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Abstract: In this paper, the generation of hydrogen from alkaline sodium borohydride solution by
hydrolysis is studied. To obtain catalysts for efficient hydrogen generation, Ni, Mn, Mo, and Co
metals were deposited on the Cu surface by the simple electroless metal deposition method using
morpholine borane as a reducing agent. Depending on the peculiarities of the deposition of each
metal, the coating thickness was ca. 1 µm for all catalysts. The deposited coatings were compact
and crack-free, with multilayer characteristics and a cauliflower-like structure. The prepared Ni/Cu,
NiMn/Cu, NiMo/Cu, NiCo/Cu, NiCoMn/Cu, NiCoMo/Cu, and NiCoMoMn/Cu catalysts showed
an efficient catalytic activity for sodium borohydride hydrolysis reaction. The lowest activation energy
of 45.3 kJ mol−1 for sodium borohydride hydrolysis reaction was obtained using the NiCoMoMn/Cu
catalyst. The highest hydrogen generation rate of 3.08 mL min−1 was also achieved using this catalyst
at 303 K. With a further increase in temperature to 343 K, the hydrogen generation rate catalyzed by
the NiCoMoMn/Cu increased 7.7 times and reached 23.57 mL min−1.

Keywords: electroless deposition; nickel; cobalt; molybdenum; manganese; hydrogen generation;
borohydride

1. Introduction

For several decades, ways to replace fossil fuels such as oil, coal, and natural gas
have been sought. The reason for finding alternatives to these materials is that they are
constantly depleting, and burning products of such fuel pollutes the environment and
causes the greenhouse effect, thus contributing to climate change. Therefore, new types
of fuel and renewable energy sources have become increasingly studied by scientists.
Hydrogen as an alternative to fossil fuels has been proposed for a long time, as hydrogen
fuel cells already operate in the aviation, electrical, and automotive industries [1–7]. A
few years ago, hydrogen demand was 94 million tons and accounted for about 2.5% of
global final energy consumption. It is estimated that by 2030, hydrogen demand will
increase by more than 1.5 times to reach more than 150 million tons, with nearly 30% of
that demand coming from new applications [8]. However, the vast majority of current
hydrogen (about 95%) is produced by steam methane reforming and coal gasification
processes, which produce CO2 and require carbon capture and storage to reduce the
environmental impact [9,10]. In addition, fossil fuels are inevitably consumed. At the same
time, due to the flammability and explosiveness of hydrogen, transportation and storage
problems are encountered [1,4,7,11–13]. Therefore, great attention was focused on storing
hydrogen in other materials and further generating it from them. One of the most important
properties of hydrogen storage materials is their high gravimetric hydrogen capacity. Some
of those materials could be liquid ammonia, various organic compounds, or solid materials
such as metal hydrides, complex hydrides, organic hydrides, carbon-containing materials,
zeolites, and metal-organic frameworks [3,5,13–15]. Due to their high hydrogen capacity
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(for example, NH3BH3 (19.6 wt%), LiBH4 (18.4 wt%), NH3 (17.7 wt%), N2H4BH3 (15.4 wt%),
Mg(BH4)2 (14.8 wt%), NaBH4 (10.73 wt%), and N2H4·H2O (8 wt%)), these materials are
considered promising for hydrogen storage and use in portable fuel cells [5,14–16].

Sodium borohydride is considered one of the most suitable materials for hydrogen storage.
It is characterized by a high hydrogen content, it is cheap, environment-friendly, stable in alkaline
solutions, non-flammable, non-toxic, and works under mild conditions [6,7,11,12,15–19]. The
generation of hydrogen from this hydride is described by the following reaction [6,7,20]:

NaBH4 + 2H2O → 4H2 + NaBO2 + Q (1)

Notably, the borohydride hydrolysis reaction produces extremely pure hydrogen,
which can be directly used in the hydrogen fuel cell. Fuel cells using pure hydrogen have
virtually no emissions other than water. Therefore, the discovery of selective catalysts for
this reaction is an important part of the research to avoid the pollution of the electrode
surface during the process and the disadvantages of storing and transporting hydrogen.
Moreover, the less corrosive nature of an alkaline environment ensures potentially greater
durability as well as inherently faster kinetics of the oxygen reduction reaction in an alkaline
fuel cell (AFC), and allows the use of non-noble and low-cost metal electrocatalysts such as
nickel, cobalt, molybdenum, etc., to make AFC a potentially low-cost technology compared
to other fuel cells that use platinum catalysts [21]. Therefore, studies of the performance
characteristics of alkaline fuel cells powered by hydrogen are important and relevant.

