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ABSTRACT

The regularities of cathodic hydrogen evolution from a 30 % KOH solu-
tion at an electrolytic Co-V aloy, an electrolytic cobalt coating as well
as at cobalt and vanadium with smooth surface in the temperature range
25-85 °C have been studied. The Co-V aloy and cobalt coating were de-
posited on stainless steel from a nonaqueous electrolyte. It has been found
that at the least negative potentials and with the lowest overpotentia hy-
drogen evolves at the Co-V aloy. The exchange currents and real activa
tion energies of hydrogen evolution at the investigated el ectrodes as well
asthe Tafel coefficients have been determined. On the basis of an analy-
sis of the angular Tafel coefficient values, it has been shown that the rate
of cathodic hydrogen evolution at cobalt and cobalt coating is controlled
by the rate of formation of adsorbed hydrogen atoms while at vanadium
and electrolytic Co-V aloy by the rate of their electrochemical desorp-
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INTRODUCTION

Hydrogen production from water by the elec-
trolysis of alkaline solution has a number of obvi-
ous advantages over other known methods. These
advantages are the high purity of produced hydro-
gen, easy availability and low cost of raw materia
(water), ssimplicity of the manufacturing schemeand
high operational reliability of electrolyzers, ecologi-
cally useful by-product (oxygen). The main disad-
vantage of the el ectrochemical method of hydrogen

production, which limitsitswide application, ishigh
electrical energy consumptionfor itsrealization. The
cost of used electrical energy is 70 % of the prime
cost of electrolytic hydrogen. Therefore, electroly-
sisasamethod of hydrogen productionisemployed
only when high-purity hydrogen is needed, and there
are sources of low-price electrical energy.

Thequantity of electrica energy required for car-
rying out el ectrolysisis determined by the value of
voltage acrossthetermina sof operating electrolyzer,
which includes severa components and is deter-
mined from aformula:
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U=E -E +-3R=U+|n|+[n]+12R (1)
where E_ and E_ are the anode and cathode poten-
tials respectively, | is the value of current flowing
through the electrolyzer, Risthetotal ohmicresis-
tance, U° isthetheoretical value of water decompo-
sition voltage, n_, and n_ are the overpotentials of
the anodic and cathodic processes respectively!24,
It followsthat apotential way of decreasing the elec-
tric energy consumption for hydrogen production
from water by the electrolysis is the reduction of
uU°, n, n.and ZR.

Thetheoretical (thermodynamic) value of water
decompositionvoltageis1.23V at 25°C and apres-
sure of 1 atmfY. It can be reduced by increasing the
electrolytetemperature; other e ectrolysisconditions
do not affect the U° value. Therefore, the possibili-
ties of reducing U by decreasing U° are limited.

According to, the =R quantity comprises the
following constituents:

IR=R +R +R +R 2)
whereR, R , R and R_are the ohmic resistance of
the electrolyte, membrane, gas bubbles formed on
the cathode and anode and the metallic elements of
theelectrical circuit over which current isfed to the
to the electrodes respectively. For eectrolyzer of
definite design, the R _and R_quantities are practi-
cally constant and have a small value. The ohmic
resistance of the electrolyte depends on its compo-
sition and inter-electrode spacing. Besides, hydro-
gen and oxygen bubbl es, which form on the cathode
and anode respectively, disperse into the electro-
lyte, which leadsto anincreasein R..

The ZR value is greatly affected by the gas
bubblesthat are retained on the surface of the elec-
trodes sincethey do not conduct current and block a
large part of the surface of the electrodes. To accel-
erate the removal of hydrogen and oxygen bubbles
from the surface of the electrodes, various (mag-
netic, ultrasonic, super gravity) external fields can
be used*®, but to establish such fields, consider-
able material and power costs are required.

