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Abstract. Nickel-molybdenum based electrolcatalysts were synthe-
sized in organic media for the hydrogen evolution reaction (HER) and
oxygen evolution reaction (OER) in alkaline media. The structure,
morphology, and chemical composition of the catalysts were evaluat-
ed by XRD, SEM and AAS. Results revealed nanocristalline powder
materials with Nig gosMo, Nig Mo, and NiMo compositions. The best
performance for HER, was obtained on Nij ;Mo electrode, whereas
NiMo was for the OER. Results suggest that the material with 1:1
stoichiometric ratio could be considered as a promising electrocata-
lyst for OER. This nanocrystalline powder is formed by Ni,Mo3;0g
and a crystalline structure attributed to the possible formation of a
NiMo cluster, becomes NiMoO, after thermal treatment at 1073K in
air. The NiMo 1:1 cluster catalyst presented electrochemical stability
during the OER.

Keywords: NiMo materials, organic chemical synthesis, electro-
chemical properties, hydrogen evolution reaction, oxygen evolution
reaction.

Resumen. Electrocatalizadores base niquel-molibdeno fueron sinteti-
zados en medio organico para la reaccion de evolucion de hidrogeno
(HER) y reaccion de evolucion de oxigeno (OER) en medio alcalino.
La estructura, morfologia y composicion quimica de los catalizadores
fueron evaluados por XRD, SEM y AAS. Los resultados obtenidos
mostraron polvos de materiales nanocristalinos con composicion
quimica de Nig gosMo, Niy ;Mo y NiMo. El mejor desempeiio para la
HER fue en electrodos de Niy ;Mo, y para la OER en NiMo, sugirien-
do que el NiMo puede ser considerado como el mas prometedor para
OER. El NiMo estad compuesto de Ni,M03;0g y un cluster de NiMo
que se transforma en NiMoO, después de un tratamiento térmico a
1073K en aire El catalizador NiMo 1:1 mostro estabilidad electroqui-
mica durante la OER.

Palabras clave: Materiales NiMo, Sintesis quimica, propiedades
electroquimicas, reaccion de evolucion de hidrogeno, reaccion de
evolucion de oxigeno.

Introduction

The synthesis and characterization of Ni-Mo bimetallic com-
pounds is a very active field of research due its interest in dif-
ferent theoretically and technologically catalytic reactions such
as hydrodesulphurization of gas oil [1,2]; dibenzothiophene
conversion [3]; and magnetic activities related to their intrinsic
properties [4] and also as electrocatalysts for water electrolysis
[5,6]. The enhanced activity of an alloy surface is attributed to
bifunctional effects in which the unique catalytic properties of
each of the elements in the alloy combine in a synergetic man-
ner to yield a surface which is more active than each of the
elements alone.

The electrolysis of water is extremely important procedure
which has an extensive use in industry for hydrogen genera-
tion, where the improved catalytic properties of the electrode
materials can act as a beneficial feature of the hydrogen econ-
omy [7,8]. The production and use of hydrogen as fuel are a
solution to ameliorate the climate change and the environmen-
tal problems associated to fossil fuels combustion. Nickel and
some of its alloys are among the most attractive industrial elec-
trocatalysts for hydrogen evolution reaction. In alkaline solu-
tions although recent studies of hydrogen evolution in acidic
media [9] pointed out NiMo as a prominent electrocatalyst for
this cathodic reaction. Nickel is up to now the most used elec-

