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In this study, the catalytic hydrogen generation was evaluated on the co-
balt–iron (CoFe), cobalt–iron–manganese (CoFeMn) and cobalt–iron–
molybdenum (CoFeMo) coatings deposited on the  Ni foam substrate 
using the electroless metal plating method and morpholine borane as 
the  reducing agent. The  characterisation of the  surface morphology, 
structure and composition of resulted coatings was done using scan-
ning electron microscopy (SEM) and inductively coupled plasma optical 
emission spectroscopy (ICP-OES). The catalytic activity of the prepared 
CoFe/Ni, CoFeMn/Ni and CoFeMo/Ni catalysts was investigated for hy-
drogen generation from an alkaline sodium borohydride (NaBH4) solu-
tion at different temperatures. It was found that the hydrogen generation 
rate of ca. 5.2, 7.8 and 11.7 L min–1 g–1 was achieved by using the CoFe/
Ni, CoFeMo/Ni and CoFeMn/Ni coatings, respectively, at 343 K. Among 
the investigated catalysts, CoFeMn/Ni exhibits the lowest activation en-
ergy of 62.4 kJ mol–1 and the highest HGR of 11.7 L min–1 g–1 at 343 K.

Keywords: hydrogen generation, cobalt, iron, molybdenum, manga-
nese, electroless metal plating, morpholine borane

INTRODUCTION

Given the  global energy crisis, efficient hydro-
gen (H2) production is becoming one of the driv-
ing forces behind the  H2 economy and sustain-
able development. However, most of today’s H2 is 
produced by steam methane reforming and coal 
gasification, both of which emit CO2 and require 
carbon capture and storage to reduce the environ-
mental impact  [1, 2]. Clean H2 production and 
storage is a vital and commercially viable alterna-
tive. H2 can be produced from a variety of renewa-
ble energy sources such as solar, wind, geothermal 
and tidal power, as well as from state-of-the-art H2 
production methods such as water electrolysis, 

including photocatalytic/photo-electrochemical 
water splitting or hydrolysis of hydrogen-rich 
substances [3–5]. The latter, in the form of on-site 
H2 generation by hydrolysis of lightweight materi-
als, is of particular interest as it allows mitigating 
the  challenge of H2 storage in a  simple and effi-
cient manner [6, 7]. Due to its potentially explo-
sive nature, a compact, safe and efficient means of 
storing H2 is required [6]. Thus, hydrolysis of light 
metals and hydrides can be efficiently used to pro-
duce H2 locally in fuel cell vehicles or, alternative-
ly, to fill their fuel tanks with locally produced and 
compressed H2 at near ambient conditions with-
out a compressor [8]. Recently, a  lot of attention 
has been paid to H2 production by hydrolysis of 
metal hydrides, mainly due to the high theoreti-
cal H2 yield, low energy consumption and catalyst 
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costs, and simple operating conditions at elevated 
gravimetric H2 capacity of about 10% w/w [9, 10]. 
Heavy metal-based hydrides, including TiFeH2, 
LaNi5H6.7, Mg2NiH4, NaAlH4, etc., have also been 
thoroughly investigated, but compared to light 
metal hydrides, NaBH4, MgH2, CaH2 and LiBH4 
are disadvantaged by severe H2 supply operating 
conditions.

Meanwhile, light metal hydrides are inferior 
due to the  formation of surface passivation lay-
ers, resulting in lower reaction kinetics. However, 
their low cost makes them the most suitable ones 
for industrial use. Among these, sodium boro-
hydride (NaBH4) is the  most extensively studied 
metal hydride due to its controllability and safety, 
as well as its high gravimetric hydrogel density of 
10.8 wt% and ability to produce H2 by hydrolysis 
at ambient conditions [11–12]. NaBH4 can release 
H2 via the  hydrolysis reaction by Eq. (1), where 
NaBH4 reacts with water to produce H2 and so-
dium metaborate (NaBO2) [5, 9]:

NaBH4 + 2H2O → NaBO2 + 4H2. (1)

