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Abstract: In this work, the effect of aging of the electrolyte in the el ectrodepo-
sition of Ni-MoO, composite coatings on their morphology (scanning electron
microscopy), chemical composition (energy-dispersive X-ray spectroscopy),
polarization characteristics and “service life”, tested for the hydrogen evolution
reaction (HER) in 32 mass % NaOH at 90 °C, was investigated. Polarization
characteristics and results of the “service life” test of Ni-MoO, composite
coatings obtained after different aging periods of the electrolyte for deposition
(suspension of MoO, powder particles in a solution containing 2 M NH4CI +
+ 0.2 M NiCl,) were compared with that recorded for the commercial De
Nora’'s Ni+RuO, cathode coating (DN). It was shown that aging of the electro-
lyte did not influence the morphology and chemical composition of Ni-MoO,
composite coatings electrodeposited under conditions simulating their indus-
trial production, while the polarization characteristics for the HER were influ-
enced. The best coating, obtained after 180 days of electrolyte aging, showed a
completely different (layered) structure of the deposit and significantly better
performance than the commercial DN electrode during the “ service life” test.

Keywords: Ni-MoO, composite coating; hydrogen evolution; “service life”
test.

INTRODUCTION

In the process of chlor—alkali electrolysis for chlorine production in the
membrane cells, 13 an ion-exchange membrane separates the anode and the
cathode compartments and gaseous hydrogen is produced in the cathode com-
partment from 30-32 mass % caustic soda solution at a typical operating tempe-
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690 JOVIC et al.

rature of 90 °C. The efficiency of the cathodes is an important issue in this
process, since the overvoltage for the hydrogen evolution reaction (HER) in the
cathode compartment contributes significantly to the overall power consump-
tion.3 The efficiency of the cathodes is the result of a combination of certain acti-
vities and stability at the high current densities (3-6 kA m—2) normally used in
technological applications. The main reason for the loss of activity and stability
of the cathodes during long-term operation is the so-called “ polarity inversion” of
the electrodes, which occurs during replacement of old electrodes of an electro-
lyzer with new ones in the zero—gap cells. During this operation, the anodes and
cathodes are short-circuited, causing a reverse current flow that may damage the
cathodes and negatively affect their activity for the HER.# Manufacturers can
predict how often in a certain period such an operation should be performed and
accordingly designed an appropriate accelerated “service life" test for catho-
des.>6

As explained in previous papers,&8 Ni-MoO, composite coatings could be
electrodeposited from a suspension of MoO» powder particles in an electrolyte
containing 2M NH4Cl + 0.2 M NiCl, and their overvoltage for the HER could be
lower than that on a commercial De Nora's Ni+RuO, cathode obtained under
similar conditions of electrolyte circulation and mixing by bubbling gas through
the pipes placed on the bottom of the electrolyzer tank.” As was shown,’ the
optimal content of MoO, powder in the electrolyte was 3 g dm3, while the opti-
mal deposition current density was —0.3 A cm2. To obtain good quality coating
with low overvoltage for the HER, it was necessary to perform the electrodepo-
sition after at least 24 h of conditioning of the prepared suspension, since the sus-
pension needed a certain period to stabilize.”

In this work the effect of aging of the electrolyte for electrodeposition of Ni—
MoO> composite coatings on their morphology, chemical composition, polari-
zation characteristics and “ service life” test performance for the HER was inves
tigated and the obtained results were compared with that recorded for the com-
mercial De Nora Ni+RuO» cathode coating (DN).

