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OXYGEN EVOLUTION REACTION ON ELECTROLYTIC NICKEL-BASED
COMPOSITE COATINGS IN AN ALKALINE SOLUTION

Ni+W+Si and Ni+W+Mo+Si composite coatings were obtaed by electrodeposition of crystalline nickel fran an electro-
lyte containing suspension of suitable metallic andon-metallic components (W, Mo and Si). These cdags were obtained
under galvanostatic conditions, at the current derigy of jue, = 0.100 A cri? and at the temperature of 338 K. For comparison
the Ni coating was also obtained and investigatea ithe same manner. Obtained coatings were modifieh the air atmo-
sphere by thermal treatment at the temperature of 93 K during 1 hour. Thermal treatment of obtained ®atings changes
their phase composition. X-ray diffraction pattern showed that the Ni+W+Si coating is composed of theephase structures,
i.e., nickel, tungsten and silicon. The phase comgition for the Ni+W+Si coating after thermal treatment in the air is mark-
edly different. The main peaks corresponding to th&V coexist with the new ones corresponding to newhpses: NiWQ and
two forms of SiO,. X-ray diffraction pattern showed that the Ni+W+Mo+Si coating is composed of four phase structuresei,
nickel, tungsten, molybdenum and silicon. The phaseomposition for the Ni+W+Mo+Si coating after thernal treatment in
the air is also markedly different. This may be cooluded from the presence new peaks corresponding tew phases: NiWQ,
NiMoO4 and SiO,. The phase composition for the Ni coating after trmal treatment in the air is different in comparison
with Ni as-deposited coating. The main peaks corrpsnding to the Ni coexist with the new ones corresmding to new phase:
NiO, what suggests that the nickel coating was alsaxidized. The electrochemical activity of thermalf treated coatings was
studied in the process of oxygen evolution reactioOER) from 5 M KOH solution using electrochemicalimpedance spec-
troscopy (EIS) method. It was found that Ni+W+Mo+Sicomposite coating after thermal treatment in the & is characterized
by enhanced electrochemical activity towards oxygeevolution as compared with Ni+W+Si and Ni coatingsfter thermal
treatment in the air. This coating to characterizeleast values of the logarithm impedance module lof¥|, phase angle®,
charge-transfer resistanceRy, and greatest values of double-layer capacitand8y. Thus obtained coating may be useful
in application as electrode material for the oxygermvolution reaction.
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PROCES WYDZIELANIA TLENU NA ELEKTROLITYCZNYCH POWLOKACH KOMPOZYTOWYCH
NA OSNOWIE NIKLOWEJ W SRODOWISKU ALKALICZNYM

Powtoki kompozytowe Ni+W+Si i Ni+W+Mo+Si otrzymanopoprzez elektroosadzanie krystalicznego niklu z ekgrolitu
zawierajacego zawiesip odpowiednich metalicznych i niemetalicznych sktadikéw (W, Mo i Si). Te powloki otrzymano
w warunkach galwanostatycznych jge. = 0,100 A cm?) w temperaturze 338 K. Do celéw poréwnawczych otyanano réwniez
powtoke Ni, ktéra poddano identycznym badaniom jak pozostate. Otrzymne powtoki zostaty poddane obrébce cieplnej
w atmosferze powietrza w temperaturze 973 K przez godzirg. Obrobka cieplna otrzymanych powtok zmienita ich ktad fa-
zowy. Rentgenowska analiza fazowa powtok Ni+W+Si pabrébce cieplnej w atmosferze powietrza wykazatabecndié nast-
pujacych faz: NiWO,, dwbéch odmian SiQ oraz wyskpujacej juz weczeéniej fazy W. Rentgenowska analiza fazowa powtok
Ni+W+Mo+Si po obrdbce cieplnej w atmosferze powieta wykazata obecné¢ nowych faz: NiWOs NiMoO4 oraz SiOs.
Natomiast rentgenowska analiza fazowa powtok Ni pobrébce cieplnej w atmosferze powietrza wykazata @zndé¢ nowej
fazy NiO oraz wyskpujacej juz wczeniej fazy Ni. Charakterystyke aktywnosci elektrochemicznej w procesie wydzielania
tlenu w $rodowisku alkalicznym (5 M KOH) dla powtok po obrdbce cieplnej w atmosferze powietrza prowadzono metad
elektrochemicznej spektroskopii impedancyjnej. Stwerdzono, ze powtoka kompozytowa Ni+W+Mo+Si po obrébce cieplne
charakteryzuje sie podwyziszom aktywnoscia elektrochemiczm w procesie wydzielania tlenu w poréwnaniu do powilo
Ni+W+Si i Ni po obrébce cieplnej. Powtoka kompozytwa Ni+W+Mo+Si po obrébce cieplnej charakteryzuje si najmniej-
szymi wartosciami logarytmu modutu impedancji log |Z|, kata przesunicia fazowego@ i oporu przeniesienia tadunkuRg
oraz najwigkszymi wartosciami pojemnacsci warstwy podwadjnej Cy. Tak otrzymana powloka mae byé zastosowana jako
materiat elektrodowy w procesie wydzielania tlenu.