A promising way of decreasing the electrolyzer
voltageinthe electrolysis of akaline solution isthe
use of electrodes with thelow value of cathodic hy-
drogen evolution and anodic oxygen evolution
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overpotential. The values of cathodic and anodic
overpotential at preset current and el ectrolyte tem-
perature are determined by the nature and condition
of the electrode surface*?"8. Platinum metals (Pt,
Pd) have the lowest n_ and ) values, electrode po-
larization depending largely upon the el ectrode sur-
face condition. However, expensive platinum met-
als are used as electrode materias in electrochemi-
cal hydrogen production only in exceptional cases.
The electrodes made of iron family metals as well
as of their aloys and composite materials are of
much greater practical importance?*%12, The iron
family metals have n, and n_ values which are
slightly larger than those of the platinum metal's, but
they are much cheaper and corrosion resistant in al-
kaline solution.

The increase of the catalytic activity of elec-
trodes based on iron family metals in cathodic hy-
drogen evolution and anodic oxygen evolution pro-
cesses and the development of their surface were
theaim of many investigations. Theanaysisof them
IS not the subject of the present paper. Note, how-
ever, that nickel cathodes, which arewidely used in
the electrolysis of KOH solution, are deactivated
during the first tens of hours of eectrolysis, which
manifestsitself by adecreasein hydrogen evolution
current at fixed potential. As was shown Refg*314,
however, the addition of VO, to the alkaline solu-
tion to avanadium content of 200 mg-L* leadstothe
in situ reactivation of nickel cathodes practically to
theinitia state; in the opinion of the authors of this
paper, thisresultsfrom the formation of avanadium-
containing spongy hydroxide coating on the surface
of the electrodes.

Theauthors of Ref(* managed to greatly increase
the activity of nickel cathodes in the reaction of hy-
drogen evolution at it from an alkaline solution after
the electrodeposition of cobalt and vanadium par-
ticleson the nickel surface. Asaresult of thismodi-
fication, the electrode surface roughness increased
by a factor of over 10, which led to afive-fold in-
creasein apparent exchange current. Theuse of sur-
face-modified nickel cathodes for the electrolysis
of alkaline solution allowed reducing the el ectrolyzer
voltage and electric energy consumption by 10-15
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In this work, to develop electrodes with high
electrocatalytic activity in the reaction of cathodic
hydrogen evolution from akaline solution we have
carried out systematic comparative studies of the
regularities of cathodic hydrogen evolution from a
30 % KOH solution at the following electrodes:
polished vanadium and cobalt, as well as electro-
Iytic cobalt coating and electrolytic Co-V aloy de-
posited on stainless steel from a nonagueous elec-
trolyte.

EXPERIMENTAL

Plate-like vanadium electrodes 3 mm in thick-
nessand 10 mmin width were cut out from cylindri-
cal ingotsof eectron beam melted VnM-1 vanadium
(TU 48-4-272-73). To make smooth cobalt cathodes,
KO electrolytic sheet cobalt (GOST 123-2008) with
acobat content of not fewer than 99.98 % was used.
10x10 mm? electrodes with current leads 2 mm in
width were cut out from this cobalt. The obtained
vanadium and cobalt electrodes were mechanically
mirror-finished and degreased in ethyl alcohol or
acetone.

Electrodes made of 12Kh18N10T stainless sheet
steel (GOST 5949-75, analog of AISI 321) in the
form of strips 10 mminwidth and 1 mminthickness
were also mechanically polished and el ectrochemi-
cally degreased in a solution containing 20 g-L™*
Na,CO, and 20 g-L** Na,PO, before depositing a
cobalt or Co-V aloy on them. The degreasing con-
ditions were as follows: cathodic current density
30 mA-cm-2, solution temperature 50 °C, duration 2
min. A circular platinum anode was used. The
degreasing was conducted with washing the steel
electrodes with twice distilled water.

Electrolytic cobalt coating and Co-V alloy were
cathodically deposited on the surface of prepared
steel electrodes from solutions of cobalt and vana-
dium acetylacetonate complexes in a formamide-
dimethylformamide mixture. The acetylacetonate
complexes Co(C.H,0,), and V(C,H.O,), were ob-
tained from agueous solutions of CoSO, and VSO,
Vanadium (I1) sulfate was synthesized from vanadyl
sulfate by the procedure described in*®. To the
CoSO, and VSO, solutions was added a 25 % am-
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monia solution, and the precipitated hydroxides
Co(OH), and V(OH), were quickly filtered off. The
V(OH), was filtered under argon. The newly pre-
cipitated cobalt and vanadium hydroxidesweredis-
solved in acetylacetone, and the precipitated cobalt
and vanadium acetyl acetonateswerefiltered off and
placedinadesiccator, containing silicagel andfilled
with argon (99.993 % Ar, GOST 10157-79).

