seen in Figure 4c,d the oxidation peak slightly
shifts towards positive potential with an increase in the scan rate, which is attributed to the
Ohmic drop generated at high current density [67,69].

3.5.3. Effect of Catalyst Concentration on the Electrocatalytic Performance of Thin Films

To analyze the effect of the concentration of NiO and Y,O3 on the electrocatalytic
performance of NiO-Y,03/FTO, thin films were deposited from precursor solutions with
different Ni:Y precursor concentrations (0.09:0.01, 0.07:0.03, 0.03:0.07, 0.01:0.09). Cyclic
voltammograms of these thin films recorded with 0.5 M NaOH and 0.6 M methanol at a
scan rate of 100 mv /s were compared with a thin film of Ni:Y (0.1:0.1) as shown in Figure 5a.
Thin-film with 0.1:0.1 precursor concentration showed the best results with oxidation peak
at the lowest onset potential as represented in Table 4.
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Figure 5. Cyclic voltammogram of (a) NiO-Y,O3/FTO (b) NiO-ZrO, /FTO thin films deposited from
precursor solutions with different Ni: Y and Ni: Zr concentrations.

Table 4. Current density values of different Ni: Y concentration thin films at the specified potential.

N:Y Current Densﬂ}; at 0.65V Onset Potential (V)
(mA/cm*)
0.09:0.01 49 0.39
0.07:0.03 4.0 0.37
0.03:0.07 5.6 0.39
0.01:0.09 4.4 0.41
0.1:0.1 6.2 0.31

Similarly, the effect of the concentration of NiO and ZrO; on the electrocatalytic per-
formance of NiO-ZrO, /FTO thin films was investigated. The precursor solutions with
different Ni:Zr precursor concentrations (0.09:0.01, 0.07:0.03, 0.03:0.07). Cyclic voltammo-
grams of these thin films recorded in 0.5 M NaOH electrolyte and 0.6 M methanol at a scan
rate of 100 mv /s were compared with a thin film of Ni: Zr (0.1:0.1) as shown in Figure 5b.
Thin-film with 0.1:0.1 precursor concentration showed the best results with oxidation peak
at the lowest onset potential as represented by Table 5. It is assumed that when the ratio
of precursors changes during film deposition, its morphology and thus interaction at het-
erojunction sites changes. Therefore, the observed changes can be caused not only by the
difference in composition of the mixed oxide, but also by a different morphology, porosity,
and electrochemically active surface of the films [70].



Crystals 2022, 12, 534 12 of 18

Table 5. Current density values of different Ni: Zr concentration thin films at the specified potential.

Current Density at 0.65

Ni:Zr (mA/cm?) Onset Potential (V)
0.09:0.01 9.8 0.33
0.07:0.03 4.8 0.39
0.03:0.07 15 0.56

0.1:0.1 10.1 0.31

3.5.4. Chronoamperometry

The electrocatalytic oxidation of methanol by as-synthesized films (0.1:0.1 Ni:Y) was fur-
ther studied via chronoamperometry. The analysis was performed for 2000 s with successive
addition of 0.2 M methanol after every 90 s at an applied potential of 0.6 V. It was observed
that the Current-time plot of NiO-ZrO, /FTO and NiO-Y,O3/FTO thin film shows an increase
in current on each addition of methanol as shown in insets of Figures 6a and 6b, respectively.
The spikes in the inset of Figure 6b show rapid catalytic oxidation of methanol followed by a
decrease in current due to a reduction of methanol concentration. This implies the efficient
electrocatalytic activity of prepared thin film towards methanol oxidation.
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Figure 6. Current-time plot of (a) NiO-ZrO, /FTO and (b) NiO-Y,0O3/FTO thin film in 0.5 M NaOH
electrolyte solution at the addition of 0.2 M methanol solution after every 90 s at an applied potential
of 0.6 V. (c) Current-time plot of NiO-ZrO, /FTO and NiO-Y,O3/FTO thin film in 0.5 M NaOH and
0.6 M methanol solution at an applied potential of 0.6V.