trocatalyst in commercial alkaline electrolyzers and has been
considered a reference electrode against some other evaluated
materials. Oxygen evolution reaction is also an important pro-
cess in water electrolysis [10] and in some anodic reactions
on molecular organic electrochemistry. Nickel oxides (NiO)
have also been reported as prominent electrocatalysts for oxy-
gen evolution reaction in alkaline solution [11,12]. A reported
proper combination of a large surface area with an enhanced
catalytic activity can be produced by co-deposition of nickel
with metals such as cobalt (Co) [13], molybdenum (Mo) [14]
and phosphorus (P) [15]. A study of Ni-Mo-P alloy and Ni-Mo
materials are also reported in the literature for oxygen evolu-
tion [16, 17]. The investigation on the synthesis, electrical
and optical characterization of novel materials fabricated at
low temperature has increased. Electrodeposition, sol-gel,
and chemical route deposition are among the most common
used techniques for Ni-Mo compound preparations [15,18-21]
although the decomposition of molybdenum carbonyl Mo(Co)s
over nickel has been reported in the synthesis of Ni-Mo alloys
[22]. The aim of this work was to develop the synthesis and
characterization of a NiMo based electrocatalysts produced
by reacting molybdenum carbonyl with nickel compounds
in organic media. The electrochemical performance of these
electrocatalysts as electrodes for water electrolysis in alkaline
media is reported.
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Results and discussion

Chemical composition. The chemical composition of
sample A, synthesized by reacting the transition carbonyls
Ni(CO)g with Mo(CO)g, was Nij gosMo, thought to be a
nickel-doped-molybdenum compound. The amount of nick-
el was increased in sample B, with a formula Niy ;Mo and,
only in sample C a stoichiometric ratio NiMo was obtained.
From the quantified amounts of nickel and molybdenum, a
lack of approximately 30 weight per cent was observed; this
could be attributed to the presence of bridge carbonyls in
some Ni-Mo clusters of different nuclearities produced dur-
ing the synthesis process.

X-ray diffraction analysis and SEM morphology.
Figuresl and 2 show X-ray diffraction spectra of samples
B and C, respectively. In both cases, amorphous behavior
was observed at short times of spectra. In sample B, metal-
lic nickel was found (JPCDS card 4-580) and in sample C, a
slight quantity of a nanocrystalline compound was observed,
the reported diffraction spectra (figure 2) was taken for 24
h., The highest refractions corresponds to atomic distances of
5.46, 4.79, and 2.91 A. These values are not related to nickel
carbonate (JPCDS card 00-10-0272) starting material neither
to NiO, molybdenum oxides (MoOj), or NiMo alloys reported
in JPCDS cards but the distance. In figure 2 the refractions
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Fig. 1. X-ray diffraction spectrum of Niy ;Mo synthesized from Ni
and Mo(CO)g in 1,2 dichlorobenzene.
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Fig. 2. X-ray diffraction spectrum of NiMo synthesized from NiCO5
and Mo(CO)g in 1,2 dichlorobenzene. (numbers in figure corresponds
to distances in A°).
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signaled with an (*) corresponds to Ni,Mo3;Og (JCPDS card
00-037-0855). The rest of the spectra involve also lower and
higher nuclearity cluster compounds as reported before in
the synthesis of WRuSe clusters in organic media [20] and
MoOsSe cluster carbonyl [30] compounds. To get more infor-
mation about this compound, the powder was thermally treated
four hours at 1073 K, and the X-ray spectra obtained is depict-
ed in figure 3. The synthesized NiMo powder material does
not corresponds to NiMoO,, (JPCDS card 33-0948) [23] and,

1490

Cps

28/legrees

Fig. 3. X-ray diffraction spectrum of NiMo, heated for 2 hours at
1073 K. The marked lines correspond to NiMoO4.
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Fig. 4. SEM image of Nij ;Mo synthesized from Ni and Mo(CO)q in
1,2 dichlorobenzene.
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don’t have any diffraction peaks corresponding to Ni,(MoQO,);
reported in figure 2 of R.S. Prabhakaren et al. article [24].

Figure 4 shows the SEM micrograph of Niy ;Mo syn-
thesized from metallic nickel and molybdenum carbonyl. In
Figure 4a) particles larger than 24 pm are observed, showing
a cracked morphology. The chemical analysis of this material
was performed in situ and the flat and smooth surface shown
in Figure 4b), corresponds to metallic nickel; the grains to
a NiMo compound and the rough surface correspond to an
enriched molybdenum phase. Figure 5 shows the morphology
of NiMo prepared from NiCO;3; and Mo(CO)4. The surface of
NiMo has a spongy form with agglomerated particles less than
I pm.

