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The Effect of Current and Nickel Nitrate Concentration
on the Deposition of Nickel Hydroxide Films

Christopher C. Streinz, Andrew P. Hartman, Sathya Motupally,* and John W. Weidner**

Department of Chemical Engineering, University of South Carolina, Columbia, South Carolina 29208

ABSTRACT

An electrochemical quartz crystal nanobalance (EQCN) has been utilized to measure the mass of Ni(OH), films electro-
chemically deposited from Ni(NO;), solutions. The objective of this work was to quantify electrochemical deposition as a
function of deposition conditions. The changing mass recorded on the EQCN was demonstrated to be the result of Ni(OH),
deposition. Deposited mass was observed to increase proportionally with applied charge as suggested by previous investi-
gators. Most significantly, the rate of deposition was found to decrease more than an order of magnitude as the Ni(NO,),
concentration increased from 0.2 to 2.0M. The effect of concentration is shown to be related to Ni(II) concentration as
opposed to solution pH or NO; concentration. An empirical correlation is given to predict deposition rates in solutions
ranging from 0.1 to 3.0M Ni(NO,), and at current densities ranging from 0.5 to 5.0 mA/em?®. The decreased deposition rates
in concentrated Ni(NO,), are attributed to the formation of intermediate species [e.g., NiOH* or Ni,(OH){*] which diffuse
away from the reaction interface before deposition can occur.

Introduction solution. Nitrate is reduced according to the following re-

3 2-6
Nickel hydroxide is one of the most commonly used ac- action

tive materials for the positive electrode in rechargeable - - -
batteries. It has been shown that the electrochemical im- NO; + 6H,0 + 8¢” — NH, + 9OH (]

pregnation of porous nickel plaques produces supgrior Other reactions have been shown to occur, but like the
flefit.r odes compareth 0 thgse madg by ;ﬁhﬁ cgnvintm'nai above reaction they also produce OH™ ions in approxi-
oading process (see Gross for a review of electrochemica mately a 1:1 ratio of e” to OH"™. *"® The production of OH"~

impregnation’). The ability to tightly control the operating increases the local pH, resulting in the precipitation of
conditions of the deposition process is one reason for supe- Ni(OH), according to réaction 933
2

rior performance. In electrochemical impregnation, a
nickel plaque is cathodically polarized in a nickel nitrate Ni** + 20H" — Ni(OH),4 [2]

* Electrochemical Society Student Member.
** Electrochemical Society Active Member. where log K, = —13.79.°
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In order to quantify electrochemical impregnation, Ho
and Jorné® modeled the impregnation process under vari-
ous flow configurations. However, since the mechanism for
deposition is not well understood, a quantitative relation-
ship between deposition conditions (e.g., current, time, so-
lution composition) and the mass deposited is not avail-
able. While numerous investigators have studied plaque
impregnation,”*! relatively few have quantified the fun-
damental deposition chemistry using planar electrodes.
Fischer!! studied the kinetics of Ni(OH), formation at the
surface of a rotating-disk electrode as a function of current
density, solution composition, and the thickness of the dif-
fusion layer. MacArthur'?* studied the thickness of de-
posited films as a necessary first step in determining the
diffusion coefficient of protons. He used Faraday’s law to
predict film thickness as a function of current and deposi-
tion time, but provided no experimental verification of film
thickness other than electrochemical capacity. It will be
shown in this study that MacArthur’s assumption was good
only at low Ni(NO,), concentrations. At high concentra-
tions, film thickness is overestimated by more than an or-
der of magnitude using Faraday’s law. Corrigan et al.®*36
have correlated various deposition conditions [all in 0.1M
Ni(NOy),] to film thickness on planar electrodes but have
not quantitatively related deposition conditions to de-
posited thickness.

A few researchers have reported on the utilization of the
quartz crystal microbalance to study the mass changes in
nickel hydroxide films.'™** Of particular interest, Cordoba-
Torresi et al.’® observed that the mass increased approxi-
mately linearly with time (up to 250 s) during galvanostatic
deposition of a Ni(OH), film at 0.3 mA/cm?® from a 0.01M
Ni(NO;), solution. Assuming a ratio of 10 OH :8 e in the
reduction of NOj (see also Ref. 13-16), they calculated a
deposition efficiency equal to 86%.