The chronoamperogram shown in Figure 6c was recorded in the presence of 0.6 M
methanol for 2000 s to determine the stability of NiO-ZrO, /FTO and NiO-Y,O3/FTO elec-
trodes, respectively. It is observed that there is a decay of 10% and 6.8% of initial current
density values. This decay may be due to the reduction of methanol concentration near the
electrode surface with time or due to the accumulation of carbonaceous reaction intermediates
like CO on the electrode surface [71-73]. A comparative study of the present work with
published work has been summarised in Table 6. It is found that the current density produced
by NiO-ZrO; is close to the commercially available Pt/C [74]. However, due to the presence
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of ZrO,, the catalyst developed in the present study seems more stable toward CO poison-
ing [34,35] and, gives a steady current as shown in Figure 6¢c. Moreover, the commercially
available Pt/C could produce a current of 9 mA-cm 2 using 5 M methanol, however, in the
present study this much current is produced using 0.6 M methanol.

Table 6. Comparison of performance of prepared thin films with literature.

Catalyst Used Fabrication Method Current Density Ref.
GC/MHOX/.NIOX Electrodeposition 550 pA-cm 2 [75]
composite
Pd3Ni and . 1.31 mA-cm 2
Pd-Ni NaBHy reduction method 1.88 mA.-cm-2 [76]
CuO-15Z10, composite Aerosol-assisted chemical _2
thin films vapor 14 pA-cm [77]
deposition (AACVD)
FTO/TiO,/ZnO/Pt DC Sputtering and 0.0058 A-cm 2 [78]
electrodeposition
Pt-CdS 0.81 mA-cm—2 [79]
PL-CAS/MoS, Solvothermal method 113 mA-cm-2 [79]
. Pulse )
Pt-WO5-TiO; Electrodeposition 2.2mm [80]
1GO/Ti0;-Fey05@Si0; Hydrothermal 2.45 mA-cm 2 [46]
nanohybrid
PtCo(1:9)/rGO co-1mpreg'nat10n 48 mA.-cm—2 [74]
reduction
Pt/C Commercially 9 mA-cm~2 [74]
available
Commercially available (low 2
PtRu/C stability) 52 mA-cm [74]
NiO-ZrO, /FTO Dip coatin 10 mA-cm 2 Present
NiO-Y,05/FTO P & 6.2 mA-cm~2 work

3.5.5. Electrochemical Impedance Study

Electrochemical impedance measurements were carried out, at a frequency range of
100,000 Hz to 0.1 Hz using a 1 cm? area of film at an AC voltage of 10 mV s, to evaluate
the charge transfer dynamics on the prepared metal oxide thin films surfaces. For both
the films analysis was carried out in the presence of 0.6 M methanol and 0.5 M NaOH
electrolyte solution at a DC voltage of 0.6V while using Ag/AgCl as reference and Pt
as the counter electrode. Figure 7a represents the Nyquist plot of NiO-ZrO, /FTO thin
film in comparison to pure NiO and ZrO,. For a deep insight into the electrochemical
behavior of the fabricated layers, an excellent fit with the experimental data was obtained
with equivalent circuit models. The CPE model obtained for ZrO, is given in Figure S5a.
However, the model used for the rest of the films is available in Figure S5b.

As can be seen, mixed metal oxide thin films of NiO-ZrO,, exhibit the smallest semi-
circle with an R¢t value of 34.14 Q) as compared to pure NiO and ZrO, with R values of
88.42 () and 2779 (), respectively. Figure 7c represents the Nyquist plot of NiO-Y,O3/FTO
thin film in comparison to pure NiO and Y03 thin films (CPE model fitting is available
as Figure S5b). Figure 7c shows that the mixed metal oxide thin films exhibit the smallest
semicircle with an R value of 22.8 () compared to pure NiO and Y,03 with R values
of 88.4 (2 and 3189 (), respectively. This decrease in charge transfer resistance of mixed
metal oxide thin films is associated with an enhanced electron transfer process due to the
synergistic effect and efficient oxidation of methanol [67,81].
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Figure 7. Nyquist plot of (a) NiO, ZrO,, and NiO-ZrO,/FTO (c) NiO, Y,03 and NiO-Y,0O3/FTO
thin film in 0.5 M NaOH/0.6 M MeOH at 0.6 V. (b,d) shows zoomed panel of semicircles with circuit
fitting in range of 0-150 Q.

