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Fabrication of Ag/TiO, nanotube array as active electrocatalyst for
the hydrogen evolution reaction
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Silver nanoparticles (Ag NPs) were fabricated onto titanium substrates with and without
titania nanotubes arrays (TiO, NTs) using electrochemical and chemical techniques,
respectively, to create nanostructured electrocatalysts for the hydrogen evolution reaction
(HER). The active surface area of the catalyst is determined by the Ag NPs' structure and
the presence of TiO, nanotubes on the titanium substrate. The electrocatalytic activity was
improved by chemically synthesizing Ag NPs onto a titanium electrode that had been pre-
coated with TiO, nanotubes.
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1. Introduction

The recent depletion of oil and gas reserves, as well as environmental pollution caused by
climate change, has attracted attention in environmentally friendly energy alternatives such as
electrochemical water splitting (ECWS), which uses a hydrogen evolution reaction (HER) half-cell
to store renewable electricity as hydrogen (H>) [1, 2]. Hydrogen has been identified as one of the
cleanest energy carriers [3-5] and it has been discovered that hydrogen can be used to replace
fossil fuels as a source of energy [6, 7]. Hydrogen is produced using a variety of methods,
including electrolysis of water, bio-photolysis and biological production from waste organic
material [8, 9]. Despite the high energy requirements, hydrogen production by electrolysis or
photoelectrolysis of water is regarded an efficient and feasible method for producing hydrogen
with no negative environmental consequences [10, 11]. In this method, two half reactions are
involved, the one is the oxygen evolution reaction (OER) on the anode side, and the other one is
hydrogen evolution reaction (HER) on the cathode side. In order to increase the efficiency of the
hydrogen production via electrolysis requires highly active electrocatalysts for HER Highly active
electrocatalysts for HER are required to boost the efficiency of hydrogen production via
electrolysis [12, 13]. Bockris et al. [14] investigated the HER and various parameters that
influence it, such as the type of solution, which can be acidic [15, 16] or alkaline [17, 18],
temperature dependence [19], and different materials that can be used as electrocatalysts, such as
platinum (Pt), mercury, gold, copper, tungsten, and silver [20, 21]. In order to reduce the
overpotential and to promote the hydrogen production, the hydrogen evolution reaction requires an
active catalyst. Pt is the most active catalyst for HER in acidic solutions [22], however its
commercialization for this process is limited due to low reserve and expensive price. Furthermore,
it was discovered that Pt-based cathodes are highly susceptible to poisoning in the presence of
small amounts of metal ion impurities, resulting in contamination of the feeding water [24]. As a
result, the development of certain cost-effective, more catalytically active site, and stable HER
electrocatalysts is required [25].
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In recent years, nanostructured metal electrocatalysts have been created for HER [26, 27],
and it has been demonstrated that even a minor increase in the electrochemical surface enhances
catalytic activity [28]. Anodically grown titania (TiO;) nanotubes (NTs) arrays have been widely
studied n-type semiconducting materials for a variety of applications in photo-electrochemical
water splitting [29], degradation of organic pollutants [30], catalysis and photo-catalysis [31],
energy storage, solar energy conversion [32] due to their low cost, non-toxicity, and their unique
self-aligned structure which improves optical properties and one-dimensional electron transport
pathways for efficient charge separation [33]. Self-organized TiO, nanotubes (NTs) arrays can be
produced by anodizing titanium (Ti) substrates in either aqueous or organic solutions [34-36] in
the presence of fluoride ions, by varying a few parameters, such as: F~ concentration, anodization
time and voltage, pH of the solution [37, 38]. As all TiO, cathodes, bare TNs are inactive for the
HER because of a low electrical conductivity (<102 S cm™) of TiO, and due to the wide band
gap (3.2 eV for anatase and 3.0 eV for rutile), but, their high surface area and chemical stability in
all pH ranges make them attractive as supporting structures for HER nanocatalysts [29]. In recent
years, the catalytic activity of the TiO, nanotube arrays for HER has been improved by doping
with metallic nanostructured co-catalysts such as Mo, Co, Fe, Ni, Ag, Au [39-41], and W of
sulfide [42], nitride [43], using various techniques, such as electrodeposition [24], sputtering [44],
spin-coating [45], chemical reduction method [46] and photo-deposition [47]. Due to the unique
properties (e.g., size and shape depending optical, electrical, and magnetic properties [48], the
AgNPs can be used for various applications, such as catalysts [39, 46, 48], antimicrobial
applications [49], biosensor materials [50]. Furthermore, the importance of silver-based catalysts
in the catalytic removal of environmental contaminants, the production of clean energy and the
distillation of fuel has been demonstrated [51].

