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In this study, three-dimensional gold-nickel-molybdenum (Au(NiMo)) 
catalysts have been studied as catalysts for the oxygen evolution reaction 
(OER). The  catalysts have been deposited on a  titanium surface using 
electroplating and galvanic displacement techniques. The  modifica-
tion of NiMo with a  low amount of Au crystallites in a  range of 1.2–
5.2 μgAucm–2 results in enhanced activity for OER in the alkaline medium 
compared to respective binary un-modified NiMo catalysts. The current 
densities for OER increase ca.1.2–7.3 and 1.3–5.1 times with an increase 
in temperature from 25 up to 75°C using the prepared 3D binary NiMo/
Ti and Au(NiMo)/Ti catalysts, respectively.
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INTRODUCTION

To address the  ever-increasing energy demands 
and rapid depletion of fossil fuels and, at the same 
time, global warming and environmental emission, 
it is urgently important to exploit more and more 
clean and renewable alternative energy resources, 
e.g. solar, wind, geothermal energy, and bioenergy 
for a  sustainable world. Research has shown that 
among those above-mentioned renewable fuels, 
hydrogen, the  most abundant element on earth, 
can also be considered to be the  most efficient 
main medium for energy storage in the future due 
to its excellent energy conversion efficiency, higher 
gravimetric energy density than gasoline (120 vs 
44 MJ kg–1), eco-friendliness, high-energy density, 
recyclability, as well as zero-emission of greenhouse 
gases [1–5]. 

Electrocatalytic water splitting has gained much 
research interest as one of the  most promising 
meth ods for hydrogen production, as high pure 
hydrogen can be produced by electrochemical wa-

ter splitting as an environment-friendly method [6, 
7]. The electrochemical water splitting incorporates 
two half-reactions, namely the  hydrogen evolu-
tion reaction (HER) and oxygen evolution reac-
tion (OER) on the cathode and anode, respectively. 
Compared to HER, OER is the  main bottleneck 
for electrocatalytic water splitting due to its dual 
influence of sluggish reaction kinetics with multi-
ple proton-couple electron transfer reactions and 
thermodynamics. As water electrolysis is thermo-
dynamically hindered at standard temperature and 
pressure and more potential is required in addition 
to the standard thermodynamic potential (1.23 V), 
it is necessary to fabricate efficient catalysts for 
OER to overcome the resistance and barriers of hy-
drogen production by OER overpotentials. In this 
scenario, material selection and design are the key 
factors for exploring high-active electrocatalysts 
substantiating their cost, stability, efficiency and 
earth-abundance [8–11]. 

As it is well established that water electrolysis 
in acidic electrolytes has higher energy efficiency 
and production rate compared to alkaline electro-
lytes, albeit the harsh corrosive acidic environment 
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allows some noble metal-based catalysts only 
for both electrodes. At present, platinum (Pt) is 
the  benchmark electrocatalyst for HER  [12] and 
noble metals iridium (Ir), ruthenium (Ru) and 
their oxides (IrO2 and RuO2) have been regarded 
as promising excellent electrocatalysts for OER [13, 
14], but their high production costs and low reserve 
limit the industrial application of noble metal cata-
lysts for electrocatalytic water splitting. Therefore, 
due to the less corrosion ability of alkali, researchers 
have unveiled the engineering of non-noble metal 
electrocatalysts with a high activity and durability, 
and a low cost in recent years to promote the indus-
trial development of alkaline water splitting.

In recent decades, researchers have developed 
several reaction mechanisms, such as the adsorb-
ate evolution mechanism (AEM)  [15] and lattice 
oxygen oxidation mechanism (LOM) [16], to fun-
damentally understand the  reaction mechanisms 
and find the  origin of the  reaction overpotential 
at the active site of different materials. Using these 
discovered mechanisms as the guidelines, it is pos-
sible to design more efficient OER electrocatalysts 
by increasing the exposure of electrochemically ac-
tive sites by reducing the particle size, engineering 
morphology of the catalyst, and promoting the sur-
face reconstruction of the catalysts into the active 
species [17].