Figure 8a represents the Nyquist plot of NiO-ZrO, /FTO thin film in the presence
and absence of methanol. A semicircle with a smaller diameter and R value of 34.14 ()
is observed in the presence of 0.6 M methanol compared to a larger semicircle with an
Rt value of 59.74 () recorded in the absence of methanol. Similarly, Figure 8b represents
the Nyquist plot of NiO-Y,0O3/FTO thin film in the presence and absence of methanol. A
semicircle with a smaller diameter and Rt value of 22.8 () is observed in the presence of
0.6 M methanol compared to a larger semicircle with an Rt value of 66.64 () recorded in
the absence of methanol. These results can be explained based on the fact that the presence
of methanol enhances reaction kinetics and its oxidation leads to faster electron transport
with the least resistance [82,83].
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Figure 8. Nyquist plot of (a) NiO-ZrO, /FTO and (b) NiO-Y,03/FTO thin film in the absence and
presence of 0.6 M methanol.
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4. Conclusions

In summary, NiO-ZrO, /FTO and NiO-Y,03/FTO thin films are fabricated via the
facile dip-coating technique. The electro-catalysts were properly characterized by XRD,
XPS, FESEM/EDX, Raman, and FTIR spectroscopy. Finally, the electrodes were tested for
the oxidation of methanol. The NiO-Y,03/FTO and NiO-ZrO,/FTO thin film showed
current density values of (6.2 mA/ cm? vs. 0.65 V) and (10 mA /cm? vs. 0.65 V) with 0.6 M
methanol solution at a scan rate of 100 mV/s. The improved current of composite thin
films as compared to individual components is attributed to the synergistic effect between
metal oxides in the composite film. Chronoamperometric results showed the stability of
NiO-ZrO, /FTO and NiO-Y;03/FTO thin films with observed current decay of 10% and
6.8% of the initial current density values. This small loss in efficiency further suggests
that ZrO; and Y;0j3 in junction with NiO reduce the possibility of CO poisoning that is
commonly observed in commercially available electrodes. Electrochemical impedance
studies further revealed the lower charge transfer resistance (R.) values of metal oxide
composite thin films compared to pure metal oxide thin films (NiO/FTO, ZrO, /FTO, and
Y703/FTO), respectively. These mixed metal oxide thin films showed enhanced catalytic
performance, high stability, and reusability, which make them the best alternatives for
methanol oxidation reactions.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ cryst12040534 /51, Figure S1: (a) XPS survey scan of NiO-ZrO, /FTO
(b) O1s for NiO-ZrO,/FTO (c) XPS survey scan of NiO-Y,03/FTO thin film (d) Ols for NiO-
Y,03/FTO thin film, and (e—f) Zr3d and Y3d scans of pure oxide films with their respective composite
thin films; Figure S2: Comparison of Raman spectra of (a) NiO- Y,03/FTO and (b) NiO-ZrO, /FTO
with pure NiO/FTO, Y,03/FTO, and ZrO,/FTO thin films (c) FT-IR spectra of FTO, NiO/FTO,
Y,03/FTO, ZrO, /FTO, NiO-ZrO, /FTO, and NiO-Y,03/FTO thin films; Figure S3: EDS spectra of
(a) NiO/FTO (b) ZrO, /FTO (c) NiO-ZrO, /FTO (d) Y,03/FTO and (e) NiO-Y,0O3/FTO; Figure S4:
Cyclic voltammetry of bare FTO in the presence and absence of methanol (a) and its comparison
of methanol oxidation with NiO-ZrO,/FTO and NiO-Y,03/FTO composite films (b); Figure S5:
Equivalent circuit models obtained from an excellent fit with the experimental data of (a) ZrO, and
(b) NiO, NiO-ZrO,, Y;03, and NiO-Y,0j films.
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