In this study, we present the chemical and electrochemical synthesis of nanostructured
electrocatalysts based silver nanoparticles on Titanium substrate. Furthermore, based on our
previous study [35], the titanium substrate was changed by electrochemical anodization to create
TiO, nanotubes in order to explore the effect of surface morphology on the electrocatalytic activity
of the resulting catalysts.

2. Methods and procedure

2.1. Synthesis of catalysts based TiO, NTs and Ag NPs

2.1.1. Synthesis of TiO, NTs using anodic treatment

Commercially pure Ti foils of 10 mm diameter and 1 mm thickness (99.6% purity — grade
2, Goodfellow Cambridge Ltd., UK) were used. Before any treatment, the surface of titanium
electrode was polished with SiC paper to grade 4000 and then cleaned by sonication in deionized
water, ethanol and acetone from 10 minutes each, and then dried in air at room temperature. The
samples were anodized in ethylene glycol electrolyte containing 0.5 wt% NH,F and a small
amount of deionized water (2 %) at 40V for 2 h. A conventional two-electrode configuration with
platinum cathode electrode and Ti anode electrode and a MATRIX MPS-7163 electrochemical
source was used. After anodization, the amorphous TiO, nanotubes were crystallized into anatase
phase by annealing the foil at 500 °C for 1 h in air. The growth mechanism of TiO, nanotube array
was already explained in previous works [35, 52].

2.1.2. Electrochemical synthesis of silver nanoparticles (Ag NPel)

Silver nanoparticles (Ag NPs) were electrochemical reduction on Ti and Ti/TiO,NT
electrodes from a silver nitrate (AgNO; 0.1 M, Merck) aqueous solution, used as silver ion
precursor. Electrodeposition was carried out by chronoamperometry method, using one
compartment cell with three electrodes: Ti or Ti/TiO,NTs were used as working electrode, a
platinum counter-electrode and Ag/AgCl, KCI reference electrode, connected to an Autolab
PGSTAT 302N potentiostat with general-purpose electrochemical system software. In order to
reveal the optimal potential at which the electrocatalytic activity is the best, the potential value was
applied from-0.8 Vto -1V for 50 s.
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2.1.3. Chemical synthesis of silver nanoparticles (Ag NPch)

For chemical synthesis of AgNPsch the Ti and Ti/TiO,NTs electrodes were simply soaked
in an AgNO50.1 M and NH,F 5 10° M aqueous solution for 60 min, at room temperature without
any per-treatments for substrates. In literature, the influence of the concentration of AgNO; and of
NH,F solutions, and also, the time immersion of Ti substrate in this mixture, has been already
studied [46]. All wet chemical depositions were conducted in the dark, in order to avoid the effect
of light on the deposition of AgNPch on the electrodes surface. Adding of F ions into synthesis
solution plays an important role in Ag*ions reduction to Ag (0) onto Titanium substrate [46]. The
Scanning Electron Microscopy (SEM) morphology of the modified titanium surface with AgNP;
synthesized by chemical method (Figure 1) reveals that the entire surface was uniform covered
with Ag NPs aggregations.
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Fig. 1. SEM images of Ag NP chemical deposited on Ti substrate (Ti-AgNPs ch. electrocatalyst).

2.2. Materials Characterization

2.2.1. Physical characterization

The morphology and compositions of Ag NPs supported on Ti and Ti/TiO,NTs electrodes
were achieved by Scaning Electron Microscopy (SEM), using a FEI Nova NanoSEM 630 FEG-
SEM (SEM with Field Emission Gun) with ultra-high resolution characterization at high and low
voltage in high vacuum. The voltage of SEM analysis was 20 kV and the magnification of the
images was between 1000X and 50000X. The elemental composition was investigated using Carl
Zeiss Evo 50 XVP scanning electron microscope (SEM) equipped with energy dispersive X-ray
analysis (EDAX) Quantax Bruker 200 accessory.

2.2.2. Electrocatalytic activity of synthetized electrocatalysts: Ti-AgNPs el, Ti-AgNPs ch,
Ti/TiIO,NTs-AgNPs el, Ti/TiO,NTs-AgNPs ch
The electrocatalytic activity of the obtained electrocatalysts towards the HER was studied
in the test solution (0.1 M HCI), using linear potential sweep voltammetry (LSV) and
electrochemical impedance spectroscopy (EIS) methods. LSV technique consisted in obtaining
polarization curves scanning the potential towards the negative direction, starting from the
corrosion potential (Ec) down to -2 V potential value at a scan rate of 1.0 mV-s™, Impedance
measurements were performed in the frequency range 0.01 Hz to 100 kHz with an AC voltage
amplitude of 5 mV at cathodic overpotential. All electrochemical measurements were recorded
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using an Autolab PGSTAT 302N potentiostat connected at one compartment cell with three
electrodes: electrocatalyst designed cathode electrodes, a platinum anode electrode and Ag/AgCl,
KClI reference electrode.

