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ABSTRACT

Significant research is being performed to find suitable electrocatalysts in

alkaline direct methanol fuel cells. Despite tremendous improvements, pro-

ducing non-Pt catalysts with great activity and high stability is still difficult.

Herein, Ag-doped NiO thin films were deposited on fluorine-doped tin oxide

(FTO) by the co-sputtering deposition method, utilizing various deposition

times (200, 400, 600, and 800) seconds. The film thickness for the deposited films

varied from 17, 35, 70, and 100 nm by increasing the deposition time from 200,

400, 600, to 800) seconds. The NiO–Ag-800 recorded the lowest band gap of

3.36 eV, whereas the NiO–Ag-200 recorded the highest band gap of 3.81 eV. The

deposited thin films were used as electrocatalysts for methanol oxidation. Its

physical properties facilitate the adsorbed reactions, allow for easier penetration

of electrolytes, and help in rapid reaction kinetics. Moreover, because Ag–NiO is

deposited on an FTO substrate with outstanding adhesion and excellent electric

contact, it can be utilized; without adding any binder or conducting agents. The

films displayed reduced onset potential for oxidation of the methanol, high

current density, and long-term stability. The thickness of the thin film proved

that it plays a role in electroactivity. The efficiency of the films increased with

increasing thickness, where the Ag–NiO-800 record the lowest onset potential is

0.37 V vs. Ag/AgCl.

1 Introduction

Due to the great development in technology usage,

which depends on electricity, fossil fuels are highly

consumed to generate electricity; in addition, It neg-

atively affects the environment [1, 2]. Therefore,

researchers focus on developing clean, renewable,

effective, and environmentally acceptable substitute

sources to fulfill the expanding required energy

demand [3]. Among these sources, direct methanol

fuel cells (DMFC), which use methanol as fuel, have

become an alternative method of producing electric-

ity [4] as DMFC’s offer many advantages like low

cost, environmentally friendly, and ease of operation.
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Nonetheless, DMFCs have difficulties with methanol

crossover, reduced durability, poor stability, trouble

controlling heat and water, and high production costs

that have rendered their commercialization undesir-

able [5]. Many researchers have addressed the diffi-

culties of functioning methanol oxidation fuel cells in

various cutting-edge ways [6–9]. There are several

trials for developing cost-effective and high-perfor-

mance non-precious electrocatalysts for oxygen

reduction reaction (ORR) in acidic and alkaline

media, which is an urgent need for clean energy

generation [10–14].

The electrocatalyst choice significantly influences

the performance of methanol fuel cells [15]. Although

platinum and noble-metal-based electrocatalysts are

widely utilized in fuel cell applications [16], they are

the main reason for the high cost and carbon

monoxide poisoning. Hence, researchers turned to

electrocatalysts based on non-noble transition metal

oxides, demonstrating an efficient strategy for

increasing electrocatalytic activity to provide pro-

mised alternative catalysts [17]. In particular, NiOx

[18], CoOx [19], CuOx [19], CrOx [20], MnOx [21], and

FeOx [22] catalysts have demonstrated enhanced

reaction kinetics as well as excellent anti-poisoning

potential. Ni-based catalysts have been extensively

applied in many traditional industrial catalysis pro-

cesses, including the reforming of methane [23],

hydrogenation reactions [24], hydrocracking [24], and

oxidation reactions [25] because nickel (Ni) is an

economical, abundant, non-precious metal. Further-

more, redox reactions occur on Ni’s surface during

catalysis, leading to Ni (OH)2 and NiOOH, consid-

ered activity reaction sites of methanol molecules in

alkaline electrolytes [26].

Catalysts’ morphology and crystalline structure

significantly impact their catalytic activity [2]. Nan-

otechnology has been proven useful in developing

more efficient catalysts [1]. Different nanostructures

of Ni-based materials have been synthesized with a

variety of techniques, including atomic layer depo-

sition [27], sol–gel chemical deposition [28], Spray

pyrolysis [29], and hydrothermal processes [30].