Stowa kluczowe: powtoki kompozytowe, proces wydzielania tlenu, ekdrochemiczna spektroskopia impedancyjna
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INTRODUCTION

Electrolytic hydrogen and oxygen evolution on variwere used as working electrodes. For comparisohlthe
ous electrode materials and from various electolytoating was also obtained and investigated in #mees
solutions are two of the most frequently studiegicel manner. In order to obtain superficial oxides oé th
trode reaction. The reasons for this are both #tmal transition metals on Ni+W+Si, Ni+W+Mo+Si and Ni
and practical, since the two gases represent magal- coatings the samples were kept at the temperafure o
ucts or byproducts of several industrial electiolpro- 973 K during 1 hour in the air atmosphere.
cesses. Oxygen electrode reactions have an importan Chemical composition of the coatings was determi-
role in electrochemical technology because thegtton ned by EDS method and phase composition investi-
tute basic processes in systems like water elgsgmd, gations were conducted by X-ray diffraction method.
fuel cells, metal-air batteries, sensors, etc. Investigations of electrolytic oxygen evolution ¢me

Properties of electrolytic nickel and nickel-basethermally treated coatings were conducted in aethre
composite coatings are well known. Their wide agpli electrode cell, using electrochemical impedancetspe
tion is a result of specific properties of nickelich scopy (EIS) method. These measurements were carried
exhibit good corrosion resistance in aggressivei-solout in 5 M KOH solution, at the temperature of 203
tions and also high catalytic activity for manyatte- using Autola§ electrochemical system. The auxiliary
chemical processes, in particular for the hydroged electrode was a platinum mesh and the reference ele
oxygen evolution reactions. It should be added th#&bde was of the type Hg/HgO/5 M KOH. In the EIS
electrochemical processes depend markedly on the cimneasurements the amplitude a¢ signal was equal
mical and phase composition, geometric properties a0.005 V. A frequency range from 10 kHz to 0.1 Hawa
structure of the electrode surface. In generalgery covered with 10 points per decade. The real andiima
evolution reaction on metals normally takes plane anary components of the complex plane plots were ana
the surface, which is firstly covered with apprapei lysed using a modified version of a complex noedin
oxides. In order to improve the utilization of thema- least-squares fitting program (CNLS) [3, 4] fromigih
terials, various methods of their modifications Idobbe  the experimental parameters of an electrical edpriva
applied [1-5]. Present study was undertaken inroi@e circuit were determined.
evaluate suitability of Ni+W+Si and Ni+W+Mo+Si
composite coatings after thermal treatment in tie a
atmosphere, as electrode materials for the oxygen e RESULTS AND DISCUSSION
lution in an alkaline solution. Additionally, comgite
coatings were compared with nickel coating sub;iactes9
to the analogous thermal treatment.