Roughness factor. The roughness factor, defined as the
electrochemical surface area, was determined by scanning
the materials in three different potential regions where non-

20KV 100U  -IPN-

Fig. 5. SEM image of NiMo synthesized from NiCO3 and Mo(CO)g
in 1,2 dichlorobenzene.
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Fig. 6. Cyclic voltammograms of the NiMo electrode in the potential
region of 0.0-0.1 V, at various scan rates in 0.5M KOH at 291 K.
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faradaic reactions were observed. The voltammograms for
NiMo electrode in the region of 0 to —0.100 V (Hg/HgO) are
shown in Figure 6. The capacitance charging current densi-
ties were measured at the middle of the scan range and the
double layer capacitance calculated from the slope of the
linear part of the charging current density against the scan
rate. The roughness factor was estimated by considering
the relation given by Levine and Smith [25] of the double
layer capacitance for smooth surface in the region of che-
misorbed oxygen layer on polycrystalline electrodes, taking
into account that the contribution of the carbon in the double
layer capacitance is the same in both electrodes. The deter-
mined roughness factors were 54.6 and 55.7 for the Ni, ;Mo
and NiMo, respectively.

Electrochemical behavior. Figures 7 to 9 show cyclic
voltammograms in 0.5M KOH at 291K of Ni gosMo, Ni, ;Mo,
and NiMo, respectively, in regions for hydrogen and oxygen
evolution reactions. The voltammograms for hydrogen evolu-
tion were recorded between 0.0 and —1.30 V (Hg/HgO) with a
potential scan rate of 50 mV s~! as shown in Figures. 7a-c. The
shape of the curves shows a direct cathodic electron transfer
reaction. The values of current density deduced from Figure 7
at —1.30 V (Hg/HgO) are given in Table 1, taking into account
the geometric surface area of each electrode. These electro-
chemical results demonstrate that for hydrogen evolution reac-
tion, these materials presents relatively poor activity compared
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Fig. 7. Cyclic voltammograms for hydrogen evolution reaction
by a) I}Iio.o%Mo; b) Nip ;Mo and ¢) NiMo in 0.5M KOH at 50
mV s,
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Table 1. Current Density (mAcm™~?) for hydrogen evolution reaction
(HER) and oxygen evolution reaction (OER) for samples of Ni-Mo
electrodes at different electrode potentials in 0.5 M KOH solution.

Sample HER(-1.3V)  OER(0.70 V)  OER(1.0V)
Ni g0sMo 55 1.5 245
Nig ;Mo 6.9 2.7 12.2

NiMo 6.4 12.1 31.8
NiMoA 9.5 10.0 66

with other reported results for Ni-Mo alloys, obtained by dif-
ferent techniques [26,27,]. This behavior is attributed to the
amorphous component surrounding the alloy. However, after
annealing of NiMo at 473K for 2 hours, the electrochemical
behavior for the cathodic reaction was assessed obtaining a
decreased value comparable to that obtained with Nig gosMo.
A more detailed study is required to evaluate the real catalytic
activity taking into account not only the kinetic parameters but
also the overpotential of each catalyst at a fixed current density
under steady state conditions.

The same catalysts were tested in the region of the oxygen
evolution reaction. Figures 8a-c show polarization results of
these materials tested in the region of 0.0-1.00 V (Hg/HgO)
under the same experimental condition, as reported for the
oxygen evolution reaction. Values of current densities at
0.70 V vs. (Hg/HgO) obtained for Nij yosMo, Niy;Mo, and
NiMo, are given in Table 1. Scanning the electrode potential
to a more anodic value, the current density increased with the
applied potential, as can be seen in Figures 8a-c; in the case of
the NiMo, a current density of 31.8 mAcm™2 at 1V (scan rate
20 mVs™') was attained. The electrochemical result obtained
with this material was higher compared with other reported
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Fig. 8. Cyclic voltammograms for oxygen evolution reaction by a)
Nig gpgMo; b) Nig ;Mo; ¢) NiMo in 0.5M KOH at 50 mV sL
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Fig. 9. Cyclic voltammograms for oxygen evolution reaction by a)
Nig gpgMo; b) Nig ;Mo; ¢) NiMo in 0.5M KOH at 20 mV s