The OER mechanism involves the  breaking of 
the O–H bond and the formation of the O–O bond 
and changes according to the pH of the electrolyte. 
In alkaline electrolytes, oxygen molecules are pro-
duced by the conversion of the OH– through four-
electron transfer steps. The mechanism of OER has 
been shown in Eqs.  (1)–(5) for the  alkaline me-
dium [18–19]:

OH– + * → OH* + e–, (1)

OH* + OH– → O* + H2O + e–, (2)

2O* → 2* + O2(g), (3)

O* + OH– → OOH* + e–, (4)

OOH* + OH– → * + O2(g) + H2O(l) + e–. (5)

The total response is the following:

4OH– → 2H2O(l) + O2(g) + 4e–.

Undoubtedly, over the past years, abundant low-
cost transition metals on the earth (Ni, Fe, Mo, Co, 
Mn, Cu, etc.), their compounds and alloys with 
different elemental compositions have gained ex-
tensive attention as OER electrocatalysts to replace 
noble IrO2 and RuO2 electrodes. These electrocata-
lysts include monometallic [20, 21], bimetallic [22, 
23] and trimetallic  [24–26] transition metals as 
well as their carbides [27–29], nitrides [27, 30, 31], 
phosphides [32–34], sulphides [35, 36], etc. Studies 
revealed that in order to act as an electrocatalyst 
with an excellent electrocatalytic activity, the elec-
trode must have a high surface active area as well as 
a high intrinsic electrocatalytic activity along with 
durability. The  intrinsic electrocatalytic activity 
can be achieved by alloying various transition met-
als instead of using pure metal(s) and the electro-
chemically active surface area can be enhanced by 
fabricating different nanostructures such as nanow-
ires [37, 38] nanosheets [4, 33, 39], nanocones [40], 
nanostars [9], etc. Other studies have demonstrat-
ed that binary, ternary and multinary alloying of 
transition metals such as Ni–Co [41], Ni–Mn [42], 
Mn–Co–Ni  [43], Ni–Fe–Mo–Cu [44], etc. exhibit 
improved electrocatalytic activity for water split-
ting in different compositions. Among these tran-
sition metals, nickel can be considered to be an 
excellent candidate as an electrocatalyst because 
of its less free energy to absorb hydrogen and Ni–
Mo2C-embedded N-doped carbon nanofibers (Ni/
Mo2C–NCNFs) demonstrated as an excellent bi-
functional electrocatalyst for overall water splitting 
delivering low overpotentials of 143 mV for HER 
and 288 mV for OER to attain current density of 
10 mA cm–2 [45]. The synergistic effect between Ni 
and Mo is noteworthy here as the hydrogen binding 
energy (HBE) between Ni and H is slightly weaker, 
whereas it is stronger enough between Mo2C and H. 
Thus, the HBE can be controlled to a relatively mod-
erate value by chemically coupling Ni and Mo2C, 
which could contribute to balance the  thermody-
namics between hydrogen adsorption and desorp-
tion [45, 46]. Nickel molybdenum nitride nanorods 
grown on Ni foam (Nifoam@Ni–Ni0.2Mo0.8N) exhibit 
an excellent electrocatalytic performance in 1.0 M 
KOH with low overpotentials of 15 and 218 mV for 
HER and OER, respectively, at a current density of 
10 mA cm–2  [31]. Furthermore, a unique fabrica-
tion of Ni–Mo nanostars by the  electrochemical 
deposition method also resulted in an excellent 

https://www.sciencedirect.com/topics/engineering/transition-metal-carbide
https://www.sciencedirect.com/topics/engineering/transition-metal-carbide
https://www.sciencedirect.com/topics/engineering/phosphide
https://www.sciencedirect.com/topics/chemistry/sulfide
https://www.sciencedirect.com/topics/engineering/electrocatalytic-activity
https://www.sciencedirect.com/topics/chemistry/nanomaterial
https://www.sciencedirect.com/topics/engineering/nanowire
https://www.sciencedirect.com/topics/engineering/nanowire
https://www.sciencedirect.com/topics/chemistry/nanosheet
https://www.sciencedirect.com/topics/chemistry/nanocone


34 ISSN 0235-7216   eISSN 2424-4538 S. Barua et al. / Chemija. 34, 32–40 (2023)

electrocatalytic behaviour where a minimum value 
of 60 mV and 225 mV overpotential were required 
for generating the current density of 10 mAcm–2 in 
the HER and OER process, respectively, in the al-
kaline medium (1.0 M KOH) [9].