EXPERIMENTAL
HER Investigations

All experiments were performed with extra pure UV water (Smart2PureUV, TKA) and
p.a chemicals in a three compartment electrochemical cell with two Pt mesh counter electro-
des placed paralel (in separate compartments) to the working electrode and a saturated calo-
mel electrode (SCE), connected to the working electrode (in the central compartment) by
means of a Luggin capillary, as the reference electrode,.

a) Polarization curve measurements. The electrodes were first submitted to hydrogen
evolution at a constant current density of j = —0.3 A cm2 for 0.5 h in 32 mass % NaOH at 90
°C and after such pre-electrolysis, the polarization curves were recorded using a potentiostat
Reference 600 and PHE 200 or DC 105 Software (Gamry Instruments). The starting potential
was —1.35 V and potential was changed in steps of 0.01 V towards less negative values, up to
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the open circuit potential. At each potential, the current response was recorded for 500 s and
the value recorded at the end was used to produce the polarization curve. Electrochemical
impedance spectroscopy (EIS) measurements were performed at certain potentials in the fre-
guency range from 30 kHz to 1 Hz (ac amplitude 0.01 V, EIS 300 Software) and the ohmic
resistance (R,) was determined from the high—frequency intercept on the Z’ axis (the value of
Rn was constant). Each applied potential was corrected for the IR, drop and the corres-
ponding polarization curves were plotted.

b) “ Service life” test. The experiments were performed in the following way: the elec-
trode was kept at j = -0.3 A cm2 for 0.5 h and the corresponding potential response was
recorded. Subsequently, the electrode was cycled (5 cycles) in the potential range from —1.25 V
to 0.5V at a sweep rate of 0.05 V s1. In the next step the electrode was again kept at j = 0.3
A cm2 for 500 s and the corresponding potential response was recorded. This procedure was
repeated 5 times, until the number of cycles reached 25. The potential response measured at
j =—0.3 A cm?2for 500 s was corrected for IR, drop using the value of ohmic resistance (Ry)
obtained from the EIS measurements. For this test the Ni-MoO, coatings (deposited onto Ni
40 mesh) with the best polarization characteristics were used (sample 1 and 5C) and compared
with that recorded for the commercia DN electrode under the same conditions (commercial
De Nora Ni+RuO, coating was originally deposited onto Ni 40 mesh).

Electrodeposition of the Ni-MoO, composite coatings

The MoO, powder was synthesized by arheological phase reaction route.”? All samples
were deposited onto Ni 40 mesh from a suspension of MoO, powder particles (3 g dm3) in an
electrolyte containing 2 M NH4CI + 0.2 M NiCl, (pH 3.8) in a pilot plant cell for the depo-
sition of approximately 20 dm™3 (Fig. 1). The electrolyte was circulated with a pump, while
the flow rate (20 dm3 min't) was measured with a flow meter. Additional mixing of the elec-
trolyte was provided by an airflow of 10 dm® min! through two pipes with small openings
facing the bottom of the cell in order to remove eventually precipitated molybdenum oxide
particles from the bottom of the cell and force the particles to float and circulate with the
electrolyte. The temperature of the electrolyte was kept constant by a thermocouple, heater
and control unit (as shown in Fig. 18). The 40-mesh Ni cathode (dimensions 5x6 cm?), con-
nected to a Ni holder (frame, Figs. 1b and 1c), was placed between two Ni anode plates
(18x22 cm?). A home made power supply, with the ripple smaller than 1 %, was used for
applying the necessary current/voltage.” In order to examine the influence of electrolyte aging
on the morphology, chemical composition and electrochemical properties of the cathodes,
samples were deposited from the same electrolyte after 1, 10, 30, 90 and 180 days. Between
use, the electrolyte was cycled and mixed every day for at least 1 h.

All Ni 40 mesh substrates were etched only shortly in a 1:3 mixture of H,O:HNO5 and
washed with distilled water before the deposition of the Ni-MoO, composite coatings.

SEM and EDS analysis of the Ni-MoO, composite coatings

The appearance of coated surfaces and the cross-sections of the coatings were investi-
gated by scanning electron microscope (SEM) Tescan, VEGA TS 5130 MM equipped with an
energy dispersive X—ray spectroscopy (EDS), INCAPentaFET—x3, Oxford Instruments.
Particle size analysis of the suspension containing MoO, powder

The average size of M0oO, powder particles was determined with Brookhaven Instru-
ments light-scattering system equipped with a BI-200SM goniometer, a BI-9000AT corre-
lator, a temperature controller and a Coherent INNOVA 70C argon-ion laser. Dynamic light
scattering measurements were performed using 135 mW laser excitation at 514.5 nm at a 90°
detection angle.
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Fig. 1. a) Schematic presentation of the system
for electrodeposition of Ni-MoO, composite
coatings. b) Schematic presentation of the cell.
% ¢) Schematic presentation of the Ni frame with
. the Ni 40 mesh cathode attached to it.