electrocatalysts such as Co;0,, synthesized by sol-gel and
tested for the same reaction under the same condition, i.e. 25
mAcm~2 [28]. To date, our result for oxygen evolution in the
NiMo is better than that reported for Ni/NiCo,0y, i.e., 6 mA
cm™2 at 600 mV [figure 2b in reference 12] and with the same
magnitude of that obtained for the same material reported by
Suffredini et al [29]. As the roughness factor is almost the
same in Nig ;Mo and NiMo, the difference in electrochemical
activity could not be attributed to the roughness factor as has
been reported in other materials such as Co;0, obtained by
different techniques [28], but rather to the intrinsic properties
of Nig ;Mo and NiMo, related to the geometric and electronic
configurations. The thermally treated NiMo compound has a
decreased electrocatalytic activity for the oxygen evolution
reaction compared to that of NiMo at 0.7 V, but it is increased
at 1 V, such as observed in table 1. The difference between the
as obtained and thermally treated material could be attributed
to a geometric structure modification of the cluster catalyst
in the substitution of some molybdenum carbonyl bonds by
molybdenum oxygen bonds formed by heating the compound
in air or to the surface cleaning of some organic material, com-
ing from the synthesis.

Electrochemical stability Figure 10 shows prolonged
chronoamperometric experiments performed in the alkaline
solution in order to explore the stability of Niy Mo, NiMo,
and MoOj; (Aldrich reactive grade) for the oxygen evolution
reaction. These curves were obtained at 0.75 V (Hg/HgO), for
24 hours. Nig ;Mo shows almost the same behavior as MoOs,
confirming our advanced conclusions of the formation of a
nickel-doped-molybdenum compound in the experimental
conditions the molybdenum is dissolved in the electrolyte.
These materials are not stable as electrodes for the oxygen
evolution reaction. Whereas NiMo has a good stability for
oxygen evolution as shown in Figure 11, however, there exists
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Fig. 10. Stability under potentiostatic polarization at 0.75 V/(Hg/HgO)
for a)NiMo, b) Niy ;Mo; ¢)MoO3.
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Fig. 11. Galvanostatic polarization for NiMo at [ = 1.5 mA at 291K.

a possibility of CO, formation during the oxygen evolution
because carbon has been used as catalysts support. The NiMo
stability confirms that Ni,Mo;0g and the other compounds not
determined in this work are stable for the oxygen evolution
reaction. These results suggest the unidentified part of NiMo
must be cluster compound formed in the organic media as has
been reported for ruthenium base and osmium base electro-
catalyst [19-21, 30, 31] obtained under the same experimental
conditions. For the other peaks any isomorphic compound was
found in the X-ray data spectra of the diffractometer or in the
literature.

Conclusion

Ni-Mo electrocatalyst synthesized from different nickel
reagents in 1,2 dichlorobenzene present activity for hydrogen
evolution in alkaline solution. XRD spectra shows the forma-
tion of a NiMo crystalline compound in nanometric size and,
formed by Ni,Mo03;0g and other non identified cluster com-
pounds. The best results for the oxygen evolution reaction
were obtained after annealing the NiMo sample at 473K. The
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chemical synthesis route allows the preparation of a Ni-Mo
material stable for oxygen evolution reaction and materials
with high active surface area in relation to that obtained by
sol-gel or spray-pyrolysis. In these materials, the difference in
electrocatalytic activity could not be attributed to the rough-
ness factor, but rather to their intrinsic properties. The hydro-
gen evolution reaction is poor compared with other reported
results for Ni-Mo alloys.

