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Kinetic model of induced codeposition of Ni-Mo alloys
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The kinetic model of induced codeposition of nickel-molybde-
num alloys from ammoniun citrate solution was studied on ro-
tating disk electrodes to predict the behavior of the electrode-
position. The molybdate (MoO,*) could be firstly electro-
chemically reduced to MoO,, and subsequently undergoes a
chemical reduction with atomic hydrogen previously adsorbed
on the inducing metal nickel to form molybdenum in alloys.
The kinetic equations were derived, and the kinetic parame-
ters were obtained from a comparison of experimental results
and the kinetic equations. The electrochemical rate constants
for discharge of nickel, molybdenum and water could been
expressed as k; (E) = 1.23 x 10° Cyexp( ~ 0. 198 FE/RT)
mol/(dn?-s), ky(E) =3.28 x 10" Cypexp( — 0.208FE/
RT) moV/(dn?-s) and k3(E) =1.27 x 10%exp( - 0.062FE/
RT) mol/(dm’-s), where Cy and Cy, are the concentra-
tions of the nickel ion and molybdate, respectively, and E is
the applied potential vs. saturated calomel electrode (SCE).
The codeposition process could be well simulated by this mod-
el.
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Introduction

Owing to the high corrosion resistance, high wear-
ing resistance'"? and low hydrogen evolution overpoten-
tial** of Ni-Mo alloys, many investigations have been
devoted to the deposition of these deposits. However the
codeposition mechanism of Ni-Mo alloys is still not eluci-
dated. Indeed the high overpotential deposition of Mo on
Mo, together with the low overpotential of hydrogen evo-
lution on Mo, prevents the deposition of Mo in a pure
state. But molybdenum readily codeposites with iron-
group metals from aqueous solution. Several hypotheses
have been proposed for the codeposition mechanism of
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Ni-Mo alloys.*>!® The most investigation mentioned the
possible multi-step reduction of some molybdic species.
However the type and the further reduction of intermedi-
ate molybdenum species are still not well understood.
Some authors®” proposed that complexed Ni-Mo species
as intermediate are present in the electrolyte. Codeposi-
tion of Mo, according to this view, is due to the reduc-
tion of a dissolved Ni-Mo complex. This mechanism has
been criticized®® because it has not been possible to de-
tect complexed Ni-Mo species in the electrolytes used for

codeposition. And other authors'®"

proposed that the
molybdate is firstly electrochemically reduced to molyb-
denum oxide, for example MoO,, subsequently under-
goes a chemical reduction with atomic hydrogen previous-
ly adsorbed on the inducing metal nickel to form molyb-
denum in alloys. Recently, a new surface-adsorbed in-
termediate mechanism has been suggested by Podlaha et

al. , 14-16

in which the induced codeposition of molybde-
num with the iron group element occurs with the help of
a surface-adsorbed intermediate, [ M (II)-IMoO, .4,
where M represents either Ni, Co or Fe and L is ligand.
However, very recently the induced codeposition of
molybdenum with iron was investigated using in situ sur-
face enhanced Raman spectroscopy (SERS) technique. !’
The results showed that the main species on the electrode
surface is a “molybdenum blue” compound as an in-
duced-codeposited intermediate in the electrodeposition
of the alloys. Unfortunately, the intermediate existing as
[M(II)IMoO, ] was not be detected. A more quantita-
tive approach is therefore needed in order to reach a bet-
ter understanding of the codeposition mechanism.

In the present paper the mechanism, which has

3

been studied in our previous paper,'® was employed to
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simulate the codeposition process of Ni-Mo alloys. The
kinetic equations were derived, and the kinetic parame-
ters were obtained from a comparison of experimental re-
sults and the kinetic equations. The partial currents of
Ni, Mo and hydrogen evolution were calculated as a
function of different operating parameters. The partial
currents thus determined the alloy composition and cur-
rent efficiency which are compared to experimental re-

sults.
Experimental

The experiment of steady state polarization curve
was carried out using the computer electrochemical test
system (Model ETS ver. 2.0, Tianjin, China), and the
working electrode was a Cu rotating - disc electrode of
0.357 cm diameter. The electrode potential was mea-
calomel electrode
(SCE). A large platinum gauze served as an auxiliary

sured in relation to a saturated

electrode. Ni-Mo alloys were potentiostatically electrode-
posited from ammonium citrate solution containing 0. 15
mol /LNiSO, + 0. 10( Mo ) mol/L( NH, )¢ Mo; Oy +
0.3 mol/L Nay(C¢Hs0;) + 0.3 mol/L NaCl + 0.45
mol/L NH;-H,0. This solution was made up from ana-
lytical grade purity compounds and twice distilled water.
The pH was adjusted with NaOH or H,SO; to 9.0 for
which the alloy deposition efficiency is high. The tem-
perature was kept at 30°C. A more detailed description
of the experiment has been reported in a previous pa-
per.