One of the most important reasons for the efficient operation of the energy source
is a functional, effective, and relatively inexpensive catalytic material that initiates the
onset of a chemical reaction. It is known that sodium borohydride hydrolyzes even at
room temperature without a catalyst, but this reaction is very slow [6,12,15,17–20]. Noble
metals, such as Pt, Ru, Pd, Rh, and Au were found to be great and efficient catalysts
to accelerate sodium borohydride hydrolysis [7,11,12,17–19,22]. However, due to their
high price, low abundance, and rapid surface poisoning, there appears to be a need to
create new catalysts and replace noble metals. Therefore, much effort has been devoted to
developing new, efficient catalytic materials and improving their functionalization while
addressing the use of expensive noble metals and ecological problems to create cleaner fuel
technologies and eliminate environmentally harmful processes in the chemical industry.
The search strategy for new catalysts is based on developing alternative, more effective
materials using transition metals including Ni, Co, Fe, Mn, Cu, and Mo [17–19,23–25]. The
literature indicates that joining metals together improves the catalytic properties of the new
catalyst due to the synergistic effect between metals or changes in the surface structure with
the participation of several metals, thereby creating the possibility of obtaining effective
catalysts that can replace precious metals [26–28]. It is also reported that even a small
amount of manganese in coatings improves its catalytic properties. It is believed that
the presence of Mn results in the formation of nanosphere structures with larger exposed
surfaces, leading to an improvement in the catalytic performance of the catalyst, which
may also be related to the altered electrical structure of the catalyst [29]. Some different
methods can be used to obtain pure metal films or coatings. Z. Liang at al. proposed Ni
deposited on the ferrite powder using the impregnation–chemical reduction method [30].
M.S. Akkus presented Ni, NiCr, and NiV catalysts prepared by the magnetron sputtering
process [27]. J.C. Ingerloll at al. deposited the NiCo as powder using a chemical reduction
method by using NaBH4 and metal chlorides [31]. They reported that this catalyst exhibited
62 kJ mol−1 activation energy of the borohydride hydrolysis reaction [31].

Electroless metal plating systems are based on the autocatalytic reduction of metals
using a reducing agent [32–35]. It is generally agreed that the reducing agent is adsorbed
on the metal surface because the metal (Cu) catalyzes the anodic oxidation of the reducing
agent. During this reaction, the generated electrons reduce the metal ions or metal ion
complexes adsorbed on the surface. Mostly, the reaction itself is autocatalytic, i.e., the
new metal coating formed catalyzes the oxidation of the reducing agent and the metal
deposition continues. The metal plating solution typically consists of metal ions, a reducing
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agent, appropriate complexing agents, and stabilizers. The most important research was
carried out in 1946 by A. Brenner and G. E. Riddell, who obtained a NiP coating by
electroless nickel plating using sodium hypophosphite as a reducing agent [34–37]. Sodium
hypophosphite and morpholine borane are the most commonly used reducing agents
used in electroless nickel plating baths [37,38]. However, boron-containing compounds
are stronger reducing agents compared to hypophosphites because they give six or eight
electrons to the reduction of metals. There are some reducing agents containing boron
available for electroless deposition of non-precious metals. Sodium borohydride is the most
popular reducing agent; however, the main disadvantage of electroless plating solutions
with NaBH4 as a reducing agent is that a high deposition rate is obtained only at elevated
temperatures (90–95 ◦C) and in strong alkaline media (pH 12–14). The application of boron-
nitrogen compounds—borazanes, e.g., dimethylamineborane, as reducing agents allows
the deposition process to be carried out in a wide pH and temperature range. However,
recently, morpholine borane (MB, C4H8ONH·BH3) was proposed as a reducing agent for
electroless metal deposition and a source for boron due to its lower volatility and toxicity
compared to dimethylamineborane [39].

This electroless metal deposition method has proven successful due to its low initial
investment, simple coating conditions, and good results. This method produced a uniform
metallic coating with excellent properties on substrates of various shapes and sizes, such as
Ni foam, stainless steel mesh, aluminum oxide membranes, carbon materials, Cu sheets,
and foam [32,34,36,37,40–48].

Electroless metal deposition covers many metals: Ni, Co, Cu, Pt, Pd, Ru, Rd, W, Ir,
Zn, Ba, Mo, Au, and Ag [34,35,41–43]. However, combining several metals in the same
coating, especially non-noble metals, with an efficient activity for the reaction required
remains a challenge for scientists. There are currently four described Ni coatings combined
with other metals: NiCu, NiCo, NiFe, and NiCoMo, investigated for hydrogen generation
from sodium borohydride. However, the reported activation energy values are quite
high [43–46,49]. J.C. Ingerloll et al. report that the NiCo catalyst exhibits 62 kJ mol−1

activation energy for the borohydride hydrolysis reaction [31]. L. Wang et al. present the
four-component CoNiMoP/g-Al2O3 catalyst with 52 kJ mol−1 activation energy for the
borohydride hydrolysis reaction.

