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A B S  T R A C T
In this research, titanium dioxide nanotubes (TiO2-NTs) were 
synthesized by anodization on a titanium (Ti) sheet. Then, nickel (Ni), 
silver (Ag), and Ag/Ni nanoparticles were deposited on TiO2-NTs via 
electrochemical deposition. X-ray diffraction (XRD) and scanning 
electron microscope (SEM) were used to characterize the synthesis of 
TiO2-NTs and nanoparticles deposited on TiO2-NTs. SEM images and 
XRD data indicated that the nanotubes were well synthesized, and the 
Ni, Ag, and Ag(Ni) particles were well dispersed on their surfaces. In 
the next step, the electrocatalytic activity of the synthesized catalysts 
(TiO2-NTs, Ni/TiO2-NTs, Ag/TiO2-NTs and Ag (Ni)/TiO2-NTs) in 
relation to NaBH4 (at four concentrations 0.00, 0.01, 0.03 and 0.05 M 
of NaBH4) oxidation were examined by various methods including: 
chronoamperometry (CA), chornopotantiometry (CP), cyclic voltametry 
(CV), linear sweep voltametry (LSV). These experiments showed that 
bimetallic electrocatalysts (Ag(Ni)/TiO2-NTs) are more efficient than 
monometallic electrocatalysts. The results showed that bimetallic 
electrodes are more efficient in the electrooxidation of borohydrate.
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1. Introduction
Mastery of energy is always the key to a better world. 
Energy can manifest in many forms, such as chemical, 
electrical, mechanical, radiant, nuclear, and thermal. 
For example, in an electric vehicle, a battery converts 
chemical energy into electrical energy, which is then 
converted into mechanical energy by an engine. The 
term energy was first used in a practical sense by 
Young (1829-1773), who provided the most accurate 
definition: energy is the ability to do work. It is usually 
stated that (work) means trying to do something, and 
the amount of work done is called (power). Therefore, 
devices consume energy, do work, and produce 

power [1-5]. Hydrogen (H2) is an ideal, renewable, 
and clean energy source and a promising alternative 
to fossil fuels in the future. Currently, a large amount 
of consumed H2 comes from natural gas reforming; 
however, this process does not reduce the dependence 
on fossil fuels and produces carbon dioxide (CO2) 
[6, 7]. Likewise, the use of sodium borohydride 
(NaBH4) as an alternative fuel for H2 production 
has attracted the attention of many researchers 
since its discovery. A fuel cell is an electrochemical 
device that produces electricity as long as a fuel 
and an oxidizer are supplied. Today, several types 
of fuel cells are being developed, each with its own 
advantages and disadvantages. These fuel cells differ 
depending on working temperature, fuel, catalyst, and 
other parameters. Fuel cells directly convert chemical 
energy into electrical energy. One type of fuel cell is 

------------------------



39Electrochemical Deposition Ag/Ni Nanoparticles on TiO2-NTs            M. Nourozizadeh   et al

the direct borohydride fuel cell (DBFC), which has 
recently been considered as a significant option for 
transportation applications. DBFC is a promising 
technology for meeting the energy requirements of 
portable electronic applications [8, 9]. This fuel cell 
has special features that make it a promising power 
source for portable applications. These features 
include: High energy density (9.3 Wh/g from V1.64), 
low toxicity of reagents and their products, easy 
storage, 4) their stability in alkaline solution [1], and 
ease of transporting BH4

- [3]. The operation of DBFC 
is usually based on the oxidation of BH4-, including 8 
electrons in the anode (Equation 1) and the reduction 
of oxygen in the cathode (Equation 2) [10]. The 
general reaction is depicted in Equation 3.