Despite considerable improvement, most manufac-

turing processes must simplified for industrial use or

require chemicals impairing catalyst performance

[31]. Furthermore, many Ni-based catalysts suffer

from poor long-term durability due to phase transi-

tion, structural disintegration, and poor adherence

between the catalyst and the conducting substrate,

causing materials loss [32]. Because nickel oxide is

highly soluble in most typical alkaline electrolytes, it

is challenging to retain enough control over the

structure and morphology of the material [33].

Doping can boost electrochemical activity even

further because it affects the electronic structure, a

critical factor in enhancing electrocatalytic activity. In

addition, adding impurities can create ionizable

atoms inside the received material [34, 35]. Many

elements can affect electrocatalytic activity, but every

element selected is used to achieve a specific goal.

Therefore, Therefore, Ag’s capacity to establish long-

term stability in alkaline environments was docu-

mented in several studies [36–40].

In this work, Ag-doped NiO thin films were

deposited on FTO substrates via a co-sputtering

deposition method and were used as electrocatalysts

toward methanol electro-oxidation. To our knowl-

edge, work has yet to be reported on using such a

material in its thin film structure as an electrocatalyst

for methanol oxidation. The prepared Ag-doped NiO

films were composed of a rough surface and suit-

able thickness because of lengthening the deposition

period, facilitating electrolyte adsorption, leading to

larger ions diffusion, and providing different active

sites. Because Ag-doped NiO films are grown on a

substrate with strong adherence like FTO, the Ag-

doped NiO can be utilized directly as an electrocat-

alyst for methanol oxidation without the requirement

to add any conducting agent or binder.

2 Materials and methods

2.1 Sample preparation

The co-sputtering deposition method is one of the

most important approaches for tuning and monitor-

ing the amount of doping atoms in the hosting thin

films. We were able to deposit 3.53% Ag-doped NiO

thin films on both glass slides and fluorine-doped tin

oxide (FTO) with different thicknesses of 17, 35, 70,

and 100 nm by varying deposition times from 200,

400, 600 to 800 s using a DC/RF sputtering equip-

ment (Syskey Technologies, Taiwan). Before the

deposition process, the glass slides and FTO were

cleaned by acetone and ethanol then dried with

nitrogen gas. The DC power for the Ni target was

kept at 200 W, while the RF power for the Ag target

was kept at 20 W during the sample preparations.
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The other deposition parameters are kept constant

during the deposition process, like operating pres-

sure, substrate temperature, substrate rotation, oxy-

gen flow rate, and argon flow rate to be

5 9 10-3 Torr, 25 �C, 15 rpm, 10 SCCM, 20 SCCM,

respectively. The final samples were named NiO–Ag-

200, NiO–Ag-400, NiO–Ag-600, and NiO–Ag-800

based on the deposition times.

2.2 Characterizations of the prepared thin
films

X-ray diffraction (Shimadzu LabX-XRD-6000, Japan)

at 40 kV/40 mA with Cu–Ka radiation (0.154056 nm)

is utilized to determine the crystalline phases of thin

films. Field emission scanning electron microscopy

was used to examine the morphologies and structure

(FESEM, Zeiss sigma 500 VP, Germany). The energy-

dispersive X-ray fixed on the FESEM was also used to

evaluate the elemental makeup and map the com-

ponents on the film’s surface. The optical character-

istics of the produced films were characterized using

a UV–Vis spectrophotometer (Perkin Elmer Lambda

750; Massachusetts, USA). XPS recorded the chemical

state of the prepared thin films collected on

K-ALPHA (Thermo Fisher Scientific, USA) with

monochromatic X-ray Al K-alpha radiation - 10 to

1350 eV spot size 400 lm at pressure 10-9 mbar with

full spectrum pass energy 200 eV and at narrow

spectrum 50 eV.