Inspired by the above-mentioned reports, herein 
we apply the widely used simple, fast and inexpen-
sive electrodeposition technique to fabricate a low-
cost, binderless and thin-layer three-dimensional 
(3D) binary Ni-Mo catalysts supported on titanium 
(Ti) surface (denoted as NiMo/Ti) followed by dec-
oration with a very low amount of Au-crystallites 
(denoted as Au(NiMo)/Ti) for investigating their 
electrocatalytic OER performance in the  alkaline 
medium (1.0 M NaOH).

EXPERIMENTAL

Chemicals
Titanium foil (99.7% purity) and HAuCl4 (99.995%) 
were purchased from Sigma-Aldrich Supply. H2SO4 
(96%), HCl (35–38%), nickel sulfate hexahydrate 
(NiSO4·6H2O, >98%), sodium molybdate dihydrate 
(Na2MoO4·2H2O, >99.5%) and NaOH (98.8%) were 
purchased from Chempur Company. Ultra-pure 
water with a resistivity of 18.2 MΩ·cm–1 was used 
for preparing the solutions. All chemicals were of 
analytical grade and used directly without further 
purification.

Fabrication of catalysts
The catalysts were prepared by a  facile, two-step 
process that involves electrodeposition of the  Ni-
Mo layer on the surface of the titanium (Ti) elec-
trode followed by a  galvanic displacement from 
the Au(III)-containing solution. Prior to the dep-
osition of the  NiMo catalysts, the  titanium plates 
were pretreated in diluted H2SO4 (1:1 vol) at 70°C 
for 3 s. NiMo catalysts were electroplated on the Ti 
surface (1 × 1 cm) from a bath containing 0.03 M 
Na2MoO4 along with 0.1, 0.2 and 1.0 M NiSO4 in 
an acidic medium (1.5  M H2SO4 and 1  M HCl). 
The  process of electrochemical deposition was 
carried out at the constant current of 0.1 and 1 A 
for 3 min at each current. The Au crystallites were 
deposited on the prepared NiMo/Ti electrodes by 
their immersion into 1 mM HAuCl4 + 0.1 M HCl 
solution for 10  s. After plating, the  samples were 
taken out, thoroughly rinsed with deionized water 
and air-dried at room temperature.

Characterization of catalysts
The morphology and composition of the prepared 
catalysts were investigated by scanning electron 
microscopy (SEM) using an SEM workstation SEM 
TM  4000 Plus (HITACHI). The  metal loadings 
were determined by inductively coupled plasma 
optical emission spectrometry (ICP-OES) analysis. 
The ICP-OES spectra were recorded using an Opti-
ma 7000 DV spectrometer (Perkin Elmer, Waltham, 
MA, USA) at wavelengths of λNi 231.604  nm, λMo 
202.031 nm and λAu 267.595 nm.

Electrochemical measurements
To investigate the electrochemical properties of our 
fabricated catalysts, a conventional three-electrode 
electrochemical cell was used and those fabricated 
NiMo/Ti and Au(NiMo)/Ti catalysts were em-
ployed as working electrodes, a Pt sheet was used 
as a counter electrode, and a calomel electrode was 
used as a reference. All potentials in this work were 
converted to the  reversible hydrogen electrode 
(RHE) scale using the following equation (6):

ERHE = ESCE + 0.242 V + 0.059 V × pHsolution. (6)

Current densities were calculated using the elec-
trode geometric area of 2 cm2. 1 M NaOH solution 
was used as an alkaline medium (working electro-
lyte) and always deaerated by argon (Ar) for 20 min 
before recording each linear sweep voltammograms 
(LSVs). The OER polarization curves were recorded 
from the open circuit potential (OCP) to 2.08 V (vs 
RHE) at a potential scan rate of 10 mV·s–1. Polariza-
tion curves were recorded at several temperatures 
from 25 up to 75°C, setting the  temperature with 
a water jacket connected to a LAUDA Alpha RA 8 
thermostat. Chronoamperometry (CA) curves 
were recorded for 2 h at a potential of 1.83 V (vs 
RHE) for investigating the stability of those fabri-
cated catalysts. All electrochemical measurements 
were performed with a Metrohm Autolab potentio-
stat (PGSTAT302) using the Electrochemical Soft-
ware (Nova 2.1.4).