However, the kinetics of this reaction are rel-
atively slow  [11]. Developing efficient catalysts 
is critical to ensure high H2 production rates for 
practical use. Many homogeneous and heteroge-
neous catalysts have been developed to speed up 
the  production of H2 gas via this reaction  [13]. 
Among these, noble metal or noble metal-based 
catalysts such as Ru  [14], Pt  [15], Pd  [16] and 
Au [17] have been the research focus due to their 
stable chemical properties and superior catalytic 
activity towards NaBH4 hydrolysis. However, their 
high cost and limited reserves prevent their wide-
spread use and commercial applications. Transi-
tion metal catalysts have been developed as af-
fordable and reasonably priced substitutes for 
expensive precious metals. So far, cobalt-based 
materials have proved to be superior catalysts for 
the hydrolysis of NaBH4 [18, 19]. They can act ef-
fectively as single metal catalysts, for example, as 
ultrafine cobalt nanoparticles supported on car-
bon nanospheres (CNSs@Co) [20], Co-anchored 
on nanoporous graphene oxide (Co/PGO)  [21], 
or Co-B based  [22], etc. Despite the  enormous 
efforts made to develop cobalt and cobalt-sup-
ported catalysts with high-performance catalytic 
activity, the main drawback is the deactivation of 

the catalysts by a thick passivation layer of B–O-
based compounds. Creating mixed cobalt systems 
with different metals reduces or even prevents ad-
sorbed borate formation. Coupling with other ele-
ments such as Ni, Cu, Mo, Mn and Fe in the form 
of bimetallic Co–Ni [23, 24], Co–Fe [25, 26], ter-
nary Ni–Co–Mn, Co–Cu–Ni [23, 27], quaternary 
Co–Mo–Ru–B [28], Ni–Co–Mo–Mn [23] or even 
in the form of multi-element compounds such as 
Co–Ni–Mo–P/g–A2O3 [29] has led to a significant 
improvement in catalyst functionality as a  result 
of the synergistic interactions of different metals. 
In addition, doping with other metals has made 
it possible to effectively disperse the catalysts on 
the  surface and increase their contact area with 
the  reactants. For example, the  Fe–Co–B cata-
lyst [30] showed a better catalytic activity towards 
NaBH4 dehydrogenation than the  analogous 
Co–B material (4536 vs 1869 mL min–1 gcat

–1) due 
to the ability of Fe to act as a promoter and allow 
a better dispersion of the particles.

However, the  typical phenomenon of parti-
cle aggregation or agglomeration, resulting in 
a reduced number of exposed active sites, is one 
of the  reasons for a  poor catalytic performance. 
Suitable support materials with high surface ar-
eas have to be used to address this problem and 
increase the  H2 generation rate (HGR). A  num-
ber of materials have been successfully used as 
supports, including various forms of carbon (ac-
tivated carbon, carbon nanotubes, or graphit-
ic carbon nitrides)  [25, 31], Ni foam  [31, 32], 
metal oxides  [29], or metal-organic frameworks 
(MOFs)  [26]. Due to their porous structure and 
usually large surface area, they suppress the  ag-
glomeration of active sites, facilitate the sorption 
of reactants and thus surface reaction, and ensure 
an effective mass transfer. Cost-effective and ef-
ficient non-noble metal catalysts for catalytic H2 
production are a significant challenge. Herein, we 
present efficient non-noble catalysts  – the  CoFe, 
CoFeMn and CoFeMo coatings deposited on 
the Ni foam substrate, for the catalytic H2 produc-
tion from an aqueous NaBH4 solution. Moreover, 
the low-cost and straightforward electroless metal 
plating method was used to fabricate catalysts. 
The  catalytic activity of the  CoFe/Ni, CoFeMn/
Ni and CoFeMo/Ni catalysts was investigated for 
H2 generation from an alkaline NaBH4 solution at 
different temperatures.
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EXPERIMENTAL

CoSO4 · 7H2O (99.5%, Sigmа-Аldrich), Nа2MoO4 · 
2H2O (99.5%, Chempur), FeSO4 · 7H2O (99.0%, 
Eurochemicаls), MnSO4 · H2O (99.0%, Chempur), 
NH2CH2COOH (99.0%, Sigmа-Аldrich), C4H8ONH · 
BH3 (97.0%, Аlfа Аesаr), NаBH4 (96.0%, Sigmа-
Аldrich), NаOH (98.8%, Chempur), PdCl2 (59.5% 
Pd, Аlfа Аesаr), HNO3 (65.0%, Chempur) and HCl 
(35–38%, Chempur) were analytical grade and 
used without any further treatments. The  nickel 
(Ni) foam with 20 pores cm–1, a  bulk density of 
0.45 g cm–3 and a thickness of 1.6 mm (Goodfellow 
GmbH) was used as a substrate for Co coatings.