2.3 Electrochemical measurements

The electrocatalytic activity of each prepared thin

film toward methanol oxidation in an alkaline solu-

tion was studied and evaluated by a setup consisting

of three electrodes at room temperature. The refer-

ence and counter electrodes were Ag/AgCl and Pt

wire, respectively, with the synthesized films as

working electrodes. In addition, the electrolyte solu-

tion contained 0.5 M KOH, with different methanol

concentrations utilized (0.5, 1, 2 M). The electrocat-

alytic activity was evaluated in a pure 0.5 M KOH

solution and in the presence of methanol by com-

bining the estimated volume of methanol with the

KOH solution. An Autolab PGSTAT302N poten-

tiostat (Metrohom) was used for all electrochemical

experiments, using cyclic voltammetry (CV) at scan

rates ranging from 5 to 100 mV s-1, chronoamper-

ometry (CA) at 0.6 V for 1 h and electrochemical

impedance spectroscopy (EIS) at 0.6 V with an

amplitude of 10 mHz. The current densities have

been standardized based on the electrodes’ geometric

surface area.

3 Results and discussion

3.1 Structural analysis

The crystallinity of all produced films is analyzed by

XRD, as shown in Fig. 1. The ICDD Card [01-089-

3080] matched the diffraction peaks, identifying the

space group R-3 m (166) of a single phase of trigonal-

structured nickel oxide. Due to the minimal quantity

of Ag added to nickel oxide, no other peaks distinct

from those found in pure nickel oxide (021), (202),

and (220) formed. The XRD data demonstrates that

the NiO films are perfectly crystalline and have a

high purity level.

The mean crystallite size D was calculated using

the Debye Scherrer Eqs. [41, 42].

D ¼ 0:94 k
b COS h

ð1Þ

where D is crystallite size, k is the used wavelength

of the X-ray, b the Full width at half maximum

(FWHM) of the peak, and h is the diffraction angle.

Fig. 1 X-ray diffraction of NiO–Ag thin films deposited by

different time a 200, b 400, c 600, d 800s
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Also, the following formula (2) and (3) were used to

compute dislocation density d and lattice strain

[35, 43].

d ¼ n

D2
ð2Þ

e ¼ b COS h
4

ð3Þ

Table 1 displays the structural attributes of pro-

duced films o different thicknesses, including aver-

age crystallite size, dislocation density, and lattice

strain. The results show that an increase in deposition

time has a relative impact on crystallite size for the

films, with NiO–Ag 800 having the largest size at

10.93 nm and NiO–Ag 200 having 9.41 nm. Since the

content of Ag in NiO–Ag thin films is very low, the

positions of the three diffraction peaks are very close

to those of pure NiO previously presented in the

literature [44]. The deposition time effect is not clear

on the crystallinity of the prepared films; this is

maybe due to the chemical composition being the

same in all samples, and the only difference is the

thickness. However, with increasing the deposition

time, there is a clear change in the microstructure of

the prepared films where the sample’s surface

becomes rougher in the case of thicker samples. In

addition, a porous structure configuration appeared

with increasing the sample thickness, which is

favorable for fast ion/electron transport and

enhanced electrochemical reactivity toward methanol

electrooxidation.

3.2 X-ray photoelectron spectroscopy

The shift in core-level binding energies in the XPS

spectrum can be used to determine the oxidation

states of NiO–Ag. Figure 2a depicts the NiO–Ag-800

composite films’ XPS survey spectrum. The C 1s, O

1s, Ag 3d3/2, and Ni 2p3/2 spectral lines are respon-

sible for the peaks in the spectrum, which were

prominently seen at their respective standard binding

energies of 284.3, 529.6, 368.5, and 855.2 eV. The

strong peak at 855.2 eV, a characteristic peat of the

NiO phase, is shown by the NiO–Ag-800 sample. Ni

2p3/2 and 2p1/2 have core-level binding energies of

854.8 and 872.3 eV, respectively, as shown in Fig. 2b.