In this work, we present different composition coatings where Ni, Co, Mn, and Mo
were deposited on the Cu sheet surface by electroless metal deposition. The composi-
tion of bi- (NiCo, NiMn, and NiMo), ternary- (NiCoMn, NiCoMo), and four-component
(NiCoMnMo) coatings was characterized using inductively coupled plasma optical emis-
sion spectroscopy (ICP-OES), field-emission scanning electron microscopy (FESEM), and
X-ray photoelectron spectroscopy (XPS). The catalytic activity of prepared NiMn/Cu,
NiMo/Cu, NiCo/Cu, NiCoMn/Cu, NiCoMo/Cu, and NiCoMoMn/Cu catalysts was in-
vestigated for hydrogen generation reaction from alkaline sodium borohydride solution
via hydrolysis at different temperatures. For comparison, a pure Ni/Cu catalyst was also
prepared under the same conditions for the same investigation.

2. Materials and Methods
2.1. Chemicals

Copper foil (Cu, 99.8% purity), sodiummolybdate dihydrate (Na2MoO4·2H2O, 99.5%),
and manganese acetate (CH3COO)2Mn, 99%) were purchased from Sigma-Aldrich, Louis,
MO, USA. Sulfuric acid (H2SO4, 96%), hydrochloric acid (HCl, 35%–38%), nickel sulfate hex-
ahydrate (NiSO4·6H2O, 98%), cobalt sulfate heptahydrate(CoSO4·7H2O, 99.5%), morpholine
borane (C4H8ONH·BH3, 97%), glycine (NH2CH2COOH, 99.5%), sodium citrate CH3COONa,
and KOH (98.8%) were purchased from Chempur Company (Karlsruhe, Germany). All
chemicals were of analytical grade and used directly without further purification.



Coatings 2023, 13, 1740 4 of 16

2.2. Fabrication of Catalysts

The electroless deposition of Ni, NiMn, NiMo, NiCo, NiCoMn, NiCoMo, and NiCo-
MoMn coatings is based on the investigated Ni deposition bath [50,51]. This was performed
on the Cu sheet (1 cm × 1cm), using morpholine borane (MB) as a reducing agent as de-
scribed [50,51]. The electroless plating solution composition and the deposition parameters
of coatings are given in Table 1. Before the electroless plating, the surface of Cu sheets
were pre-treated with 50%–100% calcium magnesium oxide, known as “Vienna Lime”
(Kremer Pigments GmbH & Co. KG, Aichstetten, Germany), rinsed with deionized water
and held in 10% HCl solution for 1 min to remove inorganic impurities and washed again.
Cleaned Cu sheets were activated with Pd(II) ions by immersing them in a 0.5 g L−1 PdCl2
solution for 5 s, then rinsed again with deionized water and placed into an electroless
plating solution. The coatings were deposited from a freshly prepared solution (Table 1)
at temperatures from 40 ◦C to 60 ◦C. In all cases, the pH of the plating solutions was
7 (measured at room temperature). The deposition time varied from 5 to 50 min to obtain
the same coating thickness. The gravimetrically determined thickness of deposited coatings
was 1 µm for all investigated coatings.

Table 1. Composition of electroless plating solution and deposition parameters of catalysts.

Catalysts Plating Solution Composition (mol L−1) and Plating Conditions
NiSO4 CH3COONa MB Glycine (CH3COO)2Mn Na2MoO4 CoSO4 pH T, ◦C t, min

Ni/Cu 0.05 0.04 0.05 0.4 - - -

7

40 50
NiMn/Cu 0.1 0.04 0.2 - 0.07 - - 40 30
NiMo/Cu 0.1 0.04 0.2 - - 0.001 - 50 12
NiCo/Cu 0.1 - 0.2 0.3 - - 0.1 50 5
NiCoMn/Cu 0.1 0.04 0.2 - 0.07 - 0.1 60 10
NiCoMo/Cu 0.1 0.04 0.2 - 0.07 0.001 0.1 50 10
NiCoMoMn/Cu 0.1 0.04 0.2 - 0.07 0.001 0.1 60 6

2.3. Characterization of Catalysts

The surface morphology of the samples was characterized using SEM/FIBWorkstation
Helios Nanolab 650 (FEI, Hillsboro, OR, USA) arranged with an energy-dispersive X-ray
(EDX) spectrometer INCA Energy 350X-Max 20 (Oxford Instruments, Halifax, UK). An
ICP-OES analysis was conducted using an inductively coupled plasma optical emission
spectrometer Optima 7000DV (PerkinElmer, Shelton, CT, USA) to confirm the content of all
metals in the coatings.