The chemical compositions of the alloys were as-
sayed by an Energy Dispersion Spectrometer ( EDS, X-
650 9VP, Japan).

Mathematical model

The induced codeposition mechanism of Mo with Ni
from ammonium citrate solution has been studied in our
previous paper.'? The investigations indicated that the
nickel could be electrodeposited independently of molyb-
denum. Erust et al .'® indicated that nickel ion complex-
es strongly with both citrate and ammonia to form multi-
ligand coordination, [ NiCit(NH3),.]", in the ammoniun
citrate solution, where m, being coordination number of
ammonia, is among 0 and 3. Since ammonia and citrate

were excess in the baths, nickel ions exist mainly as

[NiCit(NH3)3]". Therefore, the electrodeposition of ni-

cel could be expressed as

k
[NiCit(NH;);]" + 26—;]5%» Ni + Citm+ 3NH, (1)

In the induced codeposition of Mo with Ni, the
molybdate (mainly existed as MoO,* in alkaline solu-
tion)? is electrochemically reduced to MoQ,, subse-
quently undergoes a chemical reaction with atomic hydro-
gen previously adsorbed on the inducing metal nickel to
form molybdenum in alloys. Thus it can be predicted
that the existence of the surface-adsorbed hydrogen in
atomic state affects greatly the deposition of molybde-
num.” The accepted mechanism of the hydrogen evolu-
tion reaction on Ni-base alloys wasstudied by Lasia et
al .*"® They deduced, in all cases, that this reaction
proceeded through two steps, the first step is the dis-
charge of water to form atomic hydrogen adsorbed at
electrode, and the second step is an electrochemical
deadsorption to give off hydrogen, i.e.

i k

MoO> + 2H,0 + 2e7;> MoO, (M), + 40H" (2)
ks

H20 + e";: H(M)ads+ OH" (3)

k
MoO, (M) 4, + 4H(Ni) o—> Mo(Ni) + 2H,0 (4)

The side reaction in electrodeposition is hydrogen evolu-
tion, that is

k
HM),.,+ H,0 + e—> H,} + OH" (5)

where M represents Ni, Mo or substrate atoms on the
surface of electrode. ki, k;, k3 and ks in Eq. (1),
Eq.(2), Eq.(3) and Eq.(5) are the electrochemical
rate constants, respectively.

At the range of high cathode polarization, the cur-
rent density of the rotating disk electrode for an electro-
chemical reaction j could be expressed as®

1 _1 1 L
ij - iD.j + iE] or 4= 1 + iE,j/iD,j (6)
and iE,j= nJFkJ (7)
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ig,2 = np Floy Cy,(1 - 8)exp( - ayn, FE/RT) (10)
ip,j=0.62n;FD3 v 16812 C; (8)
ig,3 = nakyp(1l - 0)exp( - azn3 FE/RT) (11)
where ip ; and ig,; are the limiting-diffusion current den-
sity and the electrochemical polarization current density, ig,s = nsksoBy(1 - 0)exp( - asns FE/RT) (12)

kj is the electrochemical rate constant in the electro-
chemical reaction j, C jand D; are the bulk concentration
and the diffusion coefficient for the diffusion limited
species, v is the kinematic viscosity, S is the rotation
speed (rad/s) of the electrode, n;is the transfer num-
ber of electrons in the electrochemical reaction j, where
ni=ny;=2 and n3 = ns =1 in this case, and F is
Faraday’s constant, respectively.

For simplification, Cy;, and Cy, represent the
concentration of [ NiCit(NH;)3]" and MoO,%, respec-
tively.

Assume that the variation of concentration of water
can be neglected during reaction, therefore, the current
densities of the electrochemical reaction are respectively

ig,1 = ny FhipCxi(1 - 0)exp( - ayn; FE/RT) 9)

anklocNi(l - G)exp(- alanE/RT)

where kg, ky, ki and ksp are the electrochemical rate
constants at E (applied potential) = 0, « is cathodic
transfer coefficient, R is the gas constant, T is absolute
temperature, E is potential referred to a saturated

calomel electrode (SCE) and 6 = 0y + GMDOZ , where Oy
and OMOO2 represent the fractional surface coverage of the

both atomic hydrogen and
MoO,, on the surface of electrode, respectively.