The objective of this study has been to use the electro-
chemical quartz crystal nanobalance (EQCN) to quantify
the electrochemical deposition of Ni(OH), films as a func-
tion of operating conditions (e.g., time, current, solution
concentration). The sensitivity of the EQCN is 1 nanogram,
allowing precise in situ mass measurements. Quantifying
the deposited mass is of interest for several reasons. First,
the capacity is needed in order to correlate experimental
discharge data with cell discharge models.”® Second, accu-
rate determinations of mass, and subsequently film thick-
ness, are needed in order to calculate the diffusion coeffi-
cient of protons from electrochemical impedance spec-
troscopy data.” Finally, our goal has been to better describe
the deposition process on planar electrodes so that impreg-
nation of porous plagues may be more thoroughly and fun-
damentally modeled.

Experimental

An electrochemical quartz crystal nanobalance (EQCN,
Elchema Model EQCN-501) was utilized to make in situ
measurements of the mass deposited on a planar gold elec-
trode during cathodic chronopotentiometry in nickel ni-
trate solutions. An illustration of the EQCN cell configura-
tion can be seen in Fig. 1. As shown, the working electrode
consists of a quartz crystal with a thin layer of gold sput-
tered on both sides. The electrode area exposed to solution
during deposition is 0.2 cm?®, The resonant frequency of the
reference crystal is 10.000 MHz. The EQCN has a frequency
resolution of 1 Hz which corresponds to 1.1 ng mass
change.” A Pine Model AFRDES bi-potentiostat was used
for all current and potential control. All potentials are ref-
erenced with respect to the saturated calomel electrode
(SCE), with the exception of those in Fig. 2 which are with
respect to Ag/AgCl. The counterelectrode consisted of a
platinum sereen.

Depositions were carried out in Ni(NO;), solutions,
whose concentrations ranged from 0.01 to 3.0M at applied
current values ranging from 0.01 to 1.0 mA. For solution
concentrations below 0.2M Ni(NO;),, additional NaNO,
was added such that the NO; concentration was 0.4M. All
solutions consisted of 50/50 volume percent (v/o) ethanol

1085

Potentiostat

L

SCE RE
Platinum CE

Nickel Nitrate Bath

EQCN

Fig. 1. An illustratfion of the EQCN cell configuration. The working
electrode consists of a quartz crystal, sputtered with a thin layer of
gold on both sides. The electrode area exposed to solution is 0.2 cm?.

and water.***** All depositions were carried out at room
temperature (23 to 25°C) in order that the fundamental de-
position chemistry might be more readily understood. The
solution pH was found to be a function of Ni(NOs), concen-
tration, ranging from 2.4 for 2.0M solution to 4.0 for 0.1M
solution. In order to determine the effect of pH on deposi-
tion rate a solution containing 0.2M Ni(NO;), was acidified
to solution pHs of 3.0, 2.5, 2.0, and 1.5 using nitric acid. In
addition, a solution containing 2.0M Ni(NO,), was basified
to pH 4.0 using concentrated KOH. Depositions were car-
ried out in these solutions at an applied current of 0.5 mA
and the data compared to that for the nonacidified or basi-
fied solutions. Additional depositions were carried out in
solutions saturated in NO; (obtained by adding excess
NaNO;) to determine the role of NOj in deposition.
Finally, in order to ensure that the EQCN measured
Ni(OH), deposition, and not the deposition of metallic Ni,
selected films were cycled and discharged in 3% KOH. The
cyclic voltammograms were checked for the charge and
discharge peaks characteristic of the Ni(OH),/NiOOH sys-
tem. Further, the discharged capacity was converted to
mass via Faraday’s law assuming a one-electron transfer.?
These were compared to the masses recorded on the EQCN.