The surface elemental composition of the obtained Ni, NiMn, NiMo, NiCo, NiCoMn,
NiCoMo, and NiCoMoMn coatings was determined by employing X-ray photoelectron
spectroscopy (XPS) using an “ESCALABMKII” spectrometer (VG Scientific, East Grinstead,
UK) equipped with an Al Kα X-ray radiation source (1486.6 eV) operated at a fixed pass
energy of 20 eV.

2.4. Measurements of Hydrolysis of NaBH4

The volume of the generated hydrogen (H2) catalyzed by the prepared catalysts was
measured using a MilliGascounter (Type MGC-1 V3.2 PMMA, Ritter, Bochum, Germany)
connected to a personal computer. A thermostated airtight flask fitted with an outlet con-
nected to the MilliGascounter was used to collect the generated H2 gas. The reaction bath
contained 15 mL of 5 wt% NaBH4 + 0.4 wt% NaOH solution. In all the measurements, the
prepared catalysts were placed in an alkaline sodium borohydride solution of designated
temperature and stirred with a magnetic stirrer. The hydrogen generation rate (HGR)
was measured at a working solution in the 303 to 343 K temperature range to determine
the activation energy. For the calculation of the activation energy of each catalyst, the
Arrhenius equation graph (dependence of the reaction rate to the temperature) was used.
Knowing the amount of hydrogen evolution after 60 min at each temperature, the rate of
hydrogen gas released during the reaction (k) was calculated. Then the activation energy
of the electrochemical process (EA, kJ·mol−1) was calculated using the given formula.

aaa694
Hervorheben
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3. Results and Discussions
3.1. Microstructure and Morphology Studies

This work aimed to use a simple method to prepare effective catalysts for hydrogen
generation from an alkaline sodium borohydride solution. For this purpose, Ni, NiMn,
NiMo, NiCo, NiCoMn, NiCoMo, and NiCoMoMn were deposited on the Cu sheets using a
simple electroless depositionmethodwith morpholine borane as a reducing agent obtaining
catalysts with a ca. 1 µm thickness coating. The morphology and particle size of the
prepared catalysts were estimated by FESEM. Figure 1 represents FESEM images of catalysts
of different compositions. It is clearly seen that all formed coatings are compact and crack-
free with characteristic multilayer, cauliflower-like structures (Figure 1a–g). The FESEM
images also reveal that all prepared coatings, Ni/Cu, NiMn/Cu, NiMo/Cu, NiCo/Cu,
NiCoMn/Cu, NiCoMo/Cu, and NiCoMoMn/Cu (Figure 1a–g), consist of particles of
different sizes, which coalesce into oval-shaped agglomerates. It can be seen that the Ni/Cu
surface is the most smooth (Figure 1a). Adding additional metal causes the growth of
agglomerates on the surface in an average size range of 40 nm to 1.6 µm.

Figure 1. FESEM images of prepared Ni/Cu (a), NiMn/Cu (b), NiMo/Cu (c), NiCo/Cu (d),
NiCoMn/Cu (e) NiCoMo/Cu (f), and NiCoMoMn/Cu (g) catalysts.

The amounts of metals in prepared catalysts calculated from ICP-OES data are pre-
sented in Table 2. As can be seen from the presented data, when Ni and Co are co-
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precipitated, the cobalt deposition rate is much faster. About 10%–20% of Ni remains in the
coatings compared with pure Ni/Cu. The quantity of Co in the prepared catalyst varies
in the range of 77.39–90.18 wt%. Quantities of Mo ca. 14.54, 10.1, and 7.33 wt% were
incorporated in the NiMo, NiCoMo, and NiCoMoMn coatings, respectively. In the case of
NiMn/Cu, NiCoMn/Cu, and NiCoMoMn/Cu catalysts, the quantity of Mn was signifi-
cantly small and equal to ca. 0.16, 0.01 and 0.01 wt%, respectively. It should be mentioned
that it is difficult to deposit a larger quantity of manganese because the redox potential
for Mn2+ to become Mn0 (Mn2+ + 2e− → Mn0) is very negative (−1.185 V); therefore, it is
difficult to reduce Mn2+ into Mn0 through a redox reaction.

Table 2. Element composition and metal loading of the prepared coatings deposited on Cu surface
analyzed by ICP-OES.