If the reactions (1), (2), and (3) are the rate-
determining steps (rds) for the electrodeposition of nick-

adsorbed intermediates,

el and molybdenum and for the hydrogen evolution, re-
spectively, the current density equations for the elec-
trodeposition of Ni, Mo and hydrogen evolution according
to equations (1)-(12) are

iNi =us= anrl = 1+ n FklocNi(l - e)exp(— alanE/RT)/iD,l (13)
o Fr NMol2 _ nMoszoCMo(l - G)exp(— (12712FE/RT) (14)
l’Mo - Mo 2 = n; - 1 + nZFkZOCMo(l - e)exp(— aznzFE/RT)/iD,2
in = nHzFr5 = nHzF(rg, - 4r4) = nHZF(r;; - 4r2) = nHli3/n3 - 4nHZi2/n2 =
nHsz?,o(l - @)exp( - a3n3 FE/RT) 4nH2Fk20CM0(1 - @)exp(- a;n, FE/RT) (15)

1+ n3Fk30(1 - H)exp(— a3n3FE/RT)/iD,3 - 1+ nszzoCMo(l - ﬁ)exp(— azn2FE/RT)/iD,2

where iy;, and iy, represent the current density for the
electrodeposition of nickel and molybdenum, Ly, repre-

sents the current density for the hydrogen evolution, and

kyexp( - asni FE/RT)

r represents reaction rate, respectively.
As an approximation the expression of 8y and 6M002

are written as

4ky Cyoexp( - ayny FE/RT)

1 + n3Fk30exp(- a3n3FE/RT)/iD,3 B 1+ nszQDCMOexp(— a2n2FE/RT)/iD,2

Oy =

nMokgo CMOCXp( - aznzFE/RT)

kspexp( -~ asnsFE/RT)

(16)

e, = 5 1T + 1y Flao Cyoxpl ~ aama FE/RT)ip

(17)
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The value of Qy in Eq. (17) can be calculated from
Eq. (16).

At each applied potential the partial current densi-
ties are calculated. The total current density, iy, is the
sum of the partial current densities, i;.

J
The cathodic current efficiency (C.C.E.) for metal de-
position is equal to the sum of partial current densities of

nickel, iy;, and molybdenum, iy,, divided by the total
current density

The molar fraction of molybdenum, Xy,, in the
alloys is calculated from the partial current densities ac-

cording to Eq. (20)

iMo/ Mo

XM0= (20)

in/nNi o/ Mo
Results
Model parameters

The values of the nickel, molybdenum, and water

reaction have been chosen to fit the partial current den-
sities obtained from the experiment using Sigmaplot for

INit LMo
C.C.E.% = ir (20) windows software. The kinetic parameters fitted for the
model is listed in Table 1.
Table 1 The model parameter list
For Ni For Mo For H
kyo (dm/s) (1.23+0.26) x 10° Ky (dm/s) (3.2841.95) x 10 kyp (mol-dm/s)  (1.27+0.21) x 10°
kg (mol+dm/s)  (6.25+£0.35) x 10"  ksg (mol-dm/s)  (6.57+3.95) x 10°
o 0.099 + 0.0006 0% 0.104 = 0.0006 a 0.062+0.0024
as 0.061 + 0.0024
ni 2 ny 2 ns 1
Mo 2 ns 1
DB (dm’/s) (7.76+0.12) x 107 D, (dm’/s) (3.63+0.64) x 107 71y, 2
([NiGit(NH3)3]°) (Mo0y)

Influence of applied potential

Fig.1 shows the experimental and predicted partial
current densities of nickel, molybdenum and the hydro-
gen evolution at different potential. At the potential more

30
o Zij
25}
20}
05 i (H2)
<
10 i (Mo)
B - i (Ni)
o} &——o—

08 10 12 14 16 18 20 22
—E (V,vs. SCE)

Fig. 1 Experimental (0,0,@ andm) and predicted (—) to-
tal and partial current densities of nickel, molybdenum
and the hydrogen evolution at different potential.

positive than — 1.2 V, the current efficiency of alloy
deposition is very low. Hydrogen evolution is observed,
as in the case of pure citrate or molybdate/citrate solu-
tions . In the intermediatepolarization range , between
-1.3Vand -1.7V, the partial current for hydrogen

0.8
0.7
0.6} o
0.5
04r
03r
0.2F
0.1
0.0r

C.C.E (%)

4

08 10 12 14 16 18 20
—E (V. vs. SCE)

Fig. 2 Comparison between predicted (—) and experimental
(©) cathode curent efficiency.
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evolution is nearly potential independent. At more nega-
tive potential, the partial current for hydrogen evolution
increases more rapidly than that of nickel and molybde-
num discharge, and the cumrent efficiency decreases.
The comparison between predicted and experimental
cathode current efficiency (C.C.E.) is shown in Fig.
2 . The maximum is obtained at the potential of about
-1.7V.