Results and Discussion

The cyclic voltammetry behavior of a 30 pg film de-
posited in the EQCN is illustrated in Fig. 2a (scan rate
10 mA/s). The characteristic charge and discharge peaks
are readily observed indicating the presence of the
Ni(OH),/NiOOH couple. The discharge behavior of the film
at a constant current of 10 pA is shown in Fig. 2b. The
charge passed during the galvanostatic discharge of the
film is consistent with a 30 wg film, assuming a one-elec-
tron discharge process.’ In every case in which a deposited
film was cyeled and discharged, cyclic voltammograms and
discharge times were consistent with the masses deter-
mined via the EQCN. The physical appearance of the de-~
posit provided further evidence for the deposition of
Ni{OH),. The freshly deposited films were transparent and
green, giving the QCN crystal a greenish gold appearance.
A Ni deposit would be expected to appear metallic. With
charging the films became black, consistent with the for-
mation of NiOOH from Ni(OH),. *

A plot of mass vs. time for deposition in 0.2M Ni(NO,), at
applied currents of 0.05, 0.1, 0.25, and 0.5 mA (0.25, 0.5,
1.25, and 2.5 mA/em?) is shown in Fig. 3. (The mass vs. time
curves given in this paper are reproducible within a relative
error of 5%.) The mass of the deposit increased linearly
with time (with regression values, R?, consistently greater
than 0.999) indicating a constant rate of deposition. Lin-
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< o0l i measure of the production of OH™ (according to Eq. 1),
¢ Fig. 3 and 4 also show that deposited mass is proportional
£ | to OH™ generation. This is consistent with MacArthur®
5 100 ) who used Faraday’s law to predict the thickness of films
H deposited from 0.1M Ni(NQ,),. Our results (which are dis-
5 or ] cussed in more detail below) show that this is a good ap-
proach at low concentrations (e.g., 0.2M), however, at
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Fig. 2. |a, top) A typical cyclic voltammogram {scan rate 10 mV/s}
for a 30 pg ﬁ?m deposite? in the EQCN cell. The charge and dis-
charge peaks are characteristic of the Ni{OH),/NiOOH couple.
(b, bottom) The typical voltage-time behavior for a 10 A discharge
of a 30 p.g film. The charge passed in the discharge corresponds well
to a 30 pg film, assuming a one-electron discharge reaction.

early increasing mass was observed at all deposition condi-
tions with the exception of very low solution concentra-
tions at high currents (e.g., 0.01M at 0.5 mA). Deposition in
dilute Ni(NO,), solutions is discussed later in this paper.
The effect of applied current can also be observed in Fig. 3.
Increasing current was observed to increase the deposition
rate as indicated by the increasing slopes in the figure.
The effect of applied current is seen more clearly in Fig. 4
which is a plot of deposition rate (i.e., the slope of the lines
in Fig. 3) vs. applied current in 0.2M Ni(NO;),. Note that the
deposition rate increases proportionally with applied cur-
rent over two orders of magnitude of current values. Fig-
ures 3 and 4 essentially show that deposited mass is propor-
tional to charge (current X time). Since charge is a direct

rate is illustrated in Fig. 5, which plots mass vs. deposition
time in several solution concentrations at 0.5 mA (2.5 mA/
cm?). As discussed previously the mass is observed to in-
crease linearly with time at each solution concentration.
Note, however, that the rate of deposition (slope of the
mass-time curve) increases with decreasing Ni(NO;), con-
centration. The deposition rates at each concentration are
indicated on the figure. Similar behavior (increasing rate
with decreasing concentration) was observed at other cur-
rent values (0.1, 0.25, and 1.0 mA).

In order to separate the effect of Ni(Il}) and NOj at high
Ni(NO;), concentrations, deposition was measured in 0.2M
Ni(NO,), saturated with NaNO;. Mass vs. time in a 0.5 mA
deposition is compared with that in 0.2 and 2.0M Ni(NO,),
in Fig. 6. The deposition rate for the solution saturated in
NO; is approximately 75% of that in 0.2M Ni(NO;),, indi-
cating that the deposition rate is more dependent on the
Ni(II) concentration than on the NO; concentration. The
25% decrease in rate resulting from saturated NO; may be
an ionic strength effect.

The role of solution pH was also considered. Deposited
mass was measured in 0.2M Ni(NO,), acidified to pH 3.0,
2.5, 2.0, and 1.5 and in 2.0M Ni(NO,), basified to pH 4.0.