RESULTS AND DISCUSSION
Polarization curves for the HER onto Ni-MoO» electrodes

//////////////%

plastic screws

As shown in a previous paper,’ the best polarization characteristics were
obtained for the sample deposited at —0.3 A cm2 (sample 1). The polarization
curves for the HER onto Ni-MoO» electrodes obtained after different aging
periods (samples 1, 2, 3, 4, 5A, 5B and 5C, see Table ) recorded in 32 mass %
NaOH at 90 °C are presented in Fig. 2. All polarization curves are characterized
with two slopes: curves 1-3 with —0.031 V dec1 in the range of current densities
lower than 0.1 A cm2 and —0.13 V dec! in the range of current densities higher
than 0.1 A cm2; curve 4 with — 0.038 V dec in the range of current densities
lower than 0.1 A cm2 and —0.14 V dec1 in the range of current densities higher
than 0.1 A cm=2 and sample 5A with —-0.058 V dec™! in the range of current
densities lower than 0.1 A cm2 and —0.14 V dec! in the range of current
densities higher than 0.1 A cm2 (Fig. 2). Such a shape of the polarization curves
indicates true catalysis of the HER.10-17 Kinetic parameters for the HER, as well
as the contribution of surface roughness to the catalytic activity, were evaluated
using the EIS technique.8 Based on the presented theoretical model for the
faradic impedance of the HER,10-17 the rate constants of the individual steps
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were determined by simulating both the polarization and EIS experimental data.
It was found that the reaction proceeded equally via the Volmer—Heyrovsky and
the Volmer—Tafel routes at lower overpotentials, while at higher overpotentias,
the Volmer—Heyrovsky pathway dominated the process with the Heyrovsky step
being the rate determining step (rds).8 A comparison of the intrinsic activities of
the Ni-MoO, composite and a flat Ni electrode proved that the combination of
Ni and MoO, produced atrue catalytic effect for the HER.8

TABLE |. Conditions of samples deposition and their average chemical compositions obtained
by EDS analysis of their cross-sections

gampl edeposited afer ~ Sample jdep_2 Tgp o Position Compositi.on, at. %
ay's No. Acm min - um O Ni Mo
1 1 -0.3 24 56 Average 5 87 8
10 2 -0.3 24 57 Average 5 87 8
30 3 -0.3 24 55 Average 5 87 8
90 4 -0.3 24 54 Average 5 86 9
180 5A -0.3 24 53 Average 5 84 11
5B -0.1 10 15 Morich 71 9 20
Ni rich 4 89 7
5C —0.062 15 23  Morich 71 9 20
Ni rich 4 86 10

8Average thickness was estimated from the SEM cross-sections

As can be seen from Fig. 2, during the first 30 days of electrolyte aging
(samples 1-3), no change in the polarization characteristics for the HER could be
observed. Simultaneously, practically no change was observed in the thicknesses
and compositions of the coatings, Table |. After 90 days of electrolyte aging, the
polarization curve for the HER changed, showing more positive potential values
in the range of low current densities and slightly higher slope at high current den-
sities (Fig. 2, curve 4) in comparison with samples 1, 2 and 3. A significant
change in the activity for the HER was recorded for the sample deposited from
the same electrolyte (under the same conditions, deposition current density —0.3
A cm2) after an aging period of 180 days (sample 5A) at current densities higher
than 0.03 A cm2. Although the chemical composition and thickness, as well as
the appearance of the coating surface, did not change, the overvoltage for the
HER increased by about 50 mV. Such an effect could be the consequence of
agglomeration of the MoO» powder particles. The morphology of sample 5A is
presented in Fig. 3. The same morphologies were obtained for samples 1-4. As
can be seen on the back—scatter SEM of the cross-section of sample 5A (Fig. 3b),
the coating is characterized with gray and white areas, the former corresponding
to Ni-richer deposits and the latter corresponding to the Mo-richer deposits.6-8
Unfortunately, agglomerates in the composite coating were not detectable. The
agglomeration of MoO» powder particles was confirmed by particle size analysis
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Fig. 2. Polarization curves for the HER on Ni-MoO, cathode coatings recorded in a solution
of 32 mass % NaOH at 90 °C. The Ni-M 00O, coatings were deposited from a suspension
containing 3 g dm3 MoO, powder particlesin 2 M NH,CI + 0.2 M NiCl, electrolyte, pH 3.8,
after different times of electrolyte aging: 1 — after 1 day ([J); 2 — after 10 days ([J); 3 — after
30 days ([J); 4 — after 90 days (O) and 5A — after 180 days (A).