The Ni 2p deconvolution spectrum is depicted in

Fig. 2b as two-component peaks, Ni? 2 (NiO) and

Ni? 3 (Ni2O3), respectively [45, 46]. The curves show

the deconvolution resulting from NiO (853.2 eV) and

Ni2O3 (855.6 eV), two separate components of nickel

oxide films. Additionally, there is a very broad peak

at 861.3 eV, which is the Ni? 2 and Ni? 3 shake-up

satellite peak. The nickel oxide peak-corresponding

Gaussian curves were used to match the XPS spectra.

These findings agreed with earlier studies of the

composition and chemical states of Ni 2p3/2 in nickel

oxide thin films created by reactive magnetron

sputtering [47–49].

Table 1 The structural

characteristics of the prepared

thin films

Material 2h� (hkl) Crystallite size, (nm) Dislocation density Lattice strain

NiO–Ag-200 36.76 (021) 10.65 8.81E–03 3.25E–03

42.81 (202) 10.89 8.43E–03 3.18E–03

61.92 (220) 6.71 2.22E–02 5.16E–03

Mean value 9.41 1.31E–02 3.86E–03

NiO–Ag-400 36.61 (021) 10.87 8.46E–03 3.19E–03

42.46 (202) 11.84 7.13E–03 2.93E–03

61.44 (220) 8.64 1.34E–02 4.01E–03

Mean value 10.45 9.66E–03 3.37E–03

NiO–Ag-600 36.40 (021) 13.57 5.43E–03 2.55E–03

42.38 (202) 10.47 9.12E–03 3.31E–03

61.27 (220) 7.52 1.77E–02 4.61E–03

Mean value 10.52 1.07E–02 3.49E–03

NiO–Ag-800 36.72 (021) 11.63 7.39E–03 2.98E–03

42.76 (202) 12.76 6.14E–03 2.72E–03

61.87 (220) 8.42 1.41E–02 4.11E–03

Mean value 10.93 9.21E–03 3.27E–03
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The narrow scan XPS spectra of Ag 3d core-level

binding energy are displayed in Fig. 2c. Ag 3d5/2

and Ag 3d 3/2 were connected to the core-level

binding energies of 368.2 and 374.2 eV, respectively

[50]. The lower energy peak at 368.2 eV was attrib-

uted to Ag metal in the films, and the peak at

374.2 eV was attributed to Ag at Ni substitutional

sites in the NiO matrix. By carefully comparing those

peak heights in the spectrum with the presumption

that Ag composition was uniform at the surface

region, it is possible to determine the composition at

the near-surface region. The absence of the Ag-re-

lated phase in the XRD results while the surface

presence of Ag ions was seen by XPS suggested that

the Ag ions were oxidized in the NiO matrix.

The deconvolution of the O1s photoelectron signal

for NiO–Ag films is depicted in Fig. 2d. Analysis of

the NiO–Ag films oxygen’s 1s line reveals the pres-

ence of oxygen atoms coming from the M–O peak

(529.6 eV binding energy) and OH peak (531.7 eV

binding energy), whereas the peaks at 533.3 are

caused by absorbed water or other oxygen-containing

species like OH or CO on the thin film’s surface. This

demonstrates how the surface instability of the

material increases with the amount of oxygen pre-

sent. In the XPS data, the OH phase is present to a

lesser extent than the oxygen state I (O 1s). The XRD

measurement did not reveal it. Figure 2e presents

peaks with 286.3 and 288.2 eV binding energies

assigned to the O–C–O oxygen-containing carbona-

ceous band and the peak C–O, respectively. And the

C–C bond is identified by the deconvoluted peak

with a binding energy of 284.6 eV [51]. All of the

deposited films were found to be single phases of

NiO–Ag composites, according to the XPS

investigations.

3.3 Morphological analysis

FESEM images of all thin films NiO–Ag with varying

deposition periods (200, 400, 600, and 800 s) are

shown in Fig. 3. The images demonstrate how the

films were rougher by lengthening the deposition

period and displaying more particle agglomerations.