BH4
- + 8OH- → BO2

- + 6H2O + 8e-   E0= -1.24 VVS.SHE

(Eq.1)

2O2 + 4H2O + 8e- → 8OH-                E0= 0.4 VVS.SHE

(Eq.2)

BH4
- + 2O2 → BO2

- +2H2O               E0= 1.64 V
(Eq.3)

Noble metals such as Pt and Au have been investigated 
as anodes for the oxidation of BH4- in DBFC. 
However, compared to Pt, which is a detrimental 
catalyst for the hydrolysis reaction of BH4-, Au 
shows a high Coulombic efficiency for the oxidation 
reaction of BH4- (BOR). However, the use of Au as 
an electrode is limited by its high cost. One way to 
reduce the Au content is to disperse Au nanoparticles 
on a substrate. Recently, Au alloys with transition 
metals such as Ni [11], Co [12], and Cu [13]	
have been reported to reduce costs and improve 
catalytic performance for BOR. It has been found that 
binary metal catalysts usually have higher activity and 
stability than monometallic ones [6–8]. Furthermore, 
binary catalysts offer significant advantages, as they 
exhibit many interesting size-dependent electrical, 
chemical, and optical properties. Bimetallic catalysts, 
especially their nanoparticle form, are exciting, as they 
are usually composed of a primary metal that has high 
electrocatalytic activity and a secondary metal that 

can enhance the catalysts’ efficiency towards BOR or 
inhibit BH4- BH4-hydrolysis [14-17]. The transition 
metal can also be doped with a noble metal to reduce the 
catalyst’s cost. Moreover, transition metals can be doped 
with one another to achieve higher electrocatalytic 
activity through complex synergistic effects [18-24]. 
The main purpose of this study is to investigate the 
mono or bimetallic catalyst nanoparticles for BOR 
electrooxidation in DBFC. We synthesized TiO2-NTs 
anodes with deposited Ni, Ag, and Ag(Ni) for BOR 
using an electrochemical deposition method. SEM and 
XRD were used to characterize the morphology and 
crystalline structure of the synthesized catalysts. The 
electrocatalytic activity of the synthesized catalysts 
was investigated using various electrochemical 
methods, including chronoamperometry (CA), 
chronopotentiometry (CP), cyclic voltammetry (CV), 
and linear sweep voltammetry (LSV).
In our study, we focused on the preparation of 
titanium oxide-doped nanoparticles with Ni, Ag, 
and Ag(Ni) to exploit their catalytic activity for 
hydrogen production. The TiO2 nanotubes prepared 
by electrospinning are considered the best candidate 
for use as a host material due to their good mechanical 
and thermal properties [2, 6]. Furthermore, this study 
indicates that bi-metallic doping of TiO2 nanotubes 
increased the TiO2 surface area, thereby leading to a 
higher rate of hydrogen generation.

2. Experimental
2.1. Materials 
NaBH4 (98%; CAS No.: 16940-66-2), AgNO3 (CAS 
No.: 7761-88-8), Ni(NO3)2 (CAS No: 13478-00-7), 
NaNO3 (CAS No.: 7631-99-4), HF (CAS No.: 7664-
39-3), NH4F (CAS No.: 12125-01-8), HNO3 (CAS 
No.: 7697-37-2), NaOH (CAS No.: 1310-73-2), KOH 
(CAS No.: 1310-58-3), ethanol (CAS No.: 64-17-
5), acetone (CAS No.: 67-64-1) and ethylene glycol 
(CAS No.: 107-21-1) were purchased from Merck 
Company (Germany). Deionized water was used to 
prepare the electrolyte solution.