(see Experimental). For samples deposited after 1, 10 and 30 days, average par-
ticles size in the electrolyte was about 200 nm, while in the electrolyte used for
deposition after 180 days, average particles size was about 500 nm. It appears
that with increasing size of the MoO, powder particles (due to agglomeration),
the applied current density of -0.3 A cm2 for sample deposition was not the opti-
mal one and that for a given hydrodynamics an optimal value of the deposition
current density should be defined by additional experiments. Accordingly, two
samples, 5B and 5C, were deposited at lower current densities of —0.1 A cm2 and
—-0.062 A cm2, respectively. Polarization curves for HER for samples 5A-5C are
presented in Fig. 4 together with that for the commercial DN electrode. As can be
seen, a significant decrease in the overvoltage for HER was achieved with the
decreases in the deposition current density. The potential for the HER recorded at
—-0.3 A cm2 (current density in industrial electrolysis) amounted to: —1.34 V for
sample 5A, —1.27 V for sample 5B and —1.20 V for sample 5C (for the DN elec-
trode this value was —1.23 V). Hence, it appears that sample 5C required a lower
overvoltage for the HER by about 30 mV compared to that that for the commercia
DN electrode. By the SEM and EDS analysis of the surfaces and the cross-sec-
tions of the samples 5A, 5B and 5C, it was discovered that their surfaces and the
cross-sections were different. The morphology and chemical composition of the sur-
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Fig. 3. Surfaces of the Ni-MoO, composite
coatings for sample 5A (a and c). The cross-
sections of the Ni-MoO, composite coatings
for sample 5A (b).
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face of sample 5A was identical to those for samples 1-4 (Figs. 3a and 3c). The
cross-section analysis also showed practically the same results (Fig. 3b and
Table I). In the case of sample 5B, the SEM analysis of its surface showed the
presence of small number of cracks, while EDS analysis confirmed that the sur-
face was composed of a Ni-rich coating. The cross-section analysis showed a
layered structure, Fig. 5b, with the top layer being rich in Ni and the bottom layer
of the coating being rich in Mo. Average chemical compositions of these layers
are given in Table I. In the case of sample 5C, the surface was characterized by
the presence of larger number of cracks, Fig. 6a. Simultaneously, the surface was
rougher than those for samples 14, 5A and 5B (Fig. 3c), as shown in Fig. 6c.
EDS analysis of the surface of 5C showed that the top layer was rich in Mo. Its
cross-section analysis also showed a layered structure with a much lower number
of thicker layers, only three Mo-rich and three Ni-rich layers (Fig. 6b). In this
case, the top layer was rich in Mo, while the bottom layer was rich in Ni. Taking
into account that coatings richer in Mo are better catalysts for the HER, it is quite
clear why its polarization curve showed a lower overvoltage for the HER for
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about 70 mV than that for the sample 5B at the same current density usually used
inindustrial electrolysis (j = —-0.3 A cm2).
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Fig. 4. Polarization curves for the HER on Ni-MoO, cathode coatings recorded in a solution
of 32 mass % NaOH at 90 °C. The Ni-M 00O, coatings were deposited from a suspension
containing 3 g dm3 MoO, powder particlesin 2 M NH,Cl + 0.2 M NiCl, electrolyte, pH 3.8,
after 180 days of electrolyte aging: (O) 5A —jgep =—0.3 A cm?; (A) 5B —jgep =—0.1 A cm?;
and (V) 5C — e = —0.062 A cm2, For comparison, the polarization curve for the commercial
De Noraelectrode (DN — [), recorded under the same conditions, is presented.

