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EXTENDED ABSTRACT

Electr odeposition and char acterization of Ni-M 0O, composite
coatings as cathodes for the hydrogen evolution reaction in
alkaline solution®
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Abstract: Composite Ni-MoO, coatings were prepared and characterized with
respect to their possible application as electrocatalysts for the hydrogen
evolution reaction (HER) in akaline solution. The composites were elec-
trodeposited onto Ni meshes from an ammonium chloride Ni solution with
suspended Mo0O, particles under simulated industrial conditions for the
production of commercial cathodes. The influence of the concentration of
MoO, particles in the solution and deposition current density on the mor-
phology, and chemical and phase composition of the obtained coatings were
investigated by scanning electron microscopy (SEM), energy dispersive X-ray
spectroscopy (EDS) and X-ray diffraction (XRD). Catalytic activity of the
coatings for the HER was examined by polarization measurements in a 32 wt.
% NaOH solution at 90 °C and compared to the activity of the commercial De
Nora’s cathode (DN). It was shown that the most active Ni-MoO, coating
exhibited better polarization characteristics for the HER than the DN cathode.
The mechanism of the HER on the specified Ni-MoO, coating was investi-
gated in 8 mol dm3 NaOH at 30 °C by means of steady-state polarization
measurements and an electrochemical impedance spectroscopy (EIS). Based on
the theoretical interpretation of the experimental data, the rate constants of the
three individual steps of the HER were determined and the source of catalytic
activity of the coating was elucidated.

Keywords. hydrogen evolution; electrocatalysis; Ni-MoO, coating; morpho-
logy; electrochemical impedance spectroscopy.
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Chlor—alkali electrolysis is an industrial process of major importance since
more than 95 % of chlorine and 99.5 % of sodium hydroxide are annualy
produced in the world by mercury, diaphragm and membrane chlor—alkali tech-
nologies.l One of the main obstacles to the future development of the chlor—
alkali industry is the high cost of the consumed electrical energy,! partially asso-
ciated with the inadequate efficiency of the hydrogen-evolving cathodes. Over
the past years, great effort has been devoted to searching for cathode materials
suitable for industrial application,2-16 which have to meet several criteria, such
as. high catalytic activity for the hydrogen evolution reaction (HER), large sur-
face area, good mechanical, chemical and corrosion stability and low cost of the
components. Nickel is used as the basic component of industrial cathodes due to
its stability in alkaline media, moderate activity for the HER and low price.l’ In
commercia zero-gap membrane cells of the Industrie De Nora (DN), a Ni-RuO»
composite coating, characterized by the low overpotential for the HER, is em-
ployed as the cathode. However, regarding a high price of ruthenium compounds
on the market, economic factors promote the tendency to replace the Ru-con-
taining cathode with materials based on non-noble metals that show similar cata-
lytic activity for the HER in akaline solution as the commercial cathode.

In this lecture, the results of an investigation of the microstructure, chemical
and phase composition and catalytic activity for the HER of Ni-M 0O, composite
coatings prepared by the simultaneous electrodeposition of Ni and MoO, were
presented. The coatings were el ectrodeposited from suspensions composed of 0.2
mol dm~3 NiCl, + 2.0 mol dm3 NH4Cl solution (pH 3.6) and MoO; particles.10
The average particle size of MoO» powder was determined to be 850 hm using
the Scherrer formula.10 The electrodeposition was performed in atest cell 9 i.e., a
20 dm3 volume flow reactor, in which the suspension was circulating with a
constant flow rate of 50 L min—1 and air bubbles were continually introduced at
the bottom of the cell in order to prevent precipitation of the suspended MoO»
particles and achieve their additional mixing. A Ni mesh 40 was used as the
cathode substrate, while the anodes were two Ni plates. Dimensions of all three
electrodes were 18 cmx22 cm. The catalytic activities of the obtained Ni-MoO»
coatings were estimated by recording steady-state polarization curves for the
HER in a 32 wt. % NaOH solution at 90 °C, and compared to the activity of the
commercial DN electrode. The morphology, chemical and phase composition of
the coatings were investigated by SEM, EDS and XRD analysis, respectively.