The Ni+W+Si composite coating contains about
wt. % of nickel, 41 wt. % of tungsten and 20 %.
of silicon. X-ray diffraction pattern showed thduet
deposited coating is composed of three phase stas;t
EXPERIMENTAL i.e., nickel, t_ungsten and silicp_n. It means tr_lgtth'e
process of nickel electrodeposition, tungsten aiwbs
Ni+W+Si coating were obtained by electrodeposipowders grains have been built into a crystalliméed
tion from the following electrolyte (concentratiois matrix (Fig. 1a). The phase composition for the\NiSi
g dm¥): NiSO,-7H,0 - 84, HBO; - 8, CHLCOONa - coating after thermal treatment in the air is meike
- 10, GHsO/Nas - 2HO - 30, NHCI - 10 + 50 g dit  different. The main peaks corresponding to the \keo
of tungsten powder (100 meshldrich) + 50 g dm® ist with the new ones corresponding to new phases:
of silicon powder (325 meskldrich). Ni+W+Mo+Si  NiWO, and two forms of Si@(Fig. 1b). It was ascer-
coating were obtained by electrodeposition from thiined that the thermal treatments of Ni+W+Si auati
following electrolyte (concentrations in g o NiSO,-  leads to production of new kind of composite materi
-7TH,0 - 84, HBO3 - 8, CHRCOONa - 10, gHsO;Nas - The Ni+W+Mo+Si composite coating contains about
.2H,0 - 30, NHCI - 10 + 50 g dn? of tungsten pow- 34 wt. % of nickel, 29 wt. % of tungsten, 23 wt.d%6
der (100 meshAldrich) + 50 g dm® of molybdenum molybdenum and 14 wt. % of silicon. X-ray diffraumti
powder (100 meshAldrich) + 50 g dm® of silicon pattern showed that the deposited coating is coathos
powder (325 meshAldrich). Distilled water and ‘ana- of four phase structures, i.e., nickel, tungsteolybtde-
lytical grade’ reagents were used for preparatibn mum and silicon. It means that in the process okeli
the electrolyte. The process was carried out atedhre electrodeposition, tungsten, molybdenum and silicon
perature of 338 K, with intensive mechanical stirrpowders grains have been built into a crystalliroéed
ing (200 rpm).Coatings were electrodeposited undematrix (Fig. 2a). The phase composition for the \Ni#+
galvanostatic conditions, at the current dengify = +Mo+Si coating after thermal treatment in the air
= 0.100 A cri>. A platinum mesh served as an auxiliarys markedly different. This may be concluded from
electrode. The coatings were deposited on the stéleé presence new peaks corresponding to new phases:
plate (St3S) of the geometric surface area of 1aml NiWO,, NiMoO, and SiQ (Fig. 2b). It was ascertained
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that the thermal treatments of Ni+W+Mo+Si coating The process of powders embedding in the Ni ma-
leads to production of new kind of composite materi

a)

b)

Fig. 1. X-ray diffraction patterns of Ni+W+Si congite coating: a) as-
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-deposited, b) after thermal treatment in the air

Rys. 1. Dyfraktogram rentgenowski powtoki kompozy#p Ni+W+Si:

b)

Fig. 2.

a) po elektroosadzeniu, b) po obrébce cieplnejmoaterze po-
wietrza
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X-ray diffraction patterns of Ni+W+Mo+Si eposite coating:
a) as-deposited, b) after thermal treatment irathe

Rys. 2. Dyfraktogram rentgenowski powtoki kompozyep Ni+W+Mo+

+Si: a) po elektroosadzeniu, b) po obrébce ciepiaimosferze
powietrza

trix is probably based on the ability to adsor3"Nons
on a surface of powders, which was shown earlipr [6
Such a form of nickel ions, partially devoid of litgdra-
tion envelope can be more electrochemically adtiam
hydrated Ni* ions. A suspension of this type moves to-
wards the cathode and by applying considerableentirr
densities, more adsorbed®Nions than the ones hydra-
ted in the bath are submitted to the charge-tramsée-
tion. The composite structure is obtained in thagyw