A cobalt coating was deposited on steel elec-
trodes from an electrolyte of the following compo-
sition (wt %): formamide, 70.4; dimethylformamide,
23.1; tetrabutylammonium chloride, 3.9 and
Co(C.,H.0,),, 2.6. To deposit aCo-V dloy, an elec-
trolyte containing (wt %): formamide, 68.6;
dimethylformamide, 22.6; tetrabutylammonium chlo-
ride, 3.8; Co(C,H.0O,),, 2.5 and V(C,H.O,),, 2.5
was used.

Cobalt and the Co-V alloy were deposited in a
cell with thermostating jacket; the cathode and an-
ode chambers of the cell were separated by a po-
rous glass diaphragm. A 20x20 mm? platinum plate
was used as the anode. The duration of deposition
was 20-30 min at a cathodic current density of 2.5-
5.0 mA-cm? and an €electrolyte temperature of 25
°C. Current in the deposition of coatings and
degreasing of steel electrodes was preset by means
of a B5-49 dc supply. The electrodes coated with
cobalt and Co-V alloy werewashed in aformamide-
dimethylformamide mixture and dried in adesicca
tor.

To study the surface morphol ogy of the obtained
cathode deposits, aREM-101 scanning el ectron mi-
croscope was used. The quantitative composition
of the surface layer of the deposited cobalt and Co-
V aloy was determined by Auger spectroscopy. The
spectrawere recorded by means of a JEOL JAMP-
10S spectrometer from a 10 um? portion of the sur-
face. The effective depth of analysis was about 2
nm.

Before polarization measurements, the non-
working surface of the prepared electrodes was in-
sulated with epoxy resin. The geometric area of the
working surface of the electrodes under investiga-
tion was 1 cm?. The polarization curves (PCs) of
cathodic hydrogen evolution from a 30 % KOH so-
lution at vanadium, cobalt and steel coated with cobalt
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and Co-V alloy were recorded using a PI-50-1
potentiostat, a PR-8 programmer and a laboratory
LKD-4 X-Y recorder. Potentiodynamic mode was
employed; the potential scanratewas2 mV-c. The
PCswererecorded in acommonly used 0.1 L glass
cdl withthermogtating jacket, Luggincapillary and glass
diaphragm between the cathode and anode chambers.
A 20x20 mm? platinum plate was used asthe counter
electrode; the current lead wasaplatinumwire. The
working el ectrode potential wasmeasured relativeto a
saturated silver-chloride reference el ectrode and con-
verted to hydrogen scae.

The polarization curveswererecorded cyclicaly
from the stationary potentia of unpolarized working
electrode to the preset potential (forward PCs) and
back totheinitial potential (reverse PCs). To reduce
surface oxidesand stabilizethe surfaceof thed ectrodes,
threecyclic cathodic PCswererecorded sequentiadly,
and thekinetic parameters of hydrogen evolution were
determined from the data of third curves. The cathode
current density was cal culated on the basisof the geo-

JOkV m
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metric areaof theworking surface of the €l ectrodes.

To prepare an alkaline solution, analytically pure
KOH andwater twicedidtilledinaquartz ditiller were
used. Therequired solution temperatureinthecell in
pol arization measurementsand cobalt and Co-V dloy
deposition was maintained by means of aU-10 ther-
mostat. To deseratethe catholyte, high-purity argonwas
usedinall cases.