RESULTS AND DISCUSSION

This study presents the preparation of 3D-structured 
binary NiMo/Ti and ternary Au(NiMo)/Ti catalysts 
and their electrocatalytic performance was inves-
tigated for OER. The  composition of the  plating 
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solutions for fabricating 3D binary NiMo/Ti cata-
lysts is listed in Table  1, and the  fabrication was 
carried out using the  electrochemical deposition 
method as described in the Section ‘Fabrication of 
catalysts’. As mentioned in Table 1, the Ni2+/Mo6+ ra-
tio of the plating solutions was varied by changing 
the concentration of NiSO4, while the concentration 
of Na2MoO4 was kept constant. The morphology and 
composition of the prepared six catalysts have been 
characterized by SEM and ICP-OES techniques and 
are presented in Fig. 1 and Table 2. Figure 1a–c shows 
the SEM images of the NiMo layers electrodeposited 
on the Ti surface and as a function of the adjacent 
Ni2+/Mo6+ ratio, both the  surfaces of NiMo/Ti-1 
and NiMo/Ti-2 catalysts are smooth and not well-
distinctive with a porous architecture Fig. (1a, b). In 
the case of the NiMo/Ti-3 catalyst, the lower magni-
fication SEM image depicts the wide-ranging cedar 
leaf-like Ni-Mo alloy structure that grows in a large 
area on the  Ti surface as a  function of the  Ni2+/
Mo6+ ratio. Those leaf-like Ni-Mo alloy architectures 
have been uniformly dispersed on the  Ti surface 
and the higher magnification portraits an irregular 

stack of well-defined randomly distributed particles 
forming a cedar leaf-like structure. Figure 1f depicts 
the surface of Au(NiMo)/Ti-3 electrode, where Au 
crystallites were deposited on the  prepared NiMo/
Ti-3 electrode after immersing into 1  mM HAu-
Cl4 + 0.1 M HCl solution for 10 s. The mass of the el-
ements (metal loadings) deposited onto the Ti sub-
strate surface was determined by ICP-OES analysis 
(Table 2). It was found that the  formed 3D binary 
NiMo/Ti catalysts contained ca. 83–94 wt.% of Ni, 
whereas those 3D ternary Au(NiMo)/Ti catalysts 
possessed ca. 77–88 wt.% of Ni, 6–18 wt.% of Mo and 
5–6 wt.% of Au. The total metal loadings (µgmetalcm–2) 
in the prepared catalysts are quite different and vary 
from 24 up to 106 µgmetalcm–2.

Ta b l e  1 .  Composition of the electrochemical bath

Catalysts
Concentration in mol·dm–3

Ni2+ Mo6+

NiMo/Ti-1 0.1 0.03

NiMo/Ti-2 0.2 0.03

NiMo/Ti-3 1.0 0.03

Fig. 1. SEM views of NiMo/Ti (a–c) and Au(NiMo)/Ti (d–f) catalysts mentioned in Table  2. 
(c) The inset represents the photo of a cedar leaf
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The investigаtion of the  electrocatalytic OER 
performance of the  prepared catalysts was per-
formed by recording LSVs in 1.0  M NaOH solu-
tion at а potentiаl scаn rаte of 10 mV·s–1 in several 
temperatures from 25 up to 75°C and the potential 
range from the open-circuit potential (OCP) up to 
2.08 V (vs RHE). Ternary Au(NiMo)/Ti-3 catalyst 
exhibited the highest current density (j), followed by 
Au(NiMo)/Ti-2 and Au(NiMo)/Ti-1. For instance, 
Au-decorated ternary Au(NiMo)/Ti-3, Au(NiMo)/
Ti-2 and Au(NiMo)/Ti-1 catalysts reached the cur-
rent densities up to 71, 37 and 21 mA·cm–2 at 25°C. 
On the contrary, that fabricated binary (NiMo/Ti) 

catalysts exhibited comparatively lower (from 1.2 
to 3 times lower) current densities with a mutual 
comparison for OER (Fig. 2). It has been observed 
that the  current densities increase gradually with 
an increase of temperature from 25 up to 75°C and 
for binary NiMo/Ti catalysts, j increases ca. 1.2–7.3 
times higher, whereas ca. 1.3–5.1 times higher val-
ues were recorded for Au(NiMo)/Ti catalysts. Fig-
ure 3a, b depicted the current densities of 3D bina-
ry NiMo/Ti and Au-decorated ternary Au(NiMo)/
Ti catalysts at 25°C, respectively.