Ni rich parts
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Fig. 5. Surface (a) and cross-section (b) of the Ni-Mo0O, composite coating for sample 5B
(SEM). The average chemical compositions of the Ni-rich and Mo-rich layers (EDS) are given
inTablel.
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Fig. 6. Surface of the Ni-MoO, composite
coating on sample 5C (a and c¢). The cross-
section of the Ni-MoO, composite coating
for sample 5C (b). Average chemical com-
positions of the Ni—ich and Mo—rich layers
(EDS) aregivenin Tablel.
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“Servicelife” test

After recording the polarization curves, the electrodes 1, 5C and DN were
subjected to the “service life” test, as explained in the Experimental section.
Since in most industrial plants, automatic cathodic protection of cathodes is
switched on during shut—downs, the “service life” test is designed to estimate the
efficiency of cathodes during so—called “polarity inversion” which occurs during
the replacement of old electrodes of an electrolyzer with new ones in the zero-
gap cells (see Introduction). In a previous paper,S it was shown that the activity
of Ni-MoO, and DN electrodes at the end of the “service life” test dropped to
approximately 54 % of theinitial value, being comparable with the results obtained
for Pt—based cathodes.® The SEM-EDS analysis of the Ni-MoO, electrode
(sample 1) after the “service life” test showed that parts of their surfacesrich in
Mo had peeled off during the cycling treatment of this electrode. It was con-
cluded that the dissolution of MoO»-rich parts of the coating occurred at anodic
potentials, causing the loss of their activity for the HER.®
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The results of the “service life” test for electrodes 1, 5C and DN are pre-
sented in Fig. 7. The potentials for the HER, recorded at j = 0.3 A cm2, before
and after a certain period of cycling the electrodes (from —1.25 to 0.5 V a a
sweep rate of 0.05 V s, indicate that sample 1 and DN behaved in a similar
manner. With increasing number of cycles, the potential response changed to
more negative values, starting from about —1.21 V and finishing at about —1.24 V.
In the case of sample 5C, the starting potential was more positive, about —1.20 V,
and had not changed after 10 cycles. With further increase of the number of cyc-
les, the potential decreased to about —1.21 V after 25 cycles. Hence, it appeared
that the most stable electrode during the “service life” test was sample 5C. Con-
sidering its structure (cross-section analysis) and the fact that practically no
changes on the electrode surface before and after the “service life” test could be
detected by SEM analysis (contrary to the sample 1), it is most likely that the
second layer from the top of the coating, rich in Ni (Fig. 6b) protected further
decomposition of the coating (after the first layer, rich in Mo, has been dissolved
during oxygen evolution at anodic potentials, as it was the case with the sample 1
in a previous study®), causing much better stability of this coating during the
“servicelife’ test.

T T T T T T T
-1.20 .
O
3 - 5C
g "
> AN
T a22p N .
q‘E \‘>
< LI
5 AR
LLI\”> 15 “~.§.\.s..\..\ ...... 1
1041 \y\\\ VR g
Lol »
DN
-1.26 L 1 1 1 L L
0 5 10 15 20 25

No. of cycles

Fig. 7. Potentials for the HER corrected for the IR, drop, recorded at j =-0.3 A cm?, asa

function of the number of cycles performed in the potential range from-1.25t0 0.5V at a

sweep rate of 0.05 V s, for samples 1 and 5C and the commercial DN electrode (“service
life” test).