Catalysts Element, wt% Element Loadings, µg cm−2

Ni Mn Mo Co Ni Mn Mo Co

Ni/Cu 100 - - - 373.7 - - -

NiCo/Cu 22.61 - - 77.39 179.35 - - 614

NiMn/Cu 99.84 0.16 - - 475.15 0.745 - -

NiMo/Cu 85.46 - 14.54 - 419.05 - 71.3 -

NiCoMn/Cu 9.81 0.01 - 90.18 59.75 0.06 - 549.5

NiCoMo/Cu 8.01 - 10.1 81.89 37.18 - 46.875 380.1

NiCoMoMn/Cu 7.95 0.01 7.33 84.71 32.515 0.05 29.985 346.65

3.2. XPS Analysis of Prepared Catalysts

The elemental composition of the prepared Ni/Cu, NiCo/Cu, NiMn/Cu, NiMo/Cu,
NiCoMn/Cu, NiCoMo/Cu, andNiCoMoMn/Cu catalysts was determined by XPS. Figures 2
and 3 present the high-resolution Ni2p, Co2p, Mo3d, and O1s spectra of each coating. It has
to be mentioned that the Mn2p spectra were not detected by XPS analysis due to a very low
amount (according to ICP-OES) of Mn in the coatings. The XPS analysis was also carried
out in a 40-µm-deep etching.

In general, typical XPS spectra with spin-orbital splitting transition peaks indicative
of pure metals were observed for all investigated catalysts (Figures 2 and 3). The most
expressed Ni 2p3/2 binding energy peak originated at 852.7–852.9 eV and corresponds to
Ni0 (Figures 2a–d and 3a–c) [52]. This spin-orbital splitting transition peak conformed from
50 to 88% of pure Ni0 depending on the intensity of the spectra for each catalyst. However,
low-intensity Ni 2p3/2 binding energy peaks originating at 853.2–855.5 eV were observed
in all coatings corresponding to Ni2+ [53–55]. Moreover, the binding energy peak at 530.8
eV in the O1s spectra is assigned to Ni(OH)2 (Figures 2 and 3) [53–55] and corresponds to
up to ca. 25% of other compounds. Therefore, it can be claimed that all coatings have a
small amount of nickel (II) hydroxide.

The Co 2p3/2 binding energy peak originating at 778.3 eV in Co2p spectra was also the
most expressed for all Co-supported catalysts and corresponds to Co0 (Figures 2e and 3d–f) [56].
The most expressed spin-orbital splitting transition peaks for Co2p conformed from 72
to 80% of pure Co0 in Co-supported coatings. Co 2p3/2 binding energy peaks at 779.2
and 780.0 eV can be assigned to Co3O4 and CoO, respectively [53,56,57], and correspond
to up to 24% of other compounds. The binding energy peaks at 529.8–531.7 eV in the
O1s spectra are generally attributed to lattice oxygen species [58]. Therefore, the binding
energy peak at 530.8 eV in the O1s spectra can also be associated with Co3O4 and CoO. The
results show that Co-supported coatings also have a small amount of Co oxides. When
analyzing the Mo3d XPS spectra, the most expressed binding energy peaks were obtained,
originating at 228.0 eV and 231.2 eV for Mo3d5/2 and Mo3d3/2 transitions, respectively,
corresponding to Mo0 [59]. The most intensive spin-orbital splitting transition peaks for
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Mn3d conformed from 32 to 38% of bare Mo0 in Mo supported coatings. Two more binding
energy peaks at 228.6 and 231.9 eV in the Mo 3d spectra correspond to Mo4+ [60]. Moreover,
the binding energy peak at 530.8 eV in the O1s spectra is assigned to MoO2 [59,60]. That
means that in the Mo-supported coatings, a low amount of molybdenum oxide also exists.
In all cases, the spin-orbital splitting transition peaks, with the binding energy peak at
530.8 eV, were attributed to the lattice oxygen species or hydroide depending on whether
pure metal conformed up to 29% in all investigated coatings. It should be noted that for
the O1s XPS spectra, higher binding energy peaks located at approximately 532–535 eV
were usually attributed to the presence of the surface of adsorbed O2, H2O, and CO2
(Figures 2 and 3) [58] and corresponding to up to ca. 65% of adsorbed compounds. Pure
Ni, Co, and Mo metal phases predominate in all deposited coatings.
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The amount of manganese in the NiMn/Cu (f) catalyst is too low to be identified.
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Figure 3. XPS spectra of Ni2p (a–c), Co2p (d–f), Mo 3d (h,i), and O 1s (j–l) according to each catalyst.
The amount of manganese in the NiCoMn/Cu (g) and NiCoMoMn/Cu (m) catalysts is too low to
be identified.

3.3. Catalytic Activity towards NaBH4 Hydrolysis

Further, the catalytic activity of prepared catalysts towards NaBH4 hydrolysis for
hydrogen production was investigated in the solutions containing 5 wt% NaBH4 + 0.4 wt%
NaOH at the temperature range of 303–343 K.