Experimental

Ni-Mo oxides were prepared following a procedure simi-
lar to that previously reported for ternary ruthenium-base
electrocatalysts [19-21], by reacting molybdenum carbonyl
Mo(CO)g(Strem) and nickel carbonyl compound, Ni(CO),
(Strem), in 1,2 dichlorobenzene (Merck) under a reflux-
ing condition (bp~ 453K); or nickel powder (Merck) and
Mo(CO)g; or NiCO; (Baker) and Mo(C0)g, all of them under
the same experimental conditions. Before and during the syn-
thesis, the organic solvent was outgassed with dry nitrogen.
The Mo(CO)s was dissolved in 100 mL of freshly distilled
1,2 dichlorobenzene; the organic solvent was heated to boil-
ing point; afterward, Ni(CO)4 gas was bubbled through the
solution for 15 min. After 20 h of reaction, the products were
centrifuged and the recuperated black powder was washed
with diethyl ether and dried at room temperature (sample
A). Sample B was obtained by reacting 0.05 mmolL™! of
nickel powder with 0.57 mmolL~" of Mo(CO), in 100 mL of
dichlorobenzene. Sample C was prepared by reacting 1.14
mmolL~' Mo(CO)y with 0.84 mmolL~! NiCO; in 100 mL of
dichlorobenzene for 20 h, following the same experimental
procedure.

The chemical analysis of the samples was done in a
Perkin-Elmer Atomic Absorption Spectrophotometer (Mod.
2380), determining the weight percent composition of nickel
from air acetylene flame and molybdenum from a nitrous
oxide acetylene flame. The X-ray spectra were performed in a
Siemens X-ray diffractometer using the Cu-Ka radiation. The
morphology of the samples was examined by a scanning elec-
tron microscope, JEOL (JSM-35CF).

A standard electrochemical setup was used for current-
potential measurements. Working electrodes were prepared
by mixing samples in powder form with a previously pre-
pared carbon paste and placed in a cup of an electrode holder
made of nylamid with a stainless steel contact at the bottom
[19, 21]. The geometrical surface area of each electrode was
0.19 ¢cm? for Nij Mo and Niy ;Mo and 0.28 cm? for NiMo
which were smoothed by rubbing gently on pieces of weighing
paper. The refrence electrode was Hg/HgO/OH™ in 0.5M KOH
and a Pt grid was used as the auxiliary electrode. The solu-
tions were prepared with KOH (Merck) and distilled water.
All the experiments were developed in 0.5M KOH at 291K.
The electrochemical measurements were performed with a
Potentiostat-Galvanostat (EG&G, Princeton Applied Research,
Mod. 273A), connected to a Hewlett-Packard X-Y recorder
Mod. 7004).



174

J. Mex. Chem. Soc. 2010, 54(3)

Acknowledgments

The authors thank Leticia Carapia for is aide with the RDX
patterns, S Citalan for the electrochemical measurements of
the thermally treated NiMo. This work is part of the ININ
project of materials for hydrogen production and storage.

References

10.

11.

12.

. Sumbogo Murti, Sri D.; Choi, Ki-H.; Korai, Y.; Mochida, 1. App!.

Cat. A 2005, 280, 133-139.

. Lewandowsky, M.; Sarbak Z. Appl. Cat. A. General 1997, 156,

181-192

. Grzeskowiak, J.R.; Mrozinska, K.; Masalska, A.; Goralski, J.;

Rynkowski, J.; Tylus, W. Catal. Today 2006, 114, 272-280.

. Gomez, E.; Pellicer, E.; Vallés, E. Electrochem. Commun. 2005,

7,275-281.

. F. de Souza, R.; Loget, G.; Padilha, J.C.; Matini, EM.A.; de

Souza, M.O. Electrochem. Comm. 2008, 10, 1673-1675

. Kubisztal, J.; Budniok, A. Int. J. Hydrogen Energy 2008, 33,
4488-4494
. Marshall, A.T.; Sunde, S.; Tsypkin, M.; Tunold, R. Int. J.