RESULTSAND DISCUSSION

Figure 1 showsmicrographsof thesurface of cath-
ode deposits of cobalt and Co-V aloy deposited ona
steel electrode. It can be seen that the obtained coat-
ingshaveavery devel oped micro- and nanostructured
surface,

The quantitative composition of thesurfacelayers
of the coatingswas determined by theanaysis of their
Auger spectraseeFigure 2. Fromtheresultsof aquan-
titativeanalysisgivenin TABLE 1itfollowsthat the
main elements on the cobalt coating surface are, be-

20041m

Figure 1 : Micrographs of the surface of an electrolytic cobalt coating (a) and a Co-V alloy (b)

dN(gyde- 10

1000
g eV

0 200 400 600 800

dN(eyde-10#

-10-

-l.:] T T
0 200

1000
g, ev

T T L -
400 00 800

Figure?2: Auger spectraof the surfaceof an electrolytic cobalt coating (a) and a Co-V alloy (b)
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TABLE 1: Quantitative composition of the surface layer
of an electrolytic cobalt coating and a Co-V alloy

i Contert, at. %
Coating
S ClI C Ca N V O Co
Co 217 038 4760 - 072 - 2566 23.47

CoV 040 11.03 1036 154 — 4.37 2956 42.74

sidescobalt, oxygen and carbon. Thesurfacelayer of
the obtained Co-V alloy contains alarge amount of
oxygen, chlorineand carbon. Obvioudy, the surface of
thecobalt coating and e ectrolytic Co-V dloy oxidizes
inair. Thepresence of carbon and chlorinein thesur-
facelayer indicatesthat the congtituentsof the el ectro-
lytesused for thedeposition of coatingsareheld by the
devel oped surface of coatings.

Figure 3 showsforward and reverse cathodic PCs
obtained in an alkaline solution at 40 °C on smooth
vanadium and cobalt dectrodes, aswell ason sted dec-
trodes cathodically coated with cobalt and Co-V aloy.
The collocation of the PCs obtained at the other elec-
trolytetemperatureswasthe same. It followsfrom Fig-
ure 3that cathodic hydrogen evol ution at smooth vana:
dium eectrodetakes place a the most negative poten-
tials. The hydrogen evolution potentia s (E) at cobalt,
especidly a dectrolytic cobdt coating, aremuch more
positivethan at smooth vanadium. Theaddition of va
nadium to the cobalt coating alowed obtaining an eec-
trodewhichismuch moreactiveinthecathodic hydro-
gen evolution reaction than the other investigated el ec-

i, mA-cm™”

100
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Figure3: Polarization curvesof hydrogen evolution from
a 30 % KOH solution (40 °C) at smooth vanadium (1),
smooth cobalt (2), an electrolytic cobalt coating (3) and a
Co-V alloy (4)
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trodes. Hydrogen evolved at thiselectrode at theleast
negative potentids. At acurrent density of 100 mA-cnr
2 and an el ectrolyte temperature of 40 °C, the hydro-
gen evolution potentid at el ectrode coated with Co-V
aloyis0.146,0.190 and 0.211V lessnegative than at
cobalt-coated el ectrode and smooth cobalt and vana
dium electrodesrespectively.

Between the forward and reverse PCs obtained
on a vanadium electrode, a considerable hysteresis
Is observed in the low current density range; this
indicates changes in the surface properties of this
electrode during measurements, which are appar-
ently caused by the great tendency of vanadium to
hydrogen absorption. The potentials of reverse PC
are more positive than those of forward PC. It fol-
lowsthat cathodic hydrogen evolution at vanadium
increasesitsactivity in thiselectrode process, which
may be dueto theloosening of the el ectrode surface
caused by hydrogen incorporation into the vanadium
lattice. The forward and reverse PCs obtained on a
smooth cobalt electrode are arranged anal ogously,
but the hysteresis value is much smaller than be-
tween the PCsfor vanadium electrode.

Between theforward and reverse curvesobtained
on el ectrodes coated with el ectrolytic cobalt and Co-
V alloy, asmall hysteresiswas al so detected, but the
potentiasof reverse PCsare more negativethan those
of forward PCs. Obviously, the reduction of the sur-
face cobat oxide and formati on of amorehomogenous
and lessactive surface asaresult of thishaveadeter-
mining effect on the surface activity of these dectrodes.