Co binary and ternary coatings, CoFe, 
CoFeMn and CoFeMo, were deposited on Ni 
foam (1 × 1 cm) using the electroless metal depo-
sition method using morpholine borane (MB) as 
a  reducing agent. At first, the  Ni foam was pre-
treated in a HCl :  H2O (1 : 1 vol) solution at room 
temperature for 1  min, thoroughly rinsed with 
distilled water and dried. Then, the  pre-treated 
Ni foam was dipped in a 0.5 g L–1 PdCl2 solution 
for 1 min, washed with distilled water, dried and 
placed into a plating bath. The plating bath com-
positions and deposition parameters of binary and 
ternary Co coatings are given in Table 1. The dep-
osition time and temperature were different in 
the case of each coating. Moreover, the CoFeMo 
coating was obtained using two stages by deposit-
ing at first the CoMo coating on the Ni foam, fol-
lowed by the deposition of CoFe. 

The composition of the  Co-based coatings 
deposited on the Ni foam was determined using 
a  spectrometer OPTIMА 7000DV (Perkin Elm-
er, Waltham, MA, USA). The  characterisation of 

the surface morphology and structure of the pre-
pared catalysts was done using a scanning electron 
microscope 4000TMPlus (Hitаchi).

The catalytic activity of the  prepared CoFe/
Ni, CoFeMo/Ni and CoFeMn/Ni catalysts for H2 
generation was examined in the solution contain-
ing 5 wt.% NaBH4 + 0.4 wt.% NaOH at different 
temperatures (313–343 K). The volume of the re-
leased H2 catalysed by the prepared catalysts was 
measured using a MilliGascounter (Type MGC-1 
V3.2 PMMA, Ritter, Germany) connected to 
a personal computer. For collecting the generated 
H2 gas, a  thermostated airtight flask fitted with 
an outlet connected to the  MilliGascounter was 
used. The  investigated catalysts were placed in an 
alkaline sodium borohydride solution of designat-
ed temperature and stirred with a magnetic stirrer. 

RESULTS AND DISCUSSION

CoFe, CoFeMn and CoFeMo coatings were inves-
tigated as a  catalytic material for H2 generation 
from alkaline NaBH4 solution. CoFe, CoFeMn and 
CoFeMo coatings were deposited on the Ni foam 
surface using the  low-cost and straightforward 
electroless metal plating method. The  composi-
tion of the Co-based coatings deposited on the Ni 
foam was determined using inductively coupled 
plasma optical emission spectroscopy (ICP-OES). 
The obtained results are mentioned in Table 2. 

Figure 1 presents the SEM images of CoFe/Ni, 
CoFeMn/Ni and CoFeMo/Ni catalysts at differ-
ent magnifications. As evident from the SEM im-
ages in Fig. 1a, the Ni foam is evenly coated with 
the CoFe coating consisting of globular granules 
(Fig.  1a'). It can also be observed that the  CoFe 

Ta b l e  1 .  Composition of plating baths and deposition parameters

Coating
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pH

CoFe/Ni 0.010 0.060 – 0.150 – 0.300 60 30 5

CoFeMn/Ni 0.070 0.060 – 0.005 0.015 0.200 50 15 7

CoFeMo/Ni
1 stage: CoMo 0.010 0.200 0.001 – – – 60 2 7

2 stаge: CoFe 0.010 0.060 – 0.150 – 0.300 60 30 5
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coating is composed of crystallites in a size of 10–
11 µm. The SEM images in Fig. 1b, b' and c, c’ clear-
ly show that the Ni foam is also uniformly coated 
with the CoFeMn and CoFeMo coatings, which are 
compact, uniform, without cracks and any defects, 
and consist of much finer and denser crystallites 
(3–4 µm) than the CoFe coating (Fig. 1a). 

Further, the  hydrolysis of NaBH4 was exam-
ined on the CoFe/Ni, CoFeMo/Ni and CoFeMn/Ni 
catalysts. Figure 2 presents the  temperature-time-
dependent volume of generated H2 (mL) from 
the NaBH4 solution obtained on the CoFe/Ni (a), 
CoFeMo/Ni (b) and CoFeMn/Ni (c) catalysts at 
different temperatures. 

Fig. 1. SEM images of the CoFe (a, a’), CoFeMn (b, b’) and CoFeMo (c, c’) coatings deposited on the Ni foam at 
different magnifications

Ta b l e  2 .  Composition of CoFe, CoFeMo and CoFeMn coatings deposited on the Ni foam

Catalyst
Composition, wt.%

Total catalyst loading, mgcat cm–2

Co Mn Mo Fe

CoFe/Ni 31.92 – – 68.08 0.49

CoFeMo/Ni 82.04 – 6.21 11.74 1.13

CoFeMn/Ni 95.45 0.49 – 4.06 2.00

a   CoFe/Ni

b   CoFeMn/Ni

c   CoFeMo/Ni

b'

a'

c'
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Fig. 2. H2 generation from the 5 ml 5 wt% NaBH4 + 0.4 wt% NaOH solution, catalysed by the CoFe/Ni (a), CoFeMo/Ni (b) 
and CoFeMn/Ni (c) catalysts at different temperatures. (d) The corresponding Arrhenius plots