The phase composition for the Ni coating after-ther
mal treatment in the air is also different in comigan
with Ni as-deposited coating. The main peaks corre-
sponding to the Ni coexist with the new ones corre-
sponding to new phase: NiO (Fig. 3a, b), what satge
that the nickel coating was also oxidized.
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Fig. 3. X-ray diffraction patterns of Ni coating: as-deposited, b) after
thermal treatment in the air

Rys. 3. Dyfraktogram rentgenowski powtoki Ni: a) plektroosadzeniu,
b) po obrébce cieplnej w atmosferze powietrza

In order to characterization of electrode-electmly
processes the electrochemical impedance spectpscop
technique was applied. Measured impedance spectra
in the complex plan&'= f(Z') was shown in Figure 4.

It should be noticed that all electrodes are charaed
by straight line at high frequencies followed byeon
distorted semicircle at low frequencies. The impeda
of the electrodes consisting of deep cylindricatgso
may be expressed @§a) = Rs+ (Rup/A"A)[coth(1?)]
where /N = [1/A, + (j0)By], Ay = aRy, B, = Tla, a =
=r120%, Rgp = d/ntr” (n is the number of pores per
cn?, r is thepore radius] is the pore lengthp is the
electrolyte resistance along the pore axis) whateeo
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sponds to a straight line at high frequency pad &n The results of the EIS investigations were alsoc ana
a semicircle at low frequency part of a Nyquisttplolyzed in the form of Boddog |Z| = f(log @) and @=

[4, 7]. Capacitance in this model was replaced diy-¢ = f(log «) diagrams, whereZ| = () + (2"))** and
stant phase element CPE with an impedance given By= arc tangentZ'/Z’) (Figs. 5 and 6). It was found
relationZepe(aw) = UT(jw)? Thus, to explain impedance that the Ni+W+Si and Ni+W-+Mo+Si coatings are char-
spectra obtained for Ni+W+Si, Ni+W+Mo+Si and Niacterized by a lower value of the logarithm impeman
coatings, porous model of the electrode was usegiodule and phase angle compared with those faXithe

As a result of approximation of the experimentalada coating.
(using CNLS fit) five parameters were obtained IRg.
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Fig. 4. Dependences @f = f(Z') for the: a) Ni+W+Si, b) Ni+W-+Mo+Si i ¢) Ni powlok po obrdbce cieplnej w atmosferze peivwea, dla

and c) Ni coatings after thermal treatment in@yE = 0.270 V
(1), 4E = 0.290 V (2) and/E = 0.310 V (3), @, A, O - ex-

perimental points, — - approximation line)

Rys. 4. Zalendsci 2" = f(Z') dla: a) Ni+W+Si, b) Ni+W+Mo+Si i ¢) Ni
powlok po obrébce cieplnej w atmosferze powietdia, nadpo-
tencjatow: 4E = 0,270 V (1),4E = 0,290 V (2) iZE = 0,310 V
3), @, A, O - punkty déwiadczalne, — - linia aproksymaciji)
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For all obtained coatings the diameter of low-fre-

nadpotencjatlowZE = 0,270 V (1),4E = 0,290 V (2) i4E =
=0,310V (3)

guency distorted semicircle (dispersion parameter

= 0.6%0.85) decreases with increasing in overpotential
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AE. Such behavior indicates that the value of charge 3.0 . . . .
transfer resistancB; decreases as well. TR values
obtained for Ni+W+Si and Ni+W+Mo+Si coatings are
distinctly lower then that obtained for the Ni ¢tede 2.0 1
(for suitable overpotentials) respectively (Fig. Para-

meterT is associated with the double-layer capacitance

_o e
Cq by relation:Cy, :[T/(R;1+ ‘1)(' ﬂ [4,5, 7]
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b) s w . . . . — area is proportional to th&y valueswhat indicates that
ey the presence of the W and Si particles in the NiBiV+
104 f mﬂ%ﬁg i coating and W, Mo and Si particles in the Ni+W+
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i catalysis when the whole area is accessible tdaptsc
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