CONCLUSIONS

From the results presented in this study, it could be concluded that the mor-
phology and chemical composition of the Ni-MoO» coatings deposited under the
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same conditions (current density and hydrodynamics) remained practically cons-
tant after 180 days of aging of the electrolyte for their deposition, although agglo-
meration of the MoO» powder particles was found to occur. Contrarily, the pola-
rization curves for the HER on these coatings were different, showing an increase
in the overvoltage with aging time. After 180 days of electrolyte aging and signi-
ficant agglomeration of MoO» powder particles, a different morphology and che-
mical composition of the coatings were obtained at lower depaosition current den-
sities. The overvoltage for the HER on these coatings decreased due to the change
in the morphology and chemical composition. The “service life” test for the elec-
trode with the best polarization characteristics showed that this electrode would
be more stable during industrial application than the commercial De Nora Ni+RuO»
electrode.
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H3BOJ

KOMITO3HUTHE Ni-MoO, KATOJE 3A U31BAJAILE BOJOHHUKA M3 AJTKAJTHUX
PACTBOPA. EOEKAT CTAPEIbA EJIEKTPOJIMTA 3A BB UXOBO TAJIOXKELE

BJIAIMMHP [I. JOBI/I'F11, YPOII Y. HA‘{I—bEBAL[1, BOPKA M. JOBI/I'B1, JbM/bAHA M. TAJUR-KPCTAJHR®
n HEJEJBKO B. KPCTAJUR®

! HucrutyT 3a MyITHAHCHHIVIHHAPHA HCTDAKHBASA, YHHBEDIHTET ¥ beorpazy, 1. mp. 33,

11030 beorpaz, z Hucruryt rexuuyxnx Hayka CAHY, Kae3 Mruxajrosa 35, 11000 Beorpag n
3T EXHOIOIIKO—-METAaTyPIIKH QaKyaTeT, YHuBep3urer y beorpagy, Kaprerrjesa 4, 11000 beorpag

Y oBOM pany MUCIHUTHBAH je YTHULAj CTapemha eIEKTPOJIUTA 3a EJIEKTPOXEMHjCKO TAJIOKEHE
Ni—-MoO; KOMNO3UTHHUX ITpeBIaka Ha BUXOBY MOpdoorHjy (ckeHupajyha enekTpoHCKa MUK-
POCKOITHja), XEMHUjCKH CacTaB (eHEepreTCKO-JUCTIep3WOHa aHaliu3a X-3panuma), MOJapH3a-
IJUOHE KapaKTePUCTHKE M TeCT CTabWJIHOCTH y YCJIOBUMa MHAYCTPHUjcke NPUMEHE 3a H3[Ba-
jame BojoHuKa y pactBopy 32 mac. % NaOH na 90 °C. OctBapeHu pesynrtaTy cy ynopehenu
ca pe3ysiTaTuMa 3a kKomepuujanny karony Ni+RuO,, mpoussohaua “De Nora”. ITokasaHo je na
crapeme enexkrponura (cycrneHsdja MoO, uectuna y enekrponuty cactaBa 2 M NH,Cl + 0,2
M NiCl,) He ytuue Ha Mopdonoryjy u xemujcku cactaB Ni-MoO, KOMIIO3UTHHX TIpeBiaka
HCTAJIOKEHUX y YCIOBAMA BUX0BE UHAYCTPHjCKE IPOU3BOIBE HAKO [OIa3H JO arioMepauuje
yectulla MoO,, anu 3HayajHO yTHYe Ha Mojiapu3alMoHe KapakTePUCTHKe 3a peaklujy u3jBa-
jama BomoHMKka. EnexTpona ca Hajdo/sMM mosnapusalMOHMM KapaKkTepUCTHKama 3a peaxuujy
U37iBajama BOJIOHMKA, UCTAJI0XKEHA U3 eneKkTponuTa crapor 180 faHa MpU MamHUM TyCTHHama
CTpyje Of ONTHMasHe 3a CBEX eJIEKTPOJINT, oKkasasa je 3HayajHo Dosbe mepdopmaHce (Dosmy
CTabMIIHOCT) Of KOMEDPLUjaHE KaTOAE NPH UCIHMTHUBAMKY TECTa CTaOMIHOCTH y YCJIOBUMA HH-
IOyCTpHjCKe MPUMEHE.

(TTpumisero 31. aBrycra, peBuaupano 17. okrodap 2012)
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