The grain particles in the morphology are not uni-

form in size; it is also obvious that the synthesized

films have defect. EDS was used to evaluate the ele-

mental analyses of deposited films NiO–Ag-200 as

shown in Fig. 4d; the spectra for the elements Ni, O,

and Ag are clearly observed, which confirms the

purity of the deposited NiO–Ag thin films, this result

agrees with the results obtained by XPS. The EDS

Fig. 2 XPS spectra of NiO–Ag 800, a survey spectra, b Ni 2p, c Ag 3d, d O 1s and e C 1s spectra
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Fig. 3 FESEM images of

NiO–Ag thin films deposited

for a 200, b 400, c 600,

d 800 s

Fig. 4 EDS spectrum of NiO–Ag 200, a O, b Ni, c Ag, and d Elemental mapping images of Ni, O, and Ag

1637 Page 6 of 14 J Mater Sci: Mater Electron (2023) 34:1637



mapping also confirm the homogeneous distribution

of different elements (Ni, O, and Ag) over the surface

of the FTO substrate, as clear in Fig. 4a–c.

SEM images were captured with a 45-degree tilt to

define how deposition time affected the resulting film

thickness (see Fig. 5). It is obvious that extending the

deposition period during preparation increases the

thin film thickness. The thickness of NiO–Ag-200 is

around 17 nm (Fig. 5a), whereas that of NiO–Ag-800

film is approximately 100 nm (Fig. 5d), increasing by

a factor of five.

3.4 Optical analysis

The analyses of optical transmittance by UV–vis

spectroscopy are shown in Fig. 6. With increasing

layer thickness; there is a significant and anticipated

drop in transmittance, which may be caused by

simpler charge transfer. Moreover, the bandgap of

films was calculated using the Tauc relation, as

shown in Eq. [52–54].

a ¼ A

ht
ht� Eg

� �n ð4Þ

where A is a constant, h is the photon’s energy that

was incident, and (a) is the absorbance coefficient.

According to the quantum selection principles for

different materials, (n) may equal 1/2 or 2 for the

direct and indirect band gaps, respectively.

The band gaps of the films were evaluated by the

intersection of the linear areas and the photon energy

(hv) axis. Figure 7 shows the effect of the thickness on

the band gap values; the NiO–Ag-800 recorded the

lowest band gap of 3.36 eV, whereas the NiO–Ag-200

recorded the highest band gap of 3.81 eV. The cause

might be related to enhancements in crystallinity, as

Fig. 5 Thickness of the thin

films is presented by FESEM

of NiO–Ag a 200, b 400,

c 600, d 800

Fig. 6 Optical transmittance of the prepared thin films
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described above in the XRD and FESEM; also, some

research suggests that when the thickness of the film

increase, the localized states in the band structure

may overlap with the band boundaries, minimizing

the band gap [36, 37].

3.5 Electrocatalytic activity

The CV curves of all films in 0.5 M KOH electrolyte at

various scan rates (5, 10, 20, 30, 50, and 100 mv s-1)

vs. Ag/AgCl throughout a potential window of

0–0.6 V at ambient temperature are shown in Fig. 8

There are pair peaks (oxidation and reduction) in the

anodic and cathodic sweeps associated with

Ni2?/Ni3? activation. Ni and Ag species provide two

electroactive centers to enrich the redox processes,

which can improve the oxidation process simultane-

ously. The anodic and cathodic current densities have

grown with an increase in deposited time due to the

thickness of films, which contains a larger quantity of

Ni and Ag, increasing the active sites. Suggested that

the more active sites are exposed on the thicker

sample based on the courser surface as cleared from

SEM images, maybe there is a secondary electron

transfer that is at play.

The linear relationship between the anodic and

cathodic current densities and the square root of the

scan rate (5–100 mV/s) is displayed in Fig. 9 for each

film. According to the results, increasing scan speed

causes an increase in the oxidation-reduction reac-

tion, and OH- migration into the pores’ cavities

improves the electrochemical process [55]. It is evi-

dent from Figs. (8 and 9) that NiO–Ag-800 outper-

forms other materials in redox reactions at various

scan rates because it has a significant amount of

Ni? 2, Ni? 3, and Ag that has been spread out on the

FTO surface due to formation of multiple successive

layers to increase the thickness. This improves cat-

alytic activity by speeding up the diffusion of OH-

ions onto the surface.