Itischaracteristic that the stationary potential s of
unpolarized electrodes (E,) depended differently on
temperature. When thetemperaturewasraised, E of
smooth vanadium and cobalt d ectrodes shifted towards
more negative vaues (from -0.731V at 25 °C to -
0.834V at 85 °C inthe case of vanadium electrode
and from -0.745V at 25°Ct0-0.878V at 85°Cin
the case of cobalt electrode), whereasE, of stedl elec-
trodeswith el ectrolytic coatings shifted towardsless
negativevaue (from-0.874V at 25°Ct0-0.842V at
85 °Cinthecase of cobalt-coated e ectrode and from
-0.868V at 25°Ct0-0.861V at 85 °C inthe case of
electrode coated with Co-V dloy).

To study in greater detail the kineticsand mecha-
nism of cathodic hydrogen evolution at theinvestigated
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electrodes, pol arization curvesobtained at different tem-
peratureswereplotted in Tafel coordinates. The calcu-
lated equilibrium potential vaue of hydrogen e ectrode
at pH 14, 25 °C and thepartia hydrogen pressureof 1
am. is-0.828 V, which is close to the experimental
stationary va ues of the unpolarized d ectrodesinvesti-
gated inthiswork. Therefore, E, vaueswere used to
cd culatethe val uesof hydrogen evol ution overpotentia
at theinvestigated e ectrodesfrom theformula:
n=E-E, (©)
where E ispolarized-electrode potentia. It hasbeen
found that at the current density of 100 mA-cm?and
electrolytetemperature of 40 °C, the hydrogen evolu-
tion overpotentia at e ectrode coated with Co-V dloy
is-0.296 V, whichis0.132,0.283 and 0.322 V |ower
than at cobalt-coated e ectrode and smooth cobat and
vanadium el ectrodes respectively. It followsthat the
cathodes coated with dectrolytic Co-V dloy aremost
promising among theinvestigated e ectrodesfor el ec-
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trochemica hydrogen productionfrom water with low
electrica energy consumption.

Figure4 showsn_—Igi_plots, obtained onthein-
vestigated el ectrodes at several akaline solutiontem-
peratures. It can be seen that raising the temperature
leadsto anincreaseintherateof hydrogen evolution at
all electrodes.

Thekinetic parameters of hydrogen evolution at
these dlectrodes (Tafel coefficientsa and b, exchange
current density i and red activationenergy A at zero
overpotential), calculated onthebasisof n_—Igi_plots
arelistedin TABLE 2. To cal cul ate exchange current
densities, we put to zero theoverpotentia intheequa
tionsdescribing thestraight line portionsof then_—1gi.
plots. Thereal activation A wascalculated ontheba-
sisof plotsof exchange current density against tem-
perature.

Thevaluesof theTafel coefficient ainthe case of
cathodic hydrogen evolution at the el ectrode coated

-Nn.V
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Figure4: Tafel plotsfor hydrogen evolution from a 30 % K OH solution at smooth vanadium (@), smooth cobalt (b), an
electrolytic cobalt coating (c) and aCo-V alloy (d) at thetemperatures(°C): (1) 25, (2) 40, (3) 55, (4) 70, (5) 85
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TABLE 2 : Kinetic parameters of hydrogen evolution at smooth vanadium and cobalt, an electrolytic cobalt coat-

ing and a Co-V alloy

Temperature, °C

Parameter Electrode
25 40 55 70 85
V smooth 0.713 0.669 0.626 0.601 0.576
v Co smooth 0.777 0.731 0.694 0.672 0.635
’ Co coating 0.606 0.593 0.545 0.479 0.424
Co-V coating 0.394 0.369 0.354 0.329 0.310
V smooth 0.064 0.068 0.071 0.075 0.079
bV dect Co smooth 0.144 0.151 0.165 0.193 0.216
’ Co coating 0.155 0.172 0.164 0.152 0.141
Co-V coating 0.081 0.085 0.091 0.093 0.094
V smooth 7.40-10 2 13210 6.22.10 % 1.02:10°8 5.37-10°®
o Acm? Co smooth 3.89.10° 1.44.10° 6.19-10° 3.31-10* 1.1510°
' Co coating 2.1810* 5.51.10* 7.4810* 9.31.10" 1.41.10°
Co-V coating 1.31-10° 4.86-10° 1.82.10* 3.0110* 5.12.10*
V smooth 131.0
A, kImol Co smooth 85.6
Co coating 254
Co-V coating 54.7

with Co-V aloy aremuch smaller thaninal other in-
vestigated cases, indicating ahigher cataytic activity of
thiselectrode.