In order to establish the optimal conditions for the electrodeposition of Ni—
—Mo0Os coatings, preliminary experiments were conducted in a beaker cell (V =
= 0.5 dm3) with much smaller electrodes (2 cmx3 cm).10 The concentration of
MoO, particles in the solution was varied in the range of 3-10 g dm3, whereas
the deposition current density jgep Was varied from 50-1000 mA cm2. It was
found that the coatings with larger content of Mo, electrodeposited from sus-
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pensions with higher concentration of MoO, and at lower jqep, exhibited the best
catalytic activity for the HER, but were also characterized by the appearance of
cracks and smaller and non-uniform thickness, implying a short service life under
industrial conditions of exploitation. On the other hand, the coatings with alower
content of Mo, i.e., alarger content of Ni, were thicker and had a developed sur-
face area, but the overpotentia for the HER was considerably larger. With res-
pect to the catalytic activity for the HER, it appeared that for every applied jgep,
thereisan optimal concentration of MoO» particles in the solution and vice versa.

Deposition of the coatings in the test cell was carried out at jgep = —300 MA
cm2, while the concentration of MoO, was varied in the range of 1 —3 g dm3.10
It was discovered that the morphology and composition of the Ni-MoO» coatings
and, consequently, their activity for the HER, were crucialy dependent on condi-
tioning time of the deposition suspension. The coating electrodeposited from the
suspension with 2 g dm=3 of MoO,, conditioned for 1 h, was 2 um thick and
characterized by the presence of cracks and a uniform composition with 16 at. %
Mo and 62 at. % O. The coating €l ectrodeposited from the same suspension after
24 h conditioning had a thickness of about 40 pm and was composed of uni-
formly distributed Ni-rich (practically pure Ni) and MoOo-rich (16 at. % Mo)
parts, distinguishable from back-scatter electron micrographs of the cross section
as the gray and white areas, respectively. The difference in the microstructure
and composition of the two coatings was attributed to the sluggish occlusion of
suspended MoO», particles by Ni2* in the solution. The latter coating displayed a
60 mV lower overpotential for the HER at higher current densities compared to
the former one.

The best polarization characteristicsin 32 wt. % NaOH at 90 °C exhibited by
the coating, deposited from a suspension with 3 g dm=3 of MoO, after 24 h
conditioning.10 At a current density of —300 mA cm2, the overpotential for the
HER recorded on this sample was 15 mV lower in comparison to that of the com-
mercial DN cathode. Its surface was found to be composed of two characteristic
parts,18 differing in composition and morphology. The Ni-rich parts (78. at. %
Ni) consisted of agglomerates of ball-like grains of 2 um in diameter, whereas
the MoO»-rich parts (76 at. % O) were characterized by the presence of mud-like
cracks typical for electrodeposited Ni-Mo-O systems.19.20 Cross section analysis
of MoO»x-rich parts revealed that the cracks did not reach the Ni substrate, but
extended only to the compact Ni-rich underlayer. Only two phases, Ni and
MoO», were detected by XRD analysis, confirming that the MoO» particles were
incorporated into the Ni matrix during the electrodeposition process. It was con-
cluded that the coating prepared from the suspension containing 3 g dm= of
MoO, after 24 h of aging represents the most promising candidate for replace-
ment of the commercial DN cathode since it exhibits better polarization charac-
teristics for the HER than the DN cathode and has a satisfactory microstructure.
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The kinetics and mechanism of the HER on this coating were examined in an
8 mol dm3 NaOH solution at 30 °C by means of steady-state polarization mea-
surements and the electrochemical impedance spectroscopy (EIS).18 The polari-
zation curve was characterized by only one well-defined Tafel slope of b = -122
mV decl in the overpotential range || > 70 mV. The impedance spectra recorded
at four different overpotentials corresponding to the Tafel region consisted of two
overlapped semicircles on the complex plane diagrams. The so-caled 1CPE
equivalent circuit?1,22 was successfully fitted to the impedance spectra, providing
the values for the circuit parameters. Based on the theoretical model for the
HER, 23,24 the polarization curve and the overpotential dependences of the circuit
parameters were simultaneously simulated using the non-linear least squares
method. The fitting procedure produced values of the rate constants of the three
elementary steps of the HER. In the range of low overpotentials, 0 < || < 50 mV,
the rates of the Heyrovsky and Tafel steps were approximately the same,
indicating that the reaction equally proceeds through both possible reaction path-
ways, the Volmer—Heyrovsky and the Volmer—Tafel. At || > 150 mV, the rate of
the Tafel step was approaching the limiting value and the reaction dominantly
proceeded through the VVolmer—Heyrovsky reaction pathway, with the Heyrovsky
step being the rate determining one.18