3.6 Electrocatalytic activity toward
methanol oxidation

The synthesized thin films were tested for methanol

oxidation performance in an alkaline electrolyte

Fig. 7 Optical band gaps of the prepared thin films
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Fig. 8 Cyclic voltammograms

for films in 0.5 M KOH at

room temperature with various

scan rates a NiO–Ag-200,

b NiO–Ag-400, c NiO–Ag-

600, d NiO–Ag-800

Fig. 9 The relationship

between current density with

the square root of the scan rate

for anode and cathode a NiO–

Ag-200, b NiO–Ag-400,

c NiO–Ag-600, d NiO–Ag-

800
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(0.5 M KOH) mixed with 0.5 M methanol at 50

mV s-1 scan rate as shown in Fig. 10. Ag/AgCl was

used as a reference electrode, and the platinum a

counter electrode. Two crucial variables for describ-

ing the electrochemical characteristics of any elec-

trocatalyst are current density and onset potential.

The current density increases with increasing the

films thickness NiO–Ag-800 NiO–Ag-600, NiO–Ag-

400, and NiO–Ag-200 recorded 10.5, 10, 9, 8

mA cm-2, respectively, as presented in Fig. 11a, the

reason is due to the long deposited period, as the

amount of deposited material increased, which led to

an increase Ni and Ag, which are the activity sites for

methanol oxidation as reported in the mechanism

[56]. Moreover, the onset potential doesn’t change,

recording 0.37 V. This is normal because ratios are

constant between the elements as confirmed by EDX

results. The good activity for films toward methanol

oxidation is due to the good crystallite shown above

by XRD [57]. Additionally, the 2 D structures (thin

film shape) play an important role in exposing large

surfaces and increasing the films’ active area to

reactions. These results are very promising if we

compare them with some previously reported

Fig. 10 Cyclic

voltammograms of thin films

in 0.5 M KOH ? 0.5 M

methanol solution with a scan

rate of 50 mV/s at room

temperature a NiO–Ag 200

b NiO–Ag 400 c NiO–Ag 600

d NiO–Ag 800

Fig. 11 a Cyclic

voltammogram of thin films in

0.5 M KOH ? 0.5 M

methanol solution at scan rate

50 mV s-1 at room

temperature, b CVs at

different concentrations of

methanol at scan rate 50 mV/s

for Ag–NiO 800
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catalysts, as shown in Table 2. NiO–Ag-800 is tested

at different concentrations of methanol (0.5, 1, and

2 M), however the best results were in 0.5 M metha-

nol, as presented in Fig. 11b.

The mechanism of NiO for methanol oxidation is

described by many articles [64–67].

NiO þ OH�� e��!NiOOH ð5Þ

Or

Ni2þ � e� �!Ni3þ

NiOOH þ CH3OH þ 1:25O2�!Ni OHð Þ2þCO2

þ 1:5H2O

ð6Þ

Or

Ni3þ � e��!Ni2þ

NiO–Ag films adsorbed the methanol molecule from

the electrolyte media by electrocatalytic active sites

provided with (Ni? 2 and Ni? 3) redox pair and Ag.

Therefore, the CO intermediates are left on the elec-

trocatalyst’s surface after the absorbed MeOH

undergoes electro-oxidation, then OH- ions are

adsorbed from supporting electrolytes onto the trap

centers of the NiO films. Finally, the CO oxide is into

CO2 by the adsorbed OH molecules, restoring elec-

troactive sites and enhancing long-term stability [68].

Figure 12a displays electrochemical impedance

measurements at a frequency range from (0.01 to

100,000) Hz using film with 1 cm2 area at 0.6 V vs.

Ag/Ag Cl in 0.5 M KOH containing 0.5 M methanol.