3. Results and discussion

3.1. Determination of potential value necessary in electrochemical deposition of
AgNPs on Ti electrode for optimal electrocatalytic activity
In order to designed Ti-AgNPs el and Ti/TiO,NTs-AgNPs el electrocatalysts, first, it is
necessary to determinate the optimal potential value requested in Ag NPs electrodeposition process

on Titanium electrode by chronoamperometry method.
Thereby, the different potential values were applied for 50 s started from

-0.7 V up to -1 V vs. Ag/AgCl electrode, figure 2.
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Fig. 2. Chronoaperometry curves for Ag NP electrodeposition at -0.7 V, -0.8V, -0.9V and -1 V
for 50 s each, using AgNO3 0.1 M aqueous solution

In all cases, in the first five seconds the current increases, due to develop of silver
nucleation process on substrate surface and then the current leads to steady stage, indicating that
the Ag layer thickness grown and covered entire Ti surface. The current values became more
electronegative with applied potential, leading to agglomeration of Ag NPs onto metallic substrate.

The distribution of Ag NPs onto Ti substrate was evaluated by the SEM image, illustrated
in figure 3.

Fig. 3. SEM image of Ag NP electrodeposited on Ti substrate (Ti-AgNPs el. electrocatalyst) at -0.8 V
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The surface morphology of AgNPs electrodeposited onto Ti substrate has a granular
organization, with small size between 10 and 30 nm and these grains cover entire surface
uniformly.

After electrodeposition of AgNPs el onto Ti electrodes, the electrocatalytic activity toward
HER was measured in 0.1 M HCI solution using the LSV method to determine which potential
value should be used to get the optimal electrocatalyst. For the following measurements, the
electrocatalyst with the best catalytic behavior was chosen, and the optimal potential value was
established.

In next figure (figure 4), the cathodic polarization curves expose the influence of the
applied potential value on electrocatalytic activity toward HER for obtained Ti-AgNPs el
electrocatalysts.

The overpotential of the hydrogen evolution reaction (nH»/2H") was computed with next
equation:

Nrzszre = E oo - Ewe, 1)

where Eye represents the working electrode potential (V) and E'ppn. represents the reversible
hydrogen potential which was calculated with the relation: E'nooms = - 0.059-pH [46]. In our case,
at a pH value of 0.95 for 0.1 M HCI solution and hydrogen partial pressure of 1, the E'hoon Value
is - 0.056 V vs. NHE.
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Fig. 4. Cathodic current vs. overpotential of the hydrogen evolution reaction recorded for Ti-AgNPs
electrodeposited at different potential values for 50 s

According to the findings, the highest HER catalytic activity was observed when Ti-
AgNPs were electrodeposited at -0.8 V for 50 s on a surface where proton reduction begins at a
low overpotential of 0.62 V.

3.2. Morphologies and compositions of AgNPs chemical and electrochemical
synthesized on Ti and Ti/TiO,NTs supports
3.2.1. SEM images of the nanotubular titanium oxides with AgNPs deposited by
chemical and electrochemical methods
Due to the fact that in this paper the main goal is to increases the surface aria of Ag
electrocatalyst used for HER activity, the Ag was deposited onto modified Ti substrate with TiO,
nanotubes by electrochemical and chemical methods.
Thereby, in next figures the SEM images of the Ag obtained by electrochemical and
chemical methods onto TiO, NTs are depicted.
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Fig. 5. SEM image of Ti/TiO,NTs-AgNPs el electrocatalist for HER: (a) top view (b) in section view.

Like was already shown in figure 3, electrodeposited AgNPs have a granular organization
around the TiO, nanotube. In figure 5a), from the top view of the Ti/TiO,NTs-AgNPs el
electrocatalist, AgNPs were electrodeposited on the TiO,NTs walls and in some places appear
agglomerations, which covering entire TiO,NTs surface. The TiO,NTs lined with electro-
deposited AgNPs have the inner diameter between 40 and 82 nm and the wall thickness between
11 and 25 nm. The section view, figure 5b), shown that the AgNPs were electrodeposited
lengthwise on TiO,NTS, keeping in the same time the tubular structure.

Fig. 6. SEM image of Ti/TiO,NTs-AgNPs ch electrocatalist for HER: (a) top view (b) in section view.