Hydrogen Energy 2007, 32, 2320-2324

. Rossmeisl, J.; Qu, Z-W.; Zhu, H. ; Kroes, G-J. ; Norskov, J. K. J.

Electroanal. Chem. 2007, 607, 83-89.

. Navarro-Flores, E.; Chong, Z.; Omanovic, S. J. Mol. Cat. A:

Chem. 2005, 226, 179-197

Rasten, E.; Hagen, G.; Tunold, R. Electrochim. Acta 2003, 48,
3945-3952.

Marshall, A.; Borreden, B.; Hagen, G.; Sunde, S.; Tsypkin, M.;
Tunold, R. Russ. J. Electrochem., 2006, 42, 1134-1140.

Tiwari, S.K.; Samuel, S.; Singh, R.N.; Poillerat, G.; Koenig JF.;

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.
24.

25.

26.

27.

28.

29.

30.

31.

Suilma Marisela Fernandez-Valverde et al.

Chartier P. Int. J. Hydrogen Energy 1995, 20, 9-15

De Gis, M.J.; Tremiliosi-Filho, G.; Gonzalez E.R.; Srinivasan S.;
Appleby A. J. Int. J. Hydrogen Energy 1995, 20, 423-427
Sanches, L.S.; Domingues, S.H.; Marino, C.E.B.; Mascaro, L.H.
Electrochem. Comm. 2004, 6, 543-548.

Krolikowski, A.; Wiecko, A. Electrochim. Acta 2002, 47 ,2065-
2069

Lo, YL.; Chou, S C.; Hwang, B.J. J. Appl. Electrochem. 1996, 26,
733-740

Trasatti, S. 1994 in: Lipkowsky, J,; Ross, P.N, editors.
Electrochemistry of Novel Materials. VCH. Chapter SNew York.
Singh, R.N.; Mishra, D.; Anindita, Shinha, A:S:K; Singh, A.
Electrochem. Comm. 2007, 9, 1369-1373.

Solorza-Feria, O.; Ellmer, K.; Giersig, M.; Alonso-Vante, N.
Electrochem. Acta 1994, 39, 1647-1653

Ramirez-Raya, S.D.; Solorza-Feria, O.; Ordofiez-Regil, E.;
Benaissa, M.; Fernandez-Valverde, S.M. Nanostruct. Mater. 1998,
8, 1337-1346.

Vogel, W.; Alonso-Vante, N. J. Catal. 2005, 232, 395-401

Jones, T.E.; Noakes, T.C.Q.; Bailey, P.; Baddeley, C. J. Surf. Sci.
2003, 523, 12-20.

Natl.Bur. Stand. (U.S.) Monography 1982, 25, 1962.

Prabaharan, S.R.S;; Michael, M.S.; Ramesh, S.; Begam, K.M. J.
of Electroanal. Chem. 2004, 570, 107-112.

Levine, S.; Smith, A.L. Discuss. Faraday Society. 1971, 52, 290-
301.

Divisek, J.; Schmitz, H.; Balej, J. J. Appl. Electrochem. 1989, 19,
519-530.

Schiller, G.; Borck, V.; Henne, R.; Hug, W. Proceedings of the
10th World Hydrogen Energy Conference, Cocoa Beach, Florida
Vol (1) 1994, 631-639

El'Bayadi, M.; Poillerat, G.; Rehspringer, J.L.; Gautier, J.L.;
Koening, J.F.; Chartier, P. J. Sol. St. Chem. 1994, 109, 281-288
Suffredini, H.B.; Cerne, J.L.; Crnkovic, F.C.; Machado, S.A.S.;
Avaca, L.A. Int. J. Hydrogen Energy. 2000, 25, 415-423.
Solorza-Feria, O.; Citalan-Cigarroa, S.; Rivera-Noriega, R.;
Fernandez-Valverde S.M. Electrochem. Comm. 1999, 1, 585-589.
Suérez-Alcantara, K.; Rodriguez-Castellanos, A.; Duron-Torres,
S.; Solorza-Feria, O. J. Power Sources 2007, 171,381-387.