It can be seen that the  generated H2 volume 
increases with the  increase in temperature on all 
investigated catalysts. The  summarised data for 
the  HGR are given in Table  3 and Fig.  3. HGR 
exponentially increases with the  rise in tempera-
ture. When the  temperature enhanced from 313 
to 343  K, the  HGR for the  CoFe/Ni catalyst was 
also enhanced from 0.2 to 5.2  L  min–1  gcat

–1, for 
the  CoFeMo/Ni catalyst from 0.7 to 7.8  L  min–1 
gcat

–1 and for the  CoFeMn/Ni coating from 1.3 to 
11.7 L min–1 gcat

–1. Furthermore, the highest HGR 
was measured at 34 K on the CoFe/Ni, CoFeMo/Ni 
and CoFeMn/Ni catalysts: 5.2, 7.8 and 11.7 L min–1 
gcat

–1, respectively.
The activation energy (Ea) of the hydrolysis re-

action of NaBH4 was determined by using the Ar-

rhenius equation based on the ln(k) versus 1/T de-
pendence according to Eq. (2),

ln * ,1a
kE R

T

∆
=

∆
  (2)

where Ea is the activation energy (J), R is the gen-
eral gas constant (8.314 J mol–1 K–1), k is the reac-
tion rate coefficient, and T is the temperature (K).

Arrhenius plots of ln(k) vs 1/T were constructed 
from the  data presented in Fig.  2a–c and are il-
lustrated in Fig. 2d. Based on those data, Ea values 
were determined to be 62.4, 66.8 and 102.6 kJ mol–1 
for CoFeMn/Ni, CoFeMo/Ni and CoFe/Ni (Ta-
ble  3). It should be noted that the  activation 
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energies for CoFeMn/Ni and CoFeMo/Ni are al-
ways lower when compared to those of pure CoFe/
Ni (102.6 kJ mol–1). The favourable activation en-
ergy values obtained in the present work may be 
attributed to promoting effects, caused by the co-

Ta b l e  4 .  Comparison of HGRs and activation energies for different catalysts

Catalyst T, K HGR, 
L min–1 gcat

–1
Eа, 

kJ mol–1 Electrolyte References

Co – – 75 – [33]

Ni – – 71 – [33]

Raney Ni – – 63 – [33]

CoBMo/Cu 343 – 27 5 wt% NaBH4 + 0.4 wt% NaOH [34]

CoBMn/Cu 343 – 48 5 wt% NaBH4 + 0.4 wt% NaOH [34]

CoBZn/Cu 343 – 71 5 wt% NaBH4 + 0.4 wt% NaOH [34]

CoFeB/Cu 343 – 74 5 wt% NaBH4 + 0.4 wt% NaOH [34]

Fe–Co–B
303 4.536 38.9 5% NaBH4 + 1% NaOH

[30]
333 13.960 38.9 5% NaBH4 + 1% NaOH

Fe–Co–B/Ni foam 303 22.0 27 15 wt% NaBH4 + 5 wt% NaOH [35]

Co–W–B/Ni foam 303 15.0 29 20 wt% NaBH4 + 5 wt% NaOH [36]

Co–Bbubble 313 5.31 30 1 wt% NaBH4 + 1 wt% NaOH [37]

Co/Fe3O4@GO 313 6.005 44.4 5.135 wt% NaBH4 [25]

Co-B/Ni foam 298 11.0 33 20 wt% NaBH4 + 5 wt% NaOH [38]

Co@Ni foam 296±0.5 2.650 60±2
38 mg NaBH4 in 1 mL 

of 4.5 wt% NaOH
[39]

Co–Fe–B 298 10.690 55.6 – [40]

Co3O4 commercial 0.860 77.9 10 wt% NaBH4 + 8 wt% NaOH [41]

g-C3N4/Co–Mo–B/Ni foam 298 9.995 52.6 – [31]

CoFe/Ni 343 5.2 102.6 5 wt% NaBH4 + 0.4 wt% NaOH In this study

CoFeMo/Ni 343 7.8 66.8 5 wt% NaBH4 + 0.4 wt% NaOH In this study

CoFeMn/Ni 343 11.7 62.4 5 wt% NaBH4 + 0.4 wt% NaOH In this study

Ta b l e  3 .  Hydrogen generation rates and activation energies on 
the deposited catalysts at different temperatures 