On the other hand, in case of chemical method, figure 6a), AgNPs ch have a fibers type
organization above TiO, nanotubes, covering entire surface. The diameter of Ag fibers is between
11 and 30 nm, and in some places AgNPs agglomerations are present with dimensions between 9
and 70 nm. From section view, figure 6b), was observed that these Ag nanofibers have surrounded
entire surface of the nanotube on a length of about 4.4 um. The outer diameter of TiO,NTs
covered with Ag nanofibers is between 90 and 120 nm, and the inner one is between 40 and 55
nm, smaller than in case of TiO,NTs covered with electrodeposited AgNPs el.

3.2.2. EDAX results
The quantitative presence of AgNPs on both chemical and electrochemical catalysts was
put in evidence by energy dispersive X-ray analysis (EDAX), figure 7.
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Fig. 7. EDAX examinations of (a) Ti/TiO,NTs-AgNPs ch. and (b) Ti/TiO,NTs-AgNPs el. electrocatalysts
for HER

The EDAX spectra, figure 7 (a) and (b), reveal signals from Ti (~ 4.5 keV/Ka), Ag (~ 3
keV/Ka) and O (~ 0.7 keV/Ka) with different mass percentages, depending on the method used for
deposit of AgNPs on the Ti/TiO,NTs substrate. The content of AgNPs with fibers type
organization (4.48 wt %), obtained by chemical method in presence of flour ions in the synthesis
solution, is little bigger than that obtained by electrochemical method (4.19 wt %). This may

indicate a penetration of F ions into the oxide nanotube substrate, making the AgNPs precipitation
easier.

3.3. Applications - electrocatalytic activity of Ti-AgNPs el, Ti-AgNPs ch, Ti/TiO,NTs-
AgNPs el, Ti/TiO,NTs-AgNPs ch electrodes towards the HER

3.3.1. Cathodic polarization measurements

In order to evaluate the electrocatalytic activity of designed electrodes, the cathodic
behavior was studied in 0.1 M HCI solution comparatively with the unmodified Ti electrode, using
LSV method at a scan rate of 1.0 mV s™. In figures 8 (a) and (b) the cathodic polarization results
were plotted at different scales in order to highlight the influence of the TiO, nanotubes presence
and the type of synthesis method used for Ag nanoparticles deposited onto Ti substrate.
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Fig. 8. Cathodic current vs. (a) electrode potential, E(SCE), and (b) overpotential of the hydrogen
evolution reaction (nH,/2H"), recorded for untreated Ti, Ti-AgNPs el, Ti-AgNPs ch, Ti/TiO,NTs-
AgNPs el, Ti/TiO,NTs-AgNPs ch electrodes, obtained irl 0.1 M HCl solution (pH 0.95) at a scan rate
of 1.0 mV-s™.

In Table 1 the reduction potential (E;) and overpotential of the hydrogen evolution
reaction (nHy/2H") values were exhibited:

Table 1. The reduction potential and overpotential of the hydrogen evolution reaction values.

Electrocatalysts for HER E. NH2oH+
(W) V)
Ti -0.88 0.82
Ti-AgNPs ch - 0.66 0.55
Ti-AgNPs el -0.74 0.75
Ti/TiO,NTs-AgNPs ch -0.54 0.49
Ti/TiO,NTs-AgNPs el - 0.65 0.52
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Cathodic polarization data revealed that the presence of AgNPs, obtained from both
chemical and electrochemical deposition methods, leads to improve the catalytic activity of the
Titanium electrode. The reduction potential for Ti-AgNPs ch electrocatalyst electrode has a less
electronegative value (- 0.66 V) and a smaller overpotential values (0.55 V) compared with Ti-
AgNPs el electrode. This proves that the AgNPs deposited method influences the catalytic
properties of the final designed electrocatalysts, due to the fact that the deposited Ag layer has a
different morphology which depends on the obtaining method, as was observed from SEM images.
Moreover, the presence of TiO,NTs onto the Ti substrate, before the AgNPs deposition, increases
the hydrogen evolution reaction in both chemical and electrochemical deposition methods. The
reduction potential values are higher and also, the overpotential values are smaller towards
electrocatalysts designed without TiO, nanotubes. This behavior can be explained by the fact that
the nanotubes presence leads to the enhancement of the contact surface of the catalyst, the Ag
nanoparticles have been deposited both above and along TiO, nanotubes, according to SEM
images. The best catalytic activity was achieved for Ag nanoparticles deposited by chemical
method above/along TiO,NTs template (Ti/TiO,NTs-AgNPs ch electrocatalyst), which has a
reduction potential by - 0.54 V and the lowest overpotential value by 0.49 V. This means that the
fibers type organization of AgNPs ch above/along TiO, nanotubes improves the contact surface of
the final catalyst, comparing to the granular organization of the Ag nanoparticles (AgNPs el)
obtained by electrochemical deposition method. From SEM results was demonstrated that the
walls of the TiO, nanotubes covered with Ag nano-fibers are thicker than those covered with Ag
nano-grains, leading to a higher contact surface, as expected.