Thelargest exchange current density valueshave
been obtained in the case of hydrogen evolution at
the cobalt-coated electrode (see TABLE 2). The ex-
change current density of the electrode coated with
Co-V dlot is dlightly lower than i_ of the cobalt-
coated electrode and dlightly higher thani  of smooth
cobdt electrode. Theclosenessof thei  vauesof these
three el ectrodeswith obviousdifferenceintheir real
surfaceareasismost likely dueto thefact that the de-
veloped surface of € ectrodeswith e ectrolytic coatings
isaccessibleto alesser extent to cathodic hydrogen
evolution than the smooth cobalt surface. On the sur-
face of rough el ectrodeposits, much moreformed gas-
eous hydrogen isretained than on the smooth cobalt
surface; thisresultsin additiond blocking of thesurface
of depositsand in adecreasein theareaof their active
surface, onwhich water moleculesaredischarged. The
exchangecurrent of smooth vanadiumeectrodeismuch
lower thanthat of the other investigated el ectrodes.

Thevaluesof therea activation energy of hydro-
genevolutionat theinvestigated cathodesared sowiddy

different see TABLE 2. Thelargest A vauewases-
Research & Reotews On

tablishedinthe case of hydrogen evol ution & asmooth
vanadium cathode. Thelowest activationenergy isre-
quired for hydrogen evolution at cobalt-coated cath-
ode. TheA valueof hydrogen evolution at the cathode
coated with Co-V dloy isbetweenitsvauesinthecase
of hydrogen evol ution a smooth cobat cathode and at
cobalt-coated cathode.

According to the obtained i | and A values, co-
balt-coated electrode has the highest catalytic ac-
tivity in the cathodic hydrogen evolution reaction
among the investigated electrodes. In the work™,
the surface of nickel cathodeswas activated by el ec-
trodepositing cobalt and vanadium, and theregul arities
of cathodic hydrogen evolution at the obtained el ec-
trodesfromalM K OH solutionwerestudied. Having
compared theva ues of exchange current density and
theangular Tafel coefficient b, the authors of** found
that Ni-Co and Ni-Co-V electrodes are much more
activeinthe hydrogen evol ution reaction than polished
nickel, Ni-Co being dightly moreactivethan Ni-Co-V.
It should be noted, however, that the exchange current
values obtained both by usand inthe work™! are ap-
parent sincethe geometric but not active surface area
of theelectrodeswas used to calcul ate them.

Thered saving of el ectric energy inthecaseof ca
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thodic hydrogen evolutionisachieved if depolarization
and decreasein the overpotentia of the electrode pro-
cessestakeplaceasaresult of € ectrode surface modi-
fication. Aswasshown above, inthe case of hydrogen
evolution at theinvestigated electrodes, theleast nega-
tive potentialsand lowest overpotentials at the same
current densities were obtained when an electrode
coated with electrolytic Co-V aloy was used.
Thevaueof angular Tafel coefficientisal so often
regarded asameasure of the eectrolytic activity of the
electrodematerid: thelower theb value, thehigher the
activity of thematerid*19. Thelowest va uesof angu-
lar Tafel coefficient were established inthecaseof hy-
drogen evolution at smooth vanadium cathode see
TABLE 2. Thebvaues, which characterize hydrogen
evolution at the cathode coated with Co-V aloy, are
dightly larger thanthoseinthe caseof hydrogen evolu-
tion at smooth vanadium, but much smaller than those
inthe caseof hydrogen evolution at smooth cobalt and
cobalt-coated electrode. At 70 and 85 °C, adecrease
inb vauesin going from smooth cobalt to el ectrodes
coated with cobalt and Co-V aloy isobserved, which
correspondsto decreasein thevauesof hydrogen evo-
|ution potentialsand overpotentid sat these € ectrodes.
However, thelowest va uesof angular Tafel coefficient
persst whenthe hydrogen evolves at the smooth vana
dium cathodein spite of the highest val ues of hydrogen
evolution potential and overpotential at thiselectrode
aswell asthelowesti andthelargest A values.
Obvioudly, therateof cathodic hydrogen evolution
at theinvestigated el ectrodesis controlled by therate
of different stage of thisprocess. It isknown from lit-
erature datathat the mechanism of cathodic hydrogen
evolutionfromwater may comprisethefollowing Sages:

H,0+M +e=MH_,_+OH- )
MH_ +MH_ =HT+2M ®)
MH_ +H,0+e=HT+OH +M, ©®)

whereM isthe electrode material . According to this
mechanism, the discharge of water molecul e occurs
on the cathode surface as a result of attachment of
one electron and leads to the formation of an
adsorbed hydrogen atom and OH- ion (reaction (4),
Volmer reaction). Then adsorbed hydrogen atoms can
quickly recombine by the reaction (5), which is
called Tafel reaction, or be desorbed by the elec-
trochemical reaction (6) called Heyrovsky reactionl”8.

==  Fyf] Peper

Thelargevauesof angular Tafel coefficient estab-
lished by usinthecase of hydrogen evolution a smooth
cobalt and cobalt-coated electrode (see TABLE 2) in-
dicate that the rate of the electrode process at these
electrodesisdetermined by therate of thed ectrochemi-
ca stage of theformation of adsorbed hydrogen atoms
inaccordancewiththereaction (4). If alinear Langmuir
isothermisused to describe adsorption andit istaken
into account that activity of water inalkdinesolutionis
practicaly unity, thenthekinetic equation describing the
rate of the slow stage and hence of thewhole cathodic
hydrogen evol ution processmay berepresented as.

. . o,F
=1, k4<1—e>a;Hexp(—;—T"°j @)

where K, is the rate constant of the forward reac-
tion (4), 0 iselectrode surface coverage by adsorbed

hydrogenatoms, a,,,. istheactivity of OH ions, o,

is electron transfer coefficient in the forward reac-
tion (4), F is Faraday constant, R is universal gas
constant, T is absolute temperature. The Langmuir
isotherm is suitable for the description of adsorp-
tion at the boundary val ues of el ectrode surface cov-
erage by adsorbed particles ((6 <0.2 and 6 > 0.8)!%°1,
Taking the logarithm of Eq. (7) yieldsan_ - Igi_
Tafel plot, whose slopeis:

RT

o,F (8)

Thebvauesca culated fromformula(8) areequa
to the experimental valuesif thea, valuesareinthe
ranges 0.33-0.42 and 0.33-0.46 in the case of smooth
cobalt and cobalt-coated electrode respectively see
TABLE 2.

When water molecul esare discharged on smooth
vanadium cathode and on cathode coated with Co-V
alloy, therate-determining step of the electrode pro-
cessisapparently the electrochemical desorption of
adsorbed hydrogen atomsby thereaction (6). Thisis
poss bleif theend product (gaseoushydrogen) isformed
by arecombination reaction (5) very slowly or isnot
formed at al by thisreaction, and thereaction (4) oc-
cursreadily. At mean 6 values (0.2<0 < 0.8), whenthe
Temkin isothermissuitablefor the description of ad-
sorption?%, therate equation of theforward reaction
(6) isof theform:

b=-2.303
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Full Peper
T _F opaal ntl _ aFn,

I =kd0a_ Py, exp(=—p =) exp[5f(0)] ©)
where kg is the rate constant of the forward reac-

tion (6), Py, isthe partial pressure of gaseous hy-

drogen, o iselectron transfer coefficient inthefor-
ward reaction (6), o is a coefficient having the sig-
nificance of symmetry factor in the adsorption process
(0<6<1),f(0)isafunction characterizing variaionin
the free energy of adsorption with 6. The activity of
water wastakento beunity.

Thefast previous stage of formation of adsorbed
hydrogen atomsmay beregarded asequilibrium stage.
Therate of the forward and reverse reactions of the
MH_ formation stage may berepresented as.

T, =K.(1-0)a2, exp(- 22 expl-51(0)] (10)

T =k0a  expI=%) M 0011 5)1(0)]

OH RT (11)

where k, istherate constant of thereversereaction
(4). Proceeding from the equilibrium condition of this
stage, i, and i, wereequated, and thefollowing ex-
pression for exp[f (0)] wasobtained:

1-0 _,
explf @)] =K. =52,
where K, isthe equilibrium constant of the reaction
(4).