At the most negative overpotential studied by EIS, the roughness factor was
calculated to be 125. In order to separate the contribution of surface roughness to
the catalytic activity for the HER, the intrinsic activity of examined Ni-MoO,
coating was determined and compared to the intrinsic activity of a flat poly-
crystalline Ni electrode reported in literature.2526 Considering that the intrinsic
activity for the Ni-MoO» electrode was an order of magnitude higher in com-
parison with the one for a polycrystalline Ni, it was concluded that the synergetic
effect on the catalytic activity for the HER in akaline solution could be assigned
to aNi + MoO» combination.
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Ministry of Education, Science and Technological Development of the Republic of Serbia
through Project No. 172054. The author would aso like to express his gratitude to the De-
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U3BOJ

EJTEKTPOXEMHJCKO TAJIOXKEIBE U KAPAKTEPU3ALIMJA KOMIIO3UTHUX Ni-MoO;
[TPEBJIAKA KAO KATOJA 3A PEAKIINJY U3[IBAJALA BOJOHHUKA Y AJIKAJIHUM
PACTBOPHMA

YPOWI Y. JTIAYKLEBALL

HHCTHTYT 3@ MYJITHIHCHHIVIHHAPHA HCTPAXXHBARKA, YHUBEP3HUTET y beorpazy,
Knesa Buwecnasa 1, 11030 beorpazn

Komno3utHe Ni—-MoQO;, npeBnake Cy MpUIIpeMJbeHe U OKapaKTepHUCAaHe Ca CTAaHOBUIITA
BUX0Be Moryhe IpUMeHe Kao KkaTajau3aTropa 3a peakuujy U3fBajarba BOJOHHKA Y alKaJlHUM
pactBopuMa. KOMIO3UTH Cy eNeKTPOXeMHjCKH HUCTalI0KeHH Ha Ni Mpexule U3 aMOHHjyM-
-XJIODUAHOT PacTBOpa HUKIA ca CyCNeHZoBaHMM MoQO; uecTHllaMa Yy CUMYJIHpPAHUM HHIYC-
TPHUjCKUM YCIOBHMaA 3a MPOU3BOAKY KOMEPLUjaIHUX KaToAa. YTHULAj KOHLEHTpaLyje YecTula
MoO;, y pacTBoOpy U I'yCTHHE CTpYyje Taloxewma Ha MOP(GOJIOTHjY U XeMUjCKU B (pa3HU cacTaB
nodujeHHUX TIpeBlIaka WCIHUTHBAH je MeTolJaMa CKeHHpajyhe eleKTpoHCKe MHKDPOCKOTIHje,
€HEepPreTCkH AUCIEP3UBHE CHEKTpOCKoNnMje X-3payewma U peHAreHcke gudpaxuuje. Karanu-
THUYKA aKTUBHOCT TIpeBJIaka 3a W3IBajarme BOZOHHMKA WCIHUTHBAHA je TOJapH3allMOHUM Mepe-
wUMa y 32 mac. % NaOH na 90 °C u ynopeheHa ca aktuBHowhy komepuujanae katone (De
Nora). HajaxtuBHHja Ni-M0O, mpesnaka mnokasyje 0osbe MonapHU3aliMOHE KapaKTEPUCTHKE
Hero KoMepuujaaHa KaTtona. MexaHn3am H3nBajawma BOJOHHWKA Ha HaBeneHoj Ni-MoO, mpe-
pnany y 8 mol dm™ NaOH ma 30 °C ucnurtas je momohy CTaMOHAPHMX IONAPH3AIHOHNX
Mepema U METOZle CTIEKTPOCKOIHje eJIeEKTPOXeMHjCcKke umMnesaHuyje. Ha ocHOBy Teopujcke UH-
TeprpeTanyje eKCIepUMeHTaTHUX NojaTaka ogpeheHe cy BpeAHOCTH KOHCTaHTH Op3UHA IOoje-
IOWHAYHUX CTYIHEBa peakldje U pasjallibeHa MPUpPo/ia KaTaTUuTHUKe aKTHBHOCTH ITPEBJIaKe.

(ITpumspeno 15 fnenemdpa 2012)
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