The activation energy (Ea) of the hydrolysis reaction of NaBH4 (Equation (1)) was
calculated using the Arrhenius equation from the ln k versus 1/T graph (Equation (2)):

ln k = ln A − Ea/(RT) (2)

where Ea is the activation energy (J), A is the pre-exponential factor, R is the general gas
constant (8.314 J mol−1 K−1), and k is the reaction rate coefficient.

Figures 4 and 5 present hydrogen generation rate graphs and Arrhenius plots for each
catalyst. The summarized data are also given in Table 3. From the results obtained, it is seen
that all prepared Ni/Cu, NiMn/Cu, NiMo/Cu, NiCo/Cu, NiCoMn/Cu, NiCoMo/Cu, and
NiCoMoMn/Cu catalysts catalyze the hydrolysis of NaBH4. Undoubtedly, HGR increases
while increasing the temperature from 303 to 343 K. All multicomponent catalysts also
exhibit greater HGR than pure Ni/Cu catalysts. Moreover, ternary- and four-component
catalysts exhibit greater HGR than bi-component catalysts prepared for this work.
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Figure 4. H2 generation from 15 mL 5 wt% NaBH4 + 0.4 wt% NaOH catalyzed by the Ni/Cu (a),
NiMn/Cu (b), NiMo/Cu (c), and NiCo/Cu (d) catalysts at different temperatures; the corresponding
Arrhenius plots (a′–d′). Dots show the amount of hydrogen released after 60 min at each temperature.
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Figure 5. H2 generation from 15 mL 5 wt% NaBH4 + 0.4 wt% NaOH catalyzed by the NiCoMn/Cu
(a), NiCoMo/Cu (b), and NiCoMoMn/Cu (c) catalysts at different temperatures; the corresponding
Arrhenius plots (a′–c′). Dots show the amount of hydrogen released after 60 min at each temperature.

Let us discuss each group in detail. At first, when the temperature increases from
303 to 343 K, the HGR for the pure Ni/Cu catalyst rises from 0.18 to 3.99 mL min−1.
When using bi-component NiCo/Cu, NiMn/Cu, and NiMo/Cu catalysts for hydrogen
generation by hydrolysis of NaBH4 with an increasing temperature, HGR increases from
1.24 to 14.59 mL min−1 for the NiCo/Cu catalyst, from 0.22 to 5.03 mL min−1 for the
NiMn/Cu catalyst, and from 0.26 to 5.45 mL min−1 for the NiMo/Cu catalyst, respectively
(Figure 4a–d, Table 3), and it is higher compared to Ni/Cu. The data show that HGR is 22%
and 44% higher using NiMn/Cu and NiMo/Cu, respectively, than the Ni/Cu catalysts
at 30 ◦C temperature (Table 3). Comparing these two catalysts, NiMo/Cu activity for the
hydrogen generation reaction is higher by 18% than NiMn/Cu. As was mentioned above, it
is difficult to deposit a larger amount of Mn0; however, even a significantly small quantity
of Mn in the coating (0.16 wt%) increases the efficiency of the NiMn/Cu catalyst compared
with the Ni/Cu catalyst (Table 3). As is evident, NiCo/Cu demonstrated the highest
activity for NaBH4 hydrolysis from these three investigated bi-component catalysts. The
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H2 generation rate was 5–7 times higher on the NiCo/Cu catalysts than on the NiMn/Cu or
NiMo/Cu catalysts in the 5 wt% NaBH4 + 0.4 wt% NaOH solution at 303 K. At the highest
experimental temperature (343 K), the activity of bi-component catalysts remained the
same. All three bi-component catalysts outperformed the activity of pure Ni/Cu for NaBH4
hydrolysis. The HGR was 26% and 37% higher on NiMn/Cu and NiMo/Cu, respectively,
than on the Ni/Cu catalyst at 343 K. It was observed that the activity of NiMo/Cu slightly
decreased (44% at 303 K and 37% at 343 K). This may occur due to spontaneous hydrolysis
of the borohydride at high temperatures. So, comparing the NiMn/Cu and NiMo/Cu
catalysts, the NiMo/Cu exhibited 7.7% higher activity for hydrogen generation. However,
here, the same trend remains, and the NiCo/Cu catalyst shows 3–4 times higher activity
for NaBH4 hydrolysis compared with NiMn/Cu, NiMo/Cu, Ni/Cu in a reaction bath at
343 K (Table 3).

Table 3. H2 generation rates and activation energies for the prepared catalysts.