110 . T T —
110 p—r T T T T T T r T L \ 4
100 14.3 ug/min —o— 0.2MNi
100 F —e— 0.50mA 1 90 -4  05MNi b
90 } 4 0.25mA 4 a0 | a -m- 1.0MN ]
= 0.10 mA a 8.25 ug/min - #-- 2.0MNi
80 | --4-- 0.05mA 70F _A. ]
_of o1 T 60} s b
- A - ~ .
g 2 . 8 °f - - 0.97 ug/mi
9 50 + a q ks 40 F --n 3.13 ug/min .87 ug _T-?-O b
2 40 + A i 3l ..- ————— _'_‘__..-0 ]
L 4 - 4
> n-u-n" 20¢ = 4 e P ¢
20 F g w . 10} PRS2 ad 1
10 PR EE e & ol :
o 10 10 20 S0 20
—10 L= X : ) . : ) s
0 1 2 3 4 5 6 7 8 9 10 Time (min)
Time (min)

Fig. 3. A plot of mass vs. time for deposition in 0.2M Ni(NO), ot
applied currents of 0.05, 0.1, 0.25, and 0.5 mA (0.25, 0.5, 1.25, and
2.5 mA/cm?). Note the linearly increasing mass with deposition fime.
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Fig. 5. A plot of mass vs. time at 0.5 mA in various Ni[NO,},
concentrations. Note that the rate of deposition increases dramati-
cally with decreasing solution concentration. The deposition rates at
each conceniration are indicated on the figure.
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Fig. 6. A comparison of the mass vs. time data for 0.2M Ni[NO),,
2.0M Ni(NO,),, and a 0.2M Ni[NO;), solution saturated with
NaNO,. The deposition rate of the solution saturated with NO3 is
approximately 75% of that in 0.2M Ni(NO,),.

The effect of pH in 0.2M Ni(NO,), is shown in Fig. 7. Acidi-
fication to pHs of 3.0, 2.5, and 2.0 decreases the deposition
rate by less than 10%. Not until the pH was lowered to 1.5
was the deposition rate significantly diminished. However,
even at that low pH the deposition rate was nearly an order
of magnitude greater than that in 2.0M Ni(NO,), (in which
the pH is approximately 2.4). Regarding the 2.0M Ni(NO,),
solution, increasing the pH to 4.0 did not change the rate of
deposition as shown in Fig. 8. Based upon the results shown
in Fig. 7 and 8 it can be concluded that the rate of Ni(OH),
deposition is nearly independent of pH in the typical pH
range of these solutions (pH 2 to 5) and that the concentra-
tion effects observed are not the result of pH.

The relationship between deposition rate at an applied
current of 0.5 mA and Ni(NO;), concentration is illustrated
in Fig. 9, which plots the deposition rate with respect to the
inverse of concentration. The horizontal dashed line shows
a theoretical deposition rate at which 100% of the electro-
chemically produced OH" is utilized in the deposition of
Ni(OH),. According to Eq. 1 and Faraday’s law, the hori-
zontal line is given as follows

d_m - 9iAMNi10H)2 [3]
dt 16F

where dm/dt is the deposition rate (g/s), i is the applied
current density (A/em?), A is the electrode area (0.2 cm?),
Mpom, 15 the molecular weight of Ni(OH), (for the purpose
of this work we assumed a value of 93 g/mol which neglects
codeposition of H;O) and the 9/16 (as opposed to 9/8) indi-
cates that 2 mols of hydroxy! are needed for the deposition
of 1 mol of Ni(OH),. Note that Eq. 3 predicts that mass
increases linearly with time and that mass is independent

110 = —r
100
90
80
70 F
60
30
40
30+
20
10F

Mass (ug)

22 r—r T T ——— Y —— r r —
20
18
16
14
12
10
8

Moss (ug)

O N s O

0 2 4 6 8 10 12 14 16 18 20

Time (min)

Fig. 8. A plot of mass vs. time for deposition in basified 2.0M
Ni(NO,),. The deposition rate is unchanged at a pH of 4.0.

of solution concentration. It can be seen in Fig. 9 that at low
Ni(NQ,), concentrations (0.2 and, especially, 0.1M) nearly
100% of the generated OH™ is consumed in the deposition
of Ni(OH),. However, at higher Ni(NO;), concentrations the
efficiency of OH™ utilization decreases dramatically (to less
than 20% at solution concentrations greater than 1.0M).
Further, at high concentrations the rate of deposition is
shown to be linearly related to the inverse of the solution
concentration (with a regression value, R? of 0.997). This
type of behavior was observed over a range of one order of
magnitude of current (0.1 to 1.0 mA).