Catalyst Eа, kJ mol–1 T, K HGR, L min–1 gcat
–1

CoFe/Ni 102.6

313 0.2

323 0.5

333 2.2

343 5.2

CoFeMo/Ni 66.8

313 0.7

323 3.3

333 4.6

343 7.8

CoFeMn/Ni 62.4

313 1.3

323 2.8

333 4.2

343 11.7
Fig. 3. Hydrogen generation rate on the Co coatings at 313–
343 K

deposition of different transition metals – Mn and 
Mo with CoFe, to enhance the catalytic hydroly-
sis reaction. Among the  investigated catalysts, 
the CoFeMn/Ni catalyst has the lowest activation 
energy of 62.4  kJ  mol–1 and the  highest HGR of 
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11.7 L min–1 g–1 at 343 K. This indicates the high 
activity of CoFeMn/Ni catalyst as compared with 
those of the CoFeMo/Ni and CoFe/Ni catalysts. 

The comparison of the HGRs and Ea values of 
the  as-prepared catalysts with other catalysts re-
ported in the  literature can also be found in Ta-
ble 4. The Ea values for CoFeMn/Ni and CoFeMo/
Ni are also lower than those found for different 
bulk metal catalysts, such as Co (75 kJ mol–1), Ni 
(71  kJ  mol–1), Raney Ni (63  kJ  mol–1)  [33] and 
ternary Co-based catalysts, such as CoBZn/Cu 
(71  kJ  mol–1) and CoFeB/Cu (74  kJ  mol–1)  [34], 
whereas the HGRs values are comparable to those 
obtained with other catalysts (Table 4). 

CONCLUSIONS

The low-cost and straightforward electroless 
metal plating method was used to fabricate ef-
ficient CoFe/Ni, CoFeMo/Ni and CoFeMn/Ni 
catalysts for H2 production from alkaline NaBH4 
solutions. The  deposited CoFeMo and CoFeMn 
coatings on the  Ni foam are compact, uniform, 
without cracks and any defects, and consist of 
much finer and denser crystallites (3–4 µm) than 
the CoFe coating (10–11 µm). The hydrogen gen-
eration rate of ca. 5.2, 7.8 and 11.7  L  min–1  g–1 
was achieved by using the  CoFe, CoFeMo and 
CoFeMn coatings, respectively, at 343 K. Among 
the  investigated catalysts, CoFeMn/Ni exhib-
its the  lowest activation energy of 62.4  kJ  mol–1 
and the highest HGR of 11.7 L min–1 g–1 at 343 K. 
The  obtained CoFeMn/Ni catalyst is a  promis-
ing candidate for H2 production from an alka-
line NaBH4 solution due to its easy preparation, 
high hydrogen generation rate and low activation 
energy.
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VANDENILIO GAVIMAS ANT CoFe, CoFeMn 
IR CoFeMo DANGŲ, NUSODINTŲ ANT Ni 
KIETŲJŲ PUTŲ, TAIKANT CHEMINĮ METALŲ 
NUSODINIMĄ

S a n t r a u k a
CoFe, CoFeMo ir CoFeMn dangos buvo nusodinamos 
ant Ni kietųjų putų, naudojant cheminį metalų nusodi-
nimo metodą. Suformuotų CoFe/Ni, CoFeMo/Ni ir Co-
FeMn/Ni katalizatorių pаviršiаus morfologija, struktūra 
bei sudėtis buvo ištirta, naudojant skenuojаntį elektro-
ninį mikroskopą (SEM) ir induktyviai susietos plаzmos 
optinės emisijos spektrometrą (ICP-OES), o jų katalizi-
nis aktyvumas buvo įvertintas vandenilio išskyrimui iš 
vandeninių natrio borhidrido tirpalų. Nustatyta, kad 
nusodintos CoFeMo ir CoFeMn dangos ant Ni kietųjų 
putų yra kompaktiškos, tolygios, be įtrūkimų ir jokių 
defektų, ir susideda iš daug smulkesnių ir tankesnių 
kristalitų (3–4 µm dydžio) nei CoFe danga (10–11 µm). 
Išmatuotas vandenilio išsiskyrimo greitis yra apytiksliai 
5,2, 7,8 ir 11,7  L  min–1  g–1 ant, atitinkamai, CoFe/Ni, 
CoFeMo/Ni ir CoFeMn/Ni katalizatorių, esant 343  K 
temperatūrai. Be to, mažiausia aktyvavimo energi-
ja – 62,4 kJ mol–1 bei didžiausias vandenilio išsiskyrimo 
greitis – 11,7 L min–1 g–1, esant 343 K temperatūrai, buvo 
gauti ant CoFeMn/Ni katalizatoriaus. 
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