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Effect of Surface pH on Electrodeposited Ni Films
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Ni metal was potentiostatically electrodeposited on a vertical plane cathode in a Watts bath in order to determine the effect of the
cathode surface pH on the Ni film microstructure. Polarization curves and current efficiencies were measured at pH values of 1.5,
3.4, and 5.5. The surface pH value �pHs� was estimated from the measured partial current density for hydrogen gas evolution based
on a steady-state one-dimensional mass transfer model. Any species relating to the buffering function through the dissociation
reactions �HSO4

−, H3BO3, Ni4�OH�4
4+, H3O+, OH−� were taken into account. The pHs abruptly rose to above 6 as the partial

current density for H2 gas evolution increased. The preferred orientation of electrodeposited Ni thin film was plotted in electrode
potential-pHs diagram. It was found that the transition boundary between �110� and �100� preferred orientations was located along
a ridge 500 mV below the H+/H2 equilibrium potential line. This relationship suggests that the dissolved hydrogen atoms in Ni
metal are partly responsible for the evolution of structural texture of the Ni films.
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Electrodeposited Ni metal films are used for protective coatings
on carbon steels. Such films also have been applied to microelectro-
mechanical systems �MEMS�1,2 as well as magnetic recording
heads3,4 and ultrathin films for magnetic sensors.5 The textured
structure of electrodeposited Ni metal films is known to evolve as a
result of nucleation and growth processes, depending on the electro-
lytic conditions, e.g., the electrolyte composition, pH, bath tempera-
ture, current density, stirring condition, and organic additives. The
specific structure determines the physicochemical and mechanical
properties of Ni films. Much more effort to improve the microcrys-
talline structure of high-area electrodeposited films is also necessary
in the field of advanced energy science. Doing so leads to a highly
functionalized catalytic electrode by tailoring a unique interface that
is required for efficient energy conversion.

In spite of many works,6-17 the mechanism of Ni electrodeposi-
tion has not been thoroughly understood. Because the Ni2+/Ni sys-
tem has a more negative equilibrium potential �Eo = −0.23 V� than
the H+/H2 couple, H2 gas evolution inevitably accompanies Ni
metal electrodeposition. The pH value in the neighborhood of the
cathode increases as the H+ ions are reduced to evolved H2 gas.

The Centre National de la Recherche Scientifique �CNRS� re-
search group investigated the correlations between the microstruc-
ture of Ni films electrodeposited from a Watts bath and the electro-
lytic conditions.6-10 They considered the inhibiting influences of
hydrogen adatoms �Hads�, H2 molecules, and the stabilization of
Ni�OH�2 on the cathode surface. The texture evolution phenomena
were then discussed. Nakahara and Felder examined electrodepos-
ited Ni films with transmission electron microscopy �TEM�.15 They
emphasized the possible formation of metal hydrides as well as the
inclusion of hydroxide.

Dahms and Croll proposed the concept of the surface pH in order
to confirm their model that nickel hydroxide works as an inhibitor in
the case of Fe–Ni alloy electrodeposition.16 Deligianni and Roman-
kiw then measured the pH in the neighborhood of the cathode and
demonstrated that the surface pH value was actually higher than that
in the bulk solution.17

The texture structure evolution on a polycrystalline substrate was
examined in Europe after Fischer.18 A classification diagram with
two coordinates of current density divided by metal-ion concentra-
tion and inhibition intensity was proposed by Winand.19 His diagram
may provide a guide to control the microstructural and morphologi-
cal variations of an electrodeposited film. Unfortunately, his chosen
coordinate is qualitative. It would be preferable to describe them in
a quantitative manner when the electrochemical processing of tai-
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lored materials is carried out, at least on the current density coordi-
nate. The overpotential concept may replace the qualitative coordi-
nate of current density for noble metals, whereas the simultaneous
hydrogen gas evolution must be taken into account for the elec-
trodeposition of iron group transition metals. Thus, the pH value at
the cathode surface may provide an additional coordinate.

It is the present objective to understand the electrodeposition
reaction mechanism of Ni2+ ions onto a vertical plane substrate im-
mersed in a stagnant electrolyte. One of the key issues is to correlate
the surface pH value to the orientation index of the electrodeposited
film.

Experimental

Ni was electrodeposited from a Watts bath containing 262 g L−1

NiSO4·6H2O, 45 g L−1 NiCl2·6H2O, and 38 g L−1 H3BO3 �pH 3.4�
at room temperature. The pH value was adjusted by adding H2SO4
or NaOH aqueous solutions. The vertical cathode was fabricated
from a rolled silver sheet and the anode from a nickel sheet. The
effective surface area of both electrodes was 1 � 1 cm. The vertical
plane anode surface was installed parallel to the cathode. Prior to
each experiment, the substrate was ultrasonically cleaned sequen-
tially in acetone, ethanol, and distilled water for 15 min. The grain
size of Ag substrate was less than 1 �m. Electrodeposition was con-
ducted potentiostatically at potentials from E = −0.8 to −1.6 V with
respect to a Ag/AgCl, KCl sat. �E = +0.20 V vs standard hydrogen
electrode �SHE�� reference electrode. The bulk pH values were var-
ied from 1.5 to 5.5.

Working and counter electrodes were configured face to face on
the inner walls of the electrolysis cell. The reference electrode was
placed close to the silver working electrode using a Luggin capillary.
The amount of charge passed was maintained at 150 C cm−2.
It would correspond to 35–50 �m film thickness under the presump-
tions of uniformly and densely precipitated films without any void
fraction and current efficiency over 70%. After experiments, the
electrodeposited Ni specimens were cleaned carefully with distilled
water, dried, and weighed. The partial current density for Ni elec-
trodeposition was calculated from the mass of Ni electrodeposits,
which was determined gravimetrically and was directly converted
to current efficiency. The crystal orientation of the electrodeposited
film was examined by X-ray powder diffraction using Co K�
radiation.

Results and Discussion

Polarization curve and current efficiency.— Figure 1 shows
the polarization curve measured in the solutions at pH 1.5, 3.4, and
5.5. The current density increased almost linearly from 10 to
160 mA cm−2 at pH 1.5. In the higher pH �3.4, 5.5� solutions, the
current density increases with decreasing potential almost in a par-
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allel way among electrolytes with three pH values in the potential
range from −0.8 to − 1.4 V. The current density is larger at the
lower pH. However, the tendency of the current density to increase
is significantly suppressed at E = −1.6 V.

Because the equilibrium potential of the electrochemical reaction
Ni2+ + 2e