Catalysts Ea, kJ mol−1 T, K v, mL min−1

Ni/Cu 67.9

303 K 0.18
313 K 0.39
323 K 0.77
333 K 1.64
343 K 3.99

NiCo/Cu 56.4

303 K 1.24
313 K 2.13
323 K 5.77
333 K 10.66
343 K 14.59

NiMn/Cu 66.1

303 K 0.22
313 K 0.66
323 K 1.38
333 K 2.53
343 K 5.03

NiMo/Cu 65.5

303 K 0.26
313 K 0.49
323 K 1.16
333 K 2.00
343 K 5.45

NiCoMn/Cu 58.8

303 K 1.33
313 K 2.30
323 K 5.05
333 K 11.6
343 K 18.41

NiCoMo/Cu 48.3

303 K 2.35
313 K 2.84
323 K 6.51
333 K 14.80
343 K 22.47

NiCoMoMn/Cu 45.3

303 K 3.08
313 K 5.47
323 K 8.79
333 K 18.03
343 K 23.57

According to the Arrhenius plots (Figure 4a′–d′), the activation energy for the NaBH4
hydrolysis catalyzed by bi-component NiCo/Cu, NiMn/Cu, NiMo/Cu coatings was
calculated to be 56.4, 66.1 and 65.5 kJ mol−1, respectively, and was lower than on pure
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Ni/Cu (67.9 kJ mol−1). As is evident from the bi-component catalysts, the lowest activation
energy for the NaBH4 hydrolysis was obtained for the NiCo/Cu catalyst (Figure 4d′).

It can be clearly seen that the incorporation of Co into the Ni/Cu coating significantly
improves the catalytic activity of the newly prepared NiCo/Cu catalyst for the NaBH4
hydrolysis reaction. Therefore, it was decided to deposit ternary-component coatings by
incorporating Co into NiMn and NiMo coatings.

The catalytic activity results of the prepared ternary-component NiCoMn/Cu and
the NiCoMo/Cu catalysts towards NaBH4 hydrolysis for hydrogen production in 5 wt%
NaBH4 + 0.4 wt% NaOH solution is shown in Figure 5 and Table 3. As can be seen from the
results, the incorporation of cobalt in NiMn and NiMo significantly decreases the activation
energies of prepared ternary-component NiCoMn/Cu (58.8 kJ mol−1) and the NiCoMo/Cu
(48.3 kJ mol−1) catalysts compared with bi-component ones (Figure 5a′,b′, Table 3). Ternary-
component catalysts also showed higher HGR at 303–343 K (Figure 5a,b, Table 3). At the
lowest temperature (303 K) of the working bath, after inserting Co, the release of hydrogen
accelerates 83% for the NiCoMn/Cu catalyst and 89% for the NiCoMo/Cu catalyst. At
the highest temperature (343 K) of the working bath, the incorporation of Co increases the
release of hydrogen by approximately 75% for both ternary-component catalysts compared
with bi-component NiMn/Cu and NiMo/Cu catalysts.

Finally, all four Ni, Co, Mn, and Mo metals were combined to obtain a four-component
NiCoMoMn/Cu catalyst. It was a noteworthy decision because the co-precipitation of all
of the metals in one coating led to the creation of this study’s most effective catalyst for
NaBH4 hydrolysis.

According to the Arrhenius plots (Figure 5c′), the activation energy for the NaBH4
hydrolysis catalyzed by the NiCoMoMn/Cu catalyst was calculated to be 45.3 kJ mol−1

and was the lowest one among all of the investigated catalysts. Undoubtedly, the volume
of hydrogen evolved (3.08–23.57 mL min−1) in the 303–343 K temperature range was also
the highest on this catalyst (Figure 5c, Table 3). The NiCoMoMn/Cu catalyst exhibited
24% and 57% higher catalytic efficiency for hydrogen generation than NiCoMo/Cu and
NiCoMn/Cu, respectively, at the lowest temperature (303 K) of the working bath. The
NiCoMoMn/Cu catalyst also showed 5% and 22% enhanced catalytic activity for the
hydrogen generation at the highest temperature (303 K) of the working bath, respectively,
than on NiCoMo/Cu and NiCoMn/Cu. This might be due to the high specific surface of
the cauliflower-like nanostructure and the synergistic effect of metals in catalysts [26].

While the NiCoMoMn/Cu catalyst was established as the most efficient catalyst for
the NaBH4 hydrolysis among the other catalysts presented in this work, the stability test
was carried out by reusing NiCoMoMn/Cu in five cycles of the hydrogen generation in the
5 wt% NaBH4 and 5 wt% NaOH solution at 323 K. At the end of each cycle, the catalyst was
washed several times with deionized water, dried, and used repeatedly. Figure 6 shows
that the hydrogen production rate slightly declined from 1164 to 1124 mL min−1. However,
noticeable differences were not observed. It was calculated that the NiCoMoMn/Cu
catalyst retained 96.5% of its initial catalytic activity for the NaBH4 hydrolysis after the
completion of the fifth cycle, and it is higher compared with some others described in the
literature [61,62].