The data at different applied currents can be normalized
by plotting the utilization efficiency of the electrochemi-
cally generated OH™ vs. inverse concentration as illus-
trated in Fig. 10. Note that the efficiency of utilization,
while increasing slightly with current, is relatively inde-
pendent of the deposition current. At all currents the uti-
lization is highly inefficient in concentrated solutions and
nearly 100% efficient in dilute solutions. It is clear from
Fig. 10 that an empirical correlation can be developed to
predict the mass of Ni(OH), if the deposition conditions
(time, current and solution concentration) are known.
Since the data are linearly related to the inverse concentra-
tion in concentrated solutions and asymptotically ap-
proach 100% utilization of the electrochemically generated
OH in dilute solutions an expression of the following form
can be used

y = {@)1" + [yol)1}” [4]

where y,(x) and y,(x) are functions that fit the data at high
and low concentrations, respectively, and n is adjusted to
fit the asymptotic region. The slope of the line at the high

18 T r r r v y T T r .
1007 OH Utilization
LN e » 1
T 14} . 1
£
> 12} g
2 Data
; 10} g
¢ B8l ]
[ 4
5 4l ]
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Fig. 7. A plot of mass vs. time for deposition in acidified 0.2M
Ni{NO,),. Acidification fo pHs of 3.0, 2.5, and 2.0 decreases the

deposition rate by less than 10%.

3

4

Inverse Concentration (I/mo)

Fig. 9. A plot of deposition rate at 0.5 mA vs. inverse Ni(NO,),
concentration. The horizontal dashed line shows a theoretical deposi-
tion rate predicied by Faraday’s law. The deposition rate is observed
to be both highly ine¥ﬁcient and linearly related fo inverse concentra-
fion in concentrated solutions.
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generated OH™ vs. inverse Ni[NO,), concentration. The efficiency is
relatively independent of current. At all currents utilization of OH™ is
highly inefficient in concentrated solutions and nearly 100% efficient
in dilute solutions.

concentration limit has approximately a linear relation-
ship with current. Substituting in expressions for y,(x) and
Y»{x) derived from Fig. 10 and choosing a value of n that fits
the asymptotic region of the 1.0 mA data yields the follow-
ing expression

[<0‘321 —0.015(5.0 — 4)
€Eop- =

cNi(N O3)2

1

- 0.065)_3'5 + 1.0]ﬁ (5]

where ey~ is the efficiency of utilization of the electro-
chemically generated OH™, Cyinoy,), is the concentration of
the Ni(NO;), bath, and i is the applied current density in
units of mA/em?®. Note that the slope of efficiency vs. in-
verse conceniration observed in concentrated solutions has
been given a small dependence on applied current as ob-
served in Fig. 10. eoy- is then used as a multiplier in Eq. 3
to determine deposited mass. This is expressed in Eq. 6

d_m - giAMNigOH)zEOH— (6]
dt 16F

Figure 11 shows the data from Fig. 10 fitted to Eq. 5 at
deposition currents of 0.1 and 1.0 mA. As can be seen in the
figure, the fit provides a prediction of utilization efficiency,
and therefore deposition rate, within 10% of the measured
value at all concentrations and currents.