2.2. Making the catalyst
The catalysts were prepared through a three-step 
process that included Ti anodization (TiO2-NTs), Ni 
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and Ag electrochemical deposition on TiO2-NTs, and 
Ag electrochemical deposition on the Ni/TiO2-NTs. 
First, after sanding and degreasing the Ti sheet, it was 
placed in a solution containing 98 mL of ethylene 
glycol, 2 mL of deionized water, and 0.3 g of NH4F, 
and anodizing was performed with a constant voltage 
of V = 50 for 4 hours at 25 ºC. After anodizing, 
the Ti sheet on which nanotubes (TiO2-NTs) were 
synthesized was washed and dried, then placed in an 
ultrasonic bath containing C2H5OH and distilled water 
for 2 minutes; the Ti was washed, dried, and placed in 
a zip-lock bag. For the Ni and Ag address layer, the 
TiO2-NTs electrode was placed in a solution of 0.5 M 
Ni(NO3)2 and 0.1 M NaNO3, and a Pt counter electrode 
was used. Electrochemical analysis was performed 
for 180 seconds by the CP test at -1 mA. To make the 
Ag(Ni)/TiO2-NTs catalyst, the Ni coating electrode 
was done with the same method as above, then the 
Ni/TiO2-NTs electrode was placed in the electrolyte 
containing 0.005 M AgNO3 and 0.1 M NaNO3, and 
the electrochemical analysis was performed with the 
CHP test for 120 seconds at -1 mA. The morphology 
and composition of the catalysts were determined 
by scanning electron microscopy (SEM) and X-ray 
diffraction (XRD). XRD analyses were performed in 
0 – 80 ◦2θ range using XRD XPert Pro MPD, with 
X-ray source: Cu Κα radiation (Κα =1.54187 Å). 

2.3. Electrochemical measurements
DBFC experiments were performed using Ni/
TiO2-NTs, Ag/TiO2-NTs, and Ag(Ni)/TiO2-NTs 
catalysts with a surface area of 2.0 cm2, with these 
catalysts used as working electrodes and Pt as the 
counter electrode. The oxidation of NaBH4 has 
been carried out in four electrolytes with different 
concentrations (including 1 M KOH (without 
NaBH4), 0.01 M, 0.03 M, and 0.05 M NaBH4) to 
determine the optimal concentration for the highest 
oxidation efficiency of NaBH4. All measurements 
were performed using an electrochemical device 
with 4 tests: linear scan voltammetry (LSV), cyclic 
voltammetry (CV), chronopotentiometry (CP), and 
chronoamperometry (CA). For all experiments, 
the desired solution was poured into the cell as the 
electrolyte, the catalyst was connected to the system 

as the working electrode, Pt as the counter electrode, 
and Ag/AgCl electrode as the reference electrode. 
The electrochemical measurements were performed 
using the Sama 500 Electro Analyzer (Iran). The LSV 
test was performed at E1 = -1V, E2 = 0.5V, and a 
scan rate of 0.05V/s. The CV test was performed at 
currents I1 = -1mA, I2 = 0.5 mA, and I3 = -1mA and 
scan rate = 0.05 V/s. The CP test was performed with 
E1 = -1V and E2 = 0.5V for 300 seconds. The CA test 
was performed at voltages E1 = -1V and E2 = 0.5V for 
300 seconds.

3. Results and discussion
3.1. Physical characteristics
In this research, TiO2-NTs, Ni/TiO2-NTs, Ag/
TiO2-NTs, and Ag(Ni)/TiO2-NTs catalysts were 
synthesized by the electrochemical method and 
investigated as anodes in NaBH4 direct fuel cell 
(DBFC). First, TiO2-NT arrays were prepared by 
anodizing a Ti sheet in a solution of ethylene glycol 
and water containing NH4F. According to SEM 
images (Fig. 1A), the average diameter of TiO2 
nanotubes (TiO2-NTs) is 100 nm with a thickness of 
4.7 µm. According to the SEM images, the nanotubes 
are well-formed and uniformly distributed on the 
Ti surface. The Ni/TiO2-NTs catalyst was made by 
layering Ni nanoparticles on TiO2-NTs. According 
to the SEM images shown in Figure 1B, the average 
diameter of the Ni nanoparticles is 52 nm, with a 
thickness of 7.3 µm. The SEM images of the Ag/
TiO2-NTs electrode with an average diameter 
of 57 nm and a thickness of 7.5 µm are shown in 
Figure 1C. Ag(Ni)/TiO2-NTs binary catalyst, which 
is synthesized by the electrochemical method, 
was synthesized by immersing Ni/TiO2-NTs in a 
solution containing Ag, and as can be seen in (Fig. 
1D), Ag particles with an average size of 38 nm and 
a thickness of 3.8 µm were deposited on the Ni/
TiO2-NTs electrode. Figure 2 shows the XRD peaks 
corresponding to the TiO2-NTs electrode before 
and after annealing. It is pretty clear that before 
annealing, no specific peak is observed, but after 
annealing, peaks related to electrode crystallization 
and phase change to the anatase phase are clearly 
observed.
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Fig. 1. A) SEM images of TiO2-NTs electrode with an average diameter of 100 nm and a thickness of 4.7 m,
B) SEM images of Ni/TiO2-NTs electrode with an average diameter of 52 nm and a thickness of 7.3 µm,
C) SEM images of Ag/TiO2-NTs electrode with an average diameter of 57 nm and a thickness of 7.5 µm,