The measured and calculated contents of molybde-
num in alloys are presented in Fig. 3. In low polariza-
tion the content of molybdenum in alloys increases with
the cathode polarization . In the potential range form
~1.6 Vo —1.9V, the partial current increases at
the same rate for both nickel and molybdenum, the con-

tent of molybdenum remains nearly constant at about
28.5 a/0.

0.29
028} °©
027t
0.26f o
0.25}
0.24}

023} o

022

XMc
[«

08 10 12 14 16 18 20
— E (V, vs. SCE)

Fig.3 Predicted (—) and experimental (O) contents of
molybdenum in alloys.

Influence of electrode rotation rate on the partial currens
density of both nickel and molybdenum

According to Eq. (8) the partial limiting-diffusion
current densities, ip, ip,3, for nickel and molybde-
num are respectively

ip.1=0.62n, FD¥*v8 82 Cy (21)
ip.2=0.62n, FD,¥3v 68V Cy, (22)

Evidently, the plot of the limiting-diffusion current vs.
52 is a straight line. Fig. 4 shows the relationship be-
tween ip,; and 52 for nickel and molybdenum. The
diffusion coefficients were obtained from the slops of the
straight line. They are (7.76 +0.12) x 10® dm’/s for
[NiCit (NH;)5] and (3.63 £ 0.64) x 10%dm’/s for
MoQ,%, respectively.

ipni OF ip \o(A/dm?)
(=) o0

60 635 70 75 80 85
S 12 (rad/s) 1/2

Fig.4 Relationship between ip; and $2 for nickel and

molybdenum.
The change of both QMOO2 and Oy with applied potential

The variation of coverage of the intermediate
species, MoO,, and H, with applied potential was pre-
dicted with Egs. (16) and (17). As demonstrated in
Fig. 5, at the potential more positive than - 1.2 V,
though the coverage increases for MoO,, decreases for H
with the cathode polarization, this change is small. The
mutations appear in intermediate polarization range be-
tween — 1.2 Vand - 1.7 V. On the contrary, the
coverage decreases for MoO, and increases for H with
the cathode polarization in the polarization range be-
tween — 1.7 Vand - 1.9 V, respectively. At the po-
tential of ~ 1.7 V both valley for H and peak for MoO,
appear simultaneously. It is at this potential that maxi-
mum cathode current efficiency was obtained.

25 25
201 2.0
1.5r 1.5

Q(Mo0?y X 102
P
S
Q) X104

0.5t Jos
0.0} 100
08 10 12 14 16 i3 20

— E (V,vs. SCE)

Fig. 5 Variation of coverage of the intermediate species,
MoO,(—)and H (------ ), with applied potential .

Discussion

The present kinetic model gives a satisfactory de-
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scription for the codeposition of the Ni-Mo alloys. At the
potential more positive than — 1.20 V the Ni-Mo alloys
can not be deposited because the standard electrode po-
tential of reaction (2) is — 1.20 V.? At the potential
more negative than - 1.2 V, MoO, is formed on the
surface of electrode. The rates of reactions (1), (2)
and (3) increase with the change in potential to more
negative. The increase in the rate of reaction (1) results
in the increase of the partial current for nickel electrode-
position, the increase in the rate of reactions (2) and
(3) results in the increase of the rate of reaction (4).
As the rate of reaction (4) increased in analogous rate
with the reaction (3), in this polarization range between
-1.3 Vand - 1.5V the partial current for hydrogen
evolution (reaction (5)) was roughly constant (see Fig.
1). At the range between — 1.5 Vand - 1.6V the in-
crease in the rate of reaction (2), increasing the cover-
age of MoO,, decreasing the coverage of atomic hydro-
gen, leads to decrease in the partial current for the hy-
drogen evolution . At potential between — 1.3 V and
-1.6 V, the atomic hydrogen originally being used in
the evolution hydrogen (reaction (5)) is partly utilized
by reaction (4), which leads to increase in the current
efficiency of the electrodeposition. In more negative po-
tential, the increase in the rate of the reaction (3) in
relation to both reactions (2) and (4), decreasing the
coverage of MoO,, increasing the coverage of atomic hy-
drogen, leads to increase in the partial current for the
hydrogen evolution, which leads to decrease in the cur-
rent efficiency of the electrodeposition. These experi-
mental phenomena could be well simulated by this kinet-
ic model.
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