An overpotential to reach a  current density 
of 10  mA·cm–2 (η10) was found to be similar for 

Fig. 2. OER polarization curves of 3D NiMo/Ti (a–c) and Au(NiMo)/Ti (d–f) catalysts in 1 M NaOH solution at 10 mV·s–1 potential scan rate and 
25–75°C temperature range

Ta b l e  2 .  The metal loading in the catalysts determined by ICP-OES analysis

Catalyst Ni loadings, µgNicm–2 Mo loadings, µgMocm–2 Au loadings, µgAucm–2 Total metal loading, µgmetalcm–2

NiMo/Ti-1 23.4 4.9 28.3

NiMo/Ti-2 29.6 5.3 34.9

NiMo/Ti-3 99.5 6.7 106.2

Au(NiMo)/Ti-1 18.3 4.4 1.2 23.9

Au(NiMo)/Ti-2 25.4 4.6 1.7 31.7

Au(NiMo)/Ti-3 81.4 6.0 5.2 92.6

a NiMo/Ti-1 b NiMo/Ti-2 c NiMo/Ti-3

d Au(NiMo)/Ti-1 e Au(NiMo)/Ti-2 f Au(NiMo)/Ti-3

25°C
35°C
45°C
55°C
65°C
75°C
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Fig. 3. OER polarization curves of 3D NiMo/Ti (a) and Au(NiMo)/Ti (b) catalysts in 1 M NaOH solution at 10 mV·s–1 potential scan 
rate and 25°C temperature and the corresponding Tafel plots (a’, b’)

Au(NiMo)/Ti-2 (600 mV), NiMo/Ti-3 (580 mV) 
and NiMo/Ti-2 (620 mV) and ca. 110 mV higher 
for Au(NiMo)/Ti-1 (710  mV) catalyst (Table  3). 
Au(NiMo)/Ti-3 catalyst demonstrates as the  su-
perior among all as required the  lowest overpo-
tential of 480  mV. The  current density at NiMo/
Ti-1 catalyst did not reach a value of 10 mA·cm–2 
in the  investigated potential range; it reached 
a value of only 6.52 mA·cm–2 at 2.08 V and 25°C. 
The Tafel plots were constructed by using the OER 
polarization curves and the resultant Tafel slopes 
were demonstrated in Fig. 3 (a’, b’). The Tafel slope 
values of 167, 93 and 169 mV·dec–1 were obtained 
for OER at NiMo/Ti-1, NiMo/Ti-2 and NiMo/

Ti-3 catalysts, respectively, and the  evaluated 
Tafel slope values for those Au-decorated ternary 
Au(NiMo)/Ti-1, Au(NiMo)/Ti-2 and Au(NiMo)/
Ti-3 catalysts were, respectively, 106, 81 and 
114 mV·dec–1.

Another crucial criterion for an advanced elec-
trode material is its electrochemical stability. To 
further explore and elucidate the OER activities, 
the durability of all six catalysts was evaluated by 
chronoamperometric (CA) measurements in 1 M 
NaOH at 1.83 V (vs RHE) for 2 h (Fig. 4). For bi-
nary NiMo/Ti catalysts, a  sharp decrease in cur-
rent densities was observed, while the Au(NiMo)/
Ti catalysts show much higher stability for OER 
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in alkaline media. The  CA results confirmed 
the  result obtained by LSV analysis in terms of 
Au(NiMo)/Ti-3 catalyst giving the  highest cata-
lytic activity (current density) for OER (Fig. 4b). 
More than 2.5 times lower current density was 
obtained with Au(NiMo)/Ti-2 (3.39  mA·cm–2) 
and ca. 5.5 times lower with Au(NiMo)/Ti-1 
catalysts (1.57  mA·cm–2) in CAs after 2  h. In 
the  case of binary NiMo/Ti-3 coating, a  com-
paratively lower current density was recorded 
(1.1  mA·cm–2) along with 2.8 and more than 17 
times lower value for NiMo/Ti-2 (0.39 mA·cm–2) 
and NiMo/Ti-1 (0.06 mA·cm–2) catalysts. The at-
tained current densities after 0.5 h and after 2 h for 
OER are 1.3–1.8 times lower for all the prepared 
catalysts.