According to the mechanism of MOR in alkaline

media, there are several steps, as appear in the fol-

lowing equations:

MþOH� ! M� OHð Þads þ e� ð7Þ

M� CHOHð Þadsþ4OH� ! M� COð Þadsþ4H2Oþ 4e�

ð8Þ

M� COð ÞadsþM� OHð ÞadsþOH�

! 2M� CO2 þH2Oþ e� ð9Þ

where M acts as an active site on the electrode’s

surface.

The mechanism begins with hydroxyl ion oxidative

adsorption in Eq. 7. Then adsorbed carbon monoxide

Table 2 MOR performance of NiO–Ag-800 film compared to Ni-based electrocatalysts

Catalysts Methods of preparation Morphology Current density (mA cm-2) Onset potential References

NiO–Ag 800 Co-sputtering deposition Thin film 10.5 0.37 This work

Ni/ZIF-8 Mixed under stirring Nanoparticles 0.74 0.75 [58]

NiO Hydrothermal Nanosheet 9.5 0.5 [59]

NiO Hydrothermal Nanoflake 1.9 0.87 [60]

GC/NiOx Potentiostatic deposition Nanoparticles 0.5 0.44 [61]

NiMoO4 Hydrothermal Nanorod 2.5 0.45 [62]

Fe–Ni Laser irradiation Nanoparticles 8 1.4 [63]

Fig. 12 a Nyquist plots for

the oxidation reaction, b Thin

films stability, at 0.60 V using

0.5 M methanol
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is produced through dehydrogenation and oxidative

adsorption of methanol as shown in Eq. 8. Conse-

quently, Eq. 9 demonstrates how to make carbon

dioxide and replenish active catalytic sites. All thin

films generally exhibit a small semicircle diameter

not exceeding 26 ohms, including the electrolyte’s

resistance. It is observed that the EIS decreases with

an increase in the thickness of deposited thin films on

FTO because the intensity of ions increased, leading

to enhanced charge transfer kinetics throughout the

MOR process.

The EIS data were fitted utilizing the equivalent

circuit illustrated inside of Fig. 12a.where the Rs is

the electrolyte’s resistance, CPE is the constant phase

element, and Rct is the charge transfer resistance. At

the same time, Cads and Rads are the elements asso-

ciated with intermediate reaction adsorption,

according to Table 3. Rads for NiO–Ag films are very

low, implying rapid kinetic of methanol oxidation

and simpler methanol adsorption.

Figure 12b shows the long-term stabilities activities

of films evaluated by chronoamperometry testing at a

constant voltage of 0.6 V for 1 h. It is observed that

there is no decay of initial current density values to

the end of the period time, referring to strong sta-

bility for all electrodes. Most electrocatalysts for

methanol oxidation (MOR), even the precious and

commercially available Pt, are not long-lasting

because of the buildup of carbonaceous reaction

intermediates like CO on the surface of the electrode.

Therefore, the long-term stability test is a crucial

examination and important for excellent

electrocatalysts.

4 Conclusion

NiO–Ag films were successfully synthesized through

a simple physical vapor deposition approach by co-

sputtering deposition. This method possesses many

advantages to fabricated films to be excellently

qualified as electrocatalysts in methanol oxidation,

such as small crystallites that are uniformly dispersed

and have a high specific surface area. Therefore, the

good distribution of elements over the surface of the

FTO substrate, confirmed by EDS, led to increased

electroactive sites, helping the Ag-doped NiO act as

an effective electrocatalyst for MOR as appeared by

electrochemical measurements because of accelerated

reaction kinetics and enhanced ion diffusion. More-

over, the results show that the electroactivity of films

increases with increased thickness, where the Ag–

NiO-800 record the lowest onset potential is 0.37 V

vs. Ag/AgCl. All films displayed great stability

according to the preparation method of Ag–NiO

films are grown on a metallic substrate to increase the

adhesion and used as electrocatalysts directly for

MOR without adding any binder or conducting

agents.
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