D) SEM images of Ag(Ni)/TiO2-NTs electrode with an average diameter of 38 nm and a thickness of 3.8 µm
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3.2. Investigating the electrocatalytic activity 
The LSV, CV, CP, and CA analyses of the TiO2-NTs, 
Ni/TiO2-NTs, Ag/TiO2-NTs, and Ag(Ni)/TiO2-NTs in 1 
M KOH solution at different concentrations of NaBH4, 
at room temperature, and scanning speed 50 mV/S are 
shown in Figures 3-6. It can be seen that the 0.05 M NaBH4 
solution has a higher current and potential than the other 

three concentrations. Therefore, a final concentration of 
0.05 M NaBH4 was chosen for subsequent analyses. The 
LSV and CV of the synthesized electrodes in 1 M KOH 
and 0.05 M NaBH4 at room temperature and a scanning 
speed of 50 mV/S are shown in Figure 7. Also, it can be 
seen that the Ag(Ni)/TiO2-NTs catalyst had the highest 
efficiency and is higher than the other three catalysts.

Fig. 2. X-ray diffraction (XRD) pattern of TiO2-NTs electrode before and after annealing.

Fig. 3. A) LSV, B) CV, C) CP and D) CA of TiO2-NTs electrode
in 1M KOH solution at different concentrations of NaBH4, 0 50 mV/S and 300 s.

Anal. Methods Environ. Chem. J. 8 (4) (2025) 38-46
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Fig. 5. A) LSV, B) CV, C) CP, D) CA of Ag/TiO2-NTs electrode in 1 M KOH solution at different concentrations of 
NaBH4, at room temperature, and scanning speed 50 mV/s and 300 s.

Fig. 4. A) LSV, B) CV, C) CP, D) CA of Ni/TiO2-NTs electrode in 1M KOH solution at different concentrations of 
NaBH4, at room temperature, and scanning speed 50 mV/S and 300 s.

Electrochemical Deposition Ag/Ni Nanoparticles on TiO2-NTs            M. Nourozizadeh   et al
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4. Conclusions
In this study, we synthesized nanotubes on the Ti 
metal surface using a simple and low-cost method 
(anodizing method). Then, using the electrochemical 
deposition method, we deposited Ni and Ag layers on 
the TiO2-NTs electrode. In the next step, to prepare 
the Ag(Ni)/TiO2-NTs electrode, the Ni/TiO2-NTs 
electrode was immersed in AgNO3 solution. The 

structure, morphology, composition, and electrical 
performance of the fabricated catalysts were 
investigated using SEM, XRD, LSV, CV, CP, and 
CA. SEM images and XRD data indicated that the 
nanotubes were well synthesized, and the Ni, Ag, and 
Ag(Ni) particles were well dispersed on their surfaces. 
The results showed that bimetallic electrodes are 
more efficient in the electrooxidation of borohydrate.

Fig.7. A) LSV and B) of synthesized electrodes in 1 M KOH and 0.05 M NaBH4 at room temperature
and scanning speed 50 mV/S and 300 s.

Fig. 6. A) LSV, B) CV, C) CP D) CA of Ag(Ni)/TiO2-NTs electrode in 1 M KOH solution at different concentrations 
of NaBH4, at room temperature and scanning speed 50 mV/S and 300 s.

Anal. Methods Environ. Chem. J. 8 (4) (2025) 38-46
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