CONCLUSIONS

The binary Ni-Mo alloy coatings were successful-
ly deposited on the Ti substrate through the elec-
trodeposition method and subsequently deco-
rated with a  very low amount of Au-crystallites 
from the  gold-containing solution to investigate 
their enhanced catalytic performance by compar-
ing with those respective bare NiMo/Ti catalysts 
for oxygen evolution reaction. These fabricated 
binder-free electrodes exhibited a  good stabil-
ity, which could be ascribed to the  high intrin-
sic activity between Ni and Mo as well as their 
uniformly dispersed large specific surface area. 
The Au(NiMo)/Ti catalysts with the low Au load-
ings in a  range of 1.2–5.2  μgAucm–2 possess ca. 

Ta b l e  3 .  Electrochemical performance of the tested catalysts toward OER in alkaline media

Catalysts
j (mA·cm–2) in different temperatures (°C) at 2.08 V

Tafel slope, mV·dec–1 η10*, mV
25 35 45 55 65 75

NiMo/Ti-1 6.52 9.76 16.5 23.77 34.5 47.45 167 –

NiMo/Ti-2 29.91 42.62 52.75 70.28 92.62 115.31 93 620

NiMo/Ti-3 39.05 50.34 62.55 87.13 111.65 152.53 169 580

Au(NiMo)/Ti-1 20.63 28.46 40.59 57.16 78.34 106.14 106 710

Au(NiMo)/Ti-2 36.61 50.16 72.65 101.24 128.39 162.8 81 600

Au(NiMo)/Ti-3 71.37 95.73 126.0 154.94 193.31 228.63 114 480

* Overpotential at 10 mA·cm–2.

Fig. 4. Chronoamperometric data of the investigated NiMo/Ti and Au(NiMo)/Ti catalysts in 1 M NaOH solution at the potential value 
of 1.83 V (vs RHE), t = 2 h (7200 s)
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1.2–3.2 times higher electrocatalytic activity to-
wards the oxygen evolution reaction in the alka-
line medium as compared to the respective binary 
NiMo/Ti catalysts and seem to be promising anode 
materials for OER. The best electrochemical acti-
vity for OER in alkaline media was obtained using 
Au(NiMo)/Ti-3 catalysts with the  Au loading 
of 5.2 μgAucm–2.
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3D STRUKTŪROS Au(NiMo)/Ti 
KATALIZATORIAI EFEKTYVIAI DEGUONIES 
IŠSISKYRIMO REAKCIJAI

S a n t r a u k a
3D struktūros aukso-nikelio-molibdeno (Au(NiMo) 
katalizatorių aktyvumas tirtas deguonies išsiskyrimo 
reakcijai (OER). Katalizatoriai buvo nusodinti ant tita-
no paviršiaus naudojant elektrocheminį metalų nuso-
dinimo bei galvaninio pakeitimo metodus. Au(NiMo)/
Ti katalizatoriai, kuriuose nusodinto Au kiekis yra nuo 
1,2 iki 5,2  μgAucm–2, pasižymėjo ~1,2–3,2 karto dides-
niu elektrokataliziniu aktyvumu deguonies išsiskyrimo 
reakcijai šarminėje terpėje, palyginti su atitinkamais 
NiMo/Ti katalizatoriais. Didinant temperatūrą nuo 25 
iki 75 °C, deguonies išsiskyrimo srovės tankio vertės pa-
didėja 1,2–7,3 ir ~1,3–5,1 karto, naudojant, atitinkamai, 
3D NiMo/Ti ir Au(NiMo)/Ti katalizatorius.
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