3.3.2. Electrochemical Impedance Spectroscopy

Other parameter used to evaluate the electrocatalytic activity of the designed
electrocatalysts towards the HER was polarization resistance values (R,) from EIS data. If the R,
have high values, then the catalytic activity of the designed electrocatalysts is smaller.

In Figure 9 the Nyquist plots, obtained in 0.1 M HCI solution and in the frequency range
between 0.01 Hz to 100 kHz, are depicted for untreated Ti, Ti-AgNPs el, Ti-AgNPs ch,
Ti/TiO,NTs-AgNPs el, Ti/TiO,NTs-AgNPs ch electrocatalysts.

4.0x10°

) J—TiITiOZNMIL
a) . 1.5x104_ b) ~ 4.0x10
g
/ N 2.0x10°
—_ )
g yd & 1.0x10*
5- A d
5, 20x10 T £
/ A .
J 5.0x10° <]/<] ’./' _._TI.-Ag NT ch
S " Ti-Ag NT el
'. . - TilTiO9NT-Ag NT ch
0.0 : . 0.0 —- TiTiOJNT-Ag NT el
0 1x10° 2x10° - — -~ -
. 0 1x10 2x10 3x10
Z(Q) Z'(Q)

Fig. 9. Nyquist spectra for (a) untreated Ti and (b) Ti-AgNPs el, Ti-AgNPs ch, Ti/TiO,NTs-AgNPs el,
Ti/TiO,NTs-AgNPs ch designed electrocatalysts.

The electrochemical parameters computed with Nova software from fitting EIS data are
presented in Table 2. A Randles circuit [35] was used to fit the EIS data, which contains following
parameters [35]: Rs - 0.1 M HCI electrolyte resistance; R, - polarization resistance of the designed
electrocatalysts/electrolyte interface with a constant phase element (CFE).
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Table 2. Electrochemical parameters obtained from fitting of EIS data.

Rs R CFE
Electrocatalysts for HER (Q-em?) (Q_csng) @ -cm?s") n
Ti 327.34 1.555-10° 10.23-10° 0.998
Ti-AgNPs ch 175.14 14.649-10° 233.98-10° 0.997
Ti-AgNPs el 61.41 26.803-10° 48.61-10° 0.998
Ti/TiO,NTs-AgNPs ch 43.54 1.553-10° 10.24-10° 0.999
Ti/TiO,NTs-AgNPs el 225 14.13-10° 1.126:107 0.999

The EIS data reveal that the polarization resistance (R,) values corresponding to
electrocatalysts with Ag nanoparticles decreased with three order of magnitude than the untreated
Ti electrode. As expected, the nanostructured modification treatment before the Ag NPs deposition
enhances the catalytic activity of the final designed electrocatalysts. The smaller R, value was
recorded for Ti/TiO,NTs-AgNPs ch electrocatalyst, these results being in accordance with the LSV
data. In all cases the electrocatalysts displayed a pseudo-capacitive behavior, as resulted from n
values.

4. Conclusions

Electrocatalysts for HER reaction have been designed by synthesizing of the Ag
nanoparticles onto Titanium substrate with a fiber type organization using the chemical method
and respectively, with a granular organization by the electrochemical deposition method.

Also, the active surface area of the AgNPs based electrocatalysts was enhanced by the
anodization of the Titanium substrate and obtaining of self-organized TiO, nanotubes arrays,
before the AgNPs deposition by both methods.

The influence of the AgNPs synthesized method and the TiO,NTs presence on the
electrocatalytic activity of Ti-AgNPs el, Ti-AgNPs ch, Ti/TiO,NTs-AgNPs el and Ti/TiO,NTs-
AgNPs ch electrodes towards the HER was investigated. The presence of TiO,NTs onto the Ti
substrate, before the AgNPs deposition, increases the hydrogen evolution reaction in both
chemical and electrochemical deposition methods.

The best electrocatalytic activity was found for the Ti/TiO,NTs-AgNPs ch electrode with
fibers type organization of AgNPs ch above/along TiO, nanotubes. This type of AgNPs
organization leads to a higher contact surface in comparison to the granular organization of the Ag
nanoparticles (AgNPs el) obtained by electrochemical deposition method.
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