The obtained data suggest that combining and incorporating additional metals into
the coatings creates a stronger synergistic effect between metals, making the catalysts more
efficient for the hydrogen generation reaction.

The activation energies (Ea) of the proposedNiMn/Cu,NiMo/Cu,NiCo/Cu,NiCoMn/Cu,
NiCoMo/Cu, and NiCoMoMn/Cu catalysts were compared with others reported in the
literature (Table 4). It is seen that our prepared four-component NiCoMoMn/Cu catalyst
exhibited the lowest activation energy, 45.30 kJ mol−1, if compared with other catalysts
presented in Table 4. As well as our prepared ternary-component NiCoMo/Cu catalyst
having an activation energy of 48.30 kJ mol−1, it also outperformed the similar NiCoMo [49]
catalyst reported in the literature. As is evident from the data given in Table 4, our prepared
catalysts exhibited lower activation energies than those previously reported.
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Figure 6. Reusability of NiCoMoMn/Cu catalyst after five cycles in 5 wt% NaBH4 + 0.4 wt%
NaOH solution.

Table 4. The comparison of the activation energies (Ea).

Catalysts NaBH4 Solution Ea, kJ mol−1 References

Ni 5 wt% NaBH4 + 0.1 M NaOH 67.90 in this work
Ni 5 wt% NaBH4 + 10 wt% NaOH 72.52 [30]

NiCo 5 wt% NaBH4 + 0.1 M NaOH 56.40 in this work
NiCo 2.7 wt% NaBH4 + 15 wt% NaOH 62.00 [31]
NiCoP 0.3 M NaBH4 + 10 wt% NaOH 57.00 [63]
CoMo 5 wt% NaBH4 + 7 wt% NaOH 51.00 [26]
Co 10 wt% NaBH4 + 1 wt% NaOH 60.20 [64]
Co 20 wt% NaBH4 + 5 wt% NaOH 64.90 [65]

NiMn 5 wt% NaBH4 + 0.1 M NaOH 66.10 in this work
NiMo 5 wt% NaBH4 + 0.1 M NaOH 65.50 in this work

NiCoMn 5 wt% NaBH4 + 0.1 M NaOH 58.80 in this work
NiCoMo 5 wt% NaBH4 + 0.1 M NaOH 48.30 in this work
NiCoMo 7 wt% NaBH4 + 10 wt% NaOH 52.43 [49]

NiCoMoMn 5 wt% NaBH4 + 0.1 M NaOH 45.30 in this work

4. Conclusions

Herein, a simple electroless deposition method for Ni, Co, Mn, and Mo plating on
Cu surfaces was described. The bi-component NiMn/Cu, NiMo/Cu, NiCo/Cu, ternary-
component NiCoMn/Cu, NiCoMo/Cu, and four-component NiCoMoMn/Cu catalysts were
prepared, and their activity for sodium borohydride hydrolysis reaction was investigated.

It was found that theNi/Cu,NiMn/Cu,NiMo/Cu,NiCo/Cu,NiCoMn/Cu,NiCoMo/Cu,
and NiCoMoMn/Cu catalysts demonstrated increased catalytic activity for sodium borohy-
dride hydrolysis reaction with increased metal components in the coating. The activation
energy decreased in the line Ni/Cu > NiMn/Cu > NiMo/Cu > NiCoMn/Cu > NiCo/Cu >
NiCoMo/Cu > NiCoMoMn/Cu, and was equal to 67.9 > 66.1 > 65.5 > 58.8 > 56.4 > 48.3 >
45.3 kJ mol−1, respectively.

As it is seen, the lowest activation energy of 45.3 kJ mol−1 for sodium borohydride
hydrolysis reaction was obtained using a four-component NiCoMoMn/Cu catalyst. The
highest hydrogen generation rate was achieved using this four-component catalyst. By
increasing the temperature from 303 K to 343 K, the generated amount of H2 increased
7.7 times from 3.08 mL min−1 to 23.57 mL min−1. The higher efficiency of multicomponent
catalysts for hydrogen generation from the NaBH4 hydrolysis reaction may be related to
the synergistic effect between the metals in a coating and also to surface morphology. In
addition, the presence of Mn possibly results in the formation of nanosphere structures
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with larger exposed surfaces, leading to an improvement in the catalytic performance of
the catalyst.

The data obtained suggest proposing the simply prepared NiCoMoMn/Cu catalyst for
the efficient hydrogen generation from alkaline sodium borohydride solution by hydrolysis.
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