Itisimportant to note that Eq. 5 and 6 are not valid under
all deposition conditions, but only under those reported in
this study. Those conditions are as follows: first, the deposi-
tion experiments reported here were all performed at room
temperature (23 to 25°C). Many impregnation recipes sug-
gest elevated temperatures (>50°C).! However, at low con-
centrations, where eqy- is approximately 1, the correlation
may hold even at elevated temperatures. Second, Eq. 5 and

— T T T T T T T T T
1.0 b mmeeemr e =S B
09} 1
08} j
0.7 -
>
g 06y 1.0 mA Data ]
R osk 0.5 mA Data ]
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------- Efficiency = 1
03} ~—— 1.0 mA Correiation ]
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0.2
041t 4

ool ®

0 1 2 3 4 5 3 7 8 9 10
Inverse Concentrotion (1I/mo )

L

Fig. T1. The data from Fig. 10 fitted fo the empirical correlation
given in Eq. 4 and 5. The fit is shown to be good over the range of
concentrations and currents used in this study.
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Fig. 12. A plot of mass vs. time at 0.1 mA in highly dilute Ni(NO),
solutions (<0.2M). Deposition stops after a short time. The mass at
which deposition stops is a strong function of Ni{NO5), concentration,
indicating a mass transport limitation of nickel.

6 have been shown to hold over one order of magnitude of
applied current (0.1 to 1.0 mA or 0.5 to 5.0 mA/em?). Third,
all depositions were from solutions consisting of a 50/
50 v/o mixture of ethanol and water. Finally, the range of
concentrations in which Eq. 5 is valid is dependent on the
deposition current. At 1.0 and 0.5 mA the correlation is
only valid down to 0.1M. However, at 0.1 mA the correla-
tion is valid to 0.02M.

The deposition behavior at 0.1 mA in dilute solutions
(<0.02M) is shown in Fig. 12. After a short time, the deposi-
tion essentially shuts off, as indicated by the plateau in the
mass~time curve. Further, it is shown in Fig. 12 that the
mass at which deposition shuts off is a strong function of
the solution concentration, decreasing with decreasing
concentration. Three regions of interest are evident in the
mass-time curves. Initially the slopes are identical at all
concentrations with the value equivalent to that predicted
by Faraday’s law (see Eq. 3). Once the initial surface region
becomes depleted the rate decreases and becomes limited
by the mass transfer of Ni** to the reaction interface. Even-
tually the deposition shuts off as the pH boundary moves
away from the electrode surface (because the rate of OH"
generation is faster than its consumption by Ni(OH), depo-
sition) and precipitation occurs in the bulk.

It has been shown above that the increased NO; concen-
tration and the decreased pH in concentrated Ni{NO,), so-
lutions are not the primary causes of the inefficient utiliza-
tion of OH". The mechanism must therefore be related to
the increased Ni(II) concentration in solution. Nickel is
well known to complex in aqueous solutions, forming vari-
ous soluble species (e.g., NiOH", Ni(OH),(aq), Ni(OH);, and
Ni(OH);™ ®). Perrin® demonstrated that Ni** is in equi-
librium with NiOH* in dilute solutions. Other researchers
(see references in Baes and Mesmer®) have shown that the
predominant species in more concentrated Ni(II) solutions
(>0.015M) is the polymeric Ni (OH);". Equilibrium is given
by Eq. 7

4Ni** + 40H™ < Ni, (OH)f [7]

where log K., = 28.3. In the pH range of the bulk Ni{NO,),
solutions used in this study (2.4 to 4.0), Eq. 7 indicates that
the concentration of Ni,(OH);* is negligible (<107''M).
However, in the pH range where deposition of Ni(OH), be-
gins (neutral pH; see Eq. 2) the concentration of Ni(OH)"
is similar to that of Ni*. Baes and Mesmer® conclude that
“small amounts of the polynuclear species Ni,(OH);* form
rapidly at high Ni(II) concentrations (over 0.1M) before
precipitation of Ni(OH), occurs.”

From the equilibrium expressions given in Eq. 2 and 7
the equilibrium concentration of Ni, (OH)}* at the pH at
which deposition begins can be calculated. The equi-
librium constants for Eq. 2 and 7 can be expressed as
follows

K, = c,c? (8]
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where ¢y, ¢,, and c; are the concentrations of Nit*, O, and
Ni,(OH)}, respectively. Substituting Eq. 8 into 9 yields

G KK =5.1 [10]
Ci

If we assume that Ni** and Ni,(OH);* are the dominant spe-
cies in solution, the following also holds

ci+4c;=¢y [11]

where ¢, is the concentration of Ni(NO,), added to the solu-
tion. Equations 10 and 11 can be solved simultaneously, for
¢, and c; using the known Ni(NO;), concentrations. Table I
gives the equilibrium values for the concentration of Ni**
and Ni,(OH);" as well as the pH at which deposition begins
for each of the solution concentrations used in this study.