Theactivity of OH"ions changesnegligibly dur-
ing the electrolysis of a 30 % KOH solution, there-
fore it can be combined with the equilibrium con-
stant into one constant. At the mean values of elec-
trode surface coverage by adsorbed hydrogen atoms,
the factor (1 - 6)/6 H” 1. Subject to these condi-
tions, expression (12) smplifiesto:

exp(—%) (12)

exp[f(0)] =K, exp(-

RT (13)

where K; = K,a2 . It follows from Eq. (13) that

the function f (6) can be expressed in term of the
overpotentia of the electrode process:
Fn,
RT

Substituting the expression for f (0) into Eq. (9)
%el dsthefollowing kinetic equation describing the hy-

esearch & Reolews On

f(0)=InK’ — (14)

drogen evolutionratewhentherate-determining stepis
theelectrochemical desorption of hydrogen atoms:

. = TP o.+0)F c
I, = |6=k6Bszexp[—( . RT) 1 ]

c

(15)

where k; is a constant which combined all con-

stants. According to this equation, the slope of the
Tafel portionsof the corresponding polarization curves
isdetermined fromtheformula:

RT
(o, +0)F
In order that the results of calculation of the an-
gular coefficient b from thisformulamay agreewith
its experimental valuesit is necessary that the val-
ues of the sum o, + 6 should bein the ranges 0.900-
0.925 and 0.715-0.756 in the case of hydrogen evo-
lution at vanadium and Co-V alloy respectively,
which is quite possiblein the studied potential and
current density ranges. Hence it can be stated that
the mechanism of hydrogen evolution at such elec-
trodesis stepwise, and that the rate of the electrode
processisdetermined by therate of the el ectrochemi-
cal desorption of adsorbed hydrogen atoms.

b=-2.303

(16)

SUMMARY

The paper presents results of comparative stud-
ies of the regularities of cathodic hydrogen evolu-
tion from a 30 % KOH solution at an electrolytic
Co-V dloy, an electrolytic cobalt coating and at co-
balt and vanadium with smooth surface at 25-85 °C.
The Co-V aloy and cobalt coating were deposited
on stainless steel from a nonagueous electrolyte. It
has been found that hydrogen evolvesat Co-V alloy
at the least negative potentials and with the lowest
overpotential. The apparent exchange current den-
sitiesand real activation energies of hydrogen evo-
lution at the investigated electrodes as well as the
Tafel coefficients a and b have been determined On
the basis of an analysis of angular Tafel coefficient
values it has been shown that the rate of cathodic
hydrogen evolution at smooth cobalt and cobalt coat-
ingiscontrolled by therate of formation of adsorbed
hydrogen atoms and at smooth vanadium and elec-
trolytic Co-V alloy by the rate of their electrolytic
desorption.
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CONCLUSIONS

1. Cathodichydrogen evolutionfrom akainesolution
at eectrolytic dloy deposited on steel from anon-
agueous el ectrolyte takes place at |ess negative
potentialsand at much lower overpotentia sthan a
itscomponents. Therefore, € ectrodes coated with
thisaloy havepromisein reducing electrica energy
consumptionintheedectrolysisof akainesolution.

2. Thesmallest vauesof theTafd coefficient ahave
been determinedin the case of hydrogen evolution
a Co-V dloy, whilethehighest values of exchange
current and thelowest values of redl activation en-
ergy have been estimated when hydrogen evolved
at cobalt coating.

3. Theangular Tafdl coefficient b haslower valuesin
thecaseof hydrogen evolution at smooth vanadium
and Co-V alloy thaninthecaseof itsevolution at
smooth cobalt and cobalt coating. The obtained
values of the coefficient b canbeexplainedif itis
assumed that the rate-determining step of hydro-
gen evolution a smooth vanadium and Co-V dloy
istheelectrochemical formation of adsorbed hy-
drogen atoms, and that inthe caseof hydrogen evo-
lution at smooth cobalt and cobalt coating, therate
of theelectrode processis determined by therate
of eectrochemical desorption of hydrogen atoms.
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