Based upon the above discussion, the following two-
step deposition mechanism is proposed for high Ni(NO,),
concentrations. First, Ni*" combines with OH™ to form
Ni,(OH);" according to Eq. 7. The Ni,(OH);* then combines
with more OH™ to form deposited Ni(OH), as given in
Eq. 12

Ni,(OH)¥ + 40H™ — 4Ni(OH),4 [12]

Depending on the deposition conditions, Ni,(OH);* either
reacts with the OH™ and deposits as Ni(OH),, according to
Eq. 12, or it diffuses away from the electrode. If there is
significant diffusion away from the electrode, deposition
rates will be less than that predicted by Faraday’s law.
Since the concentration of Ni,(OH)" is essentially equal to
zero in the acidic environment of the bulk solution, the
concentration gradient of Ni,(OH);" is proportional to its
concentration near the electrode surface. In concentrated
Ni(NO;), solutions, where the concentration of Ni,(OH)f is
high at the electrode (see Table I), the diffusion of Ni,(OH);*
away from electrode will be rapid. This process consumes
OH" and decreases the efficiency of utilization of electro-~
chemically generated OH™. Decreasing the concentration
of Ni(NO,), from 1.0 to 0.1M decreases the concentration of
Ni,(OH);" at the electrode surface by a factor of 15 (from
0.20 to 0.013M) and hence the diffusion of this species.
The net result is an increase in the rate of deposition by a
factor of 5.

Conclusions

An electrochemical quartz crystal rianobalance (EQCN)
has been utilized to measure the mass of Ni(OH), films elec-
trochemically deposited from Ni(NO;), solutions. The elec-
trochemical deposition of Ni(OH), has been quantified
with respect to deposition time, current, and Ni(INO;), con-
centration. The mass changes measured via the EQCN were
demonstrated to be the result of Ni(OH), deposition. Cyclic
voltammograms of the deposited material showed the char-
acteristic charge and discharge peaks indicating the pres-
ence of the Ni(OH),/NiOOH couple while the charge passed

Table 1. The equilibrium concentrations of Ni** and Ni;(OH)*
at the electrode surface and the pH at which deposition begins
in the Ni{NO,}, concentrations used in this study.

These values are obtained by solving Eq. 9-13.

Note that the concentration of Ni,JOH}$* is a strong function
of the concentration of Ni{NO;),. The bulk concentration of
Ni,(OH)#* in the acidic Ni(NO;), is essenfially zero (<107 "'M).

[NI(NO;),] [Ni~] [Ni,(OH);']
(M) (M) (M) pH
0.10 0.049 0.013 7.8
0.20 0.077 0.031 7.7
0.375 0.11 0.066 7.6
0.50 0.13 0.092 7.5
0.75 0.17 0.15 1.5
1.0 0.20 0.20 7.5
1.5 0.25 0.31 7.4
2.0 0.29 0.43 7.4
3.0 0.36 0.66 7.3
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in galvanostatic discharges were consistent with the
masses determined via the EQCN.

The deposited mass was observed to increase proportion-
ally with both time and current. Most significantly, how-
ever, the deposition rate was found to decrease signifi-
cantly with increasing Ni(NO;), concentration. At low
concentrations (e.g., 0.2 or 0.1M) it was demonstrated that
the utilization efficiency of electrochemically generated
OH™ was nearly 100%. At high concentrations (e.g., 1.0 or
2.0M) the utilization efficiency of OH~ was significantly
less than 100% [approximately 20% in 1.0M Ni(NO,),] and
linearly related to the inverse Ni(NO,), concentration. The
effect of concentration was shown to be related to Ni as
opposed to solution pH or NOj concentration. An empirical
correlation was obtained which quantified deposition rates
in solutions ranging from 0.1 to 3.0M Ni(NO,), and at cur-
rent densities ranging from 0.5 to 5.0 mA/cm?® The ineffi-
cient utilization of OH™ in concentrated Ni(NO;), is at-
tributed to the formation of Ni,(OH)}*, which diffuses away
from the reaction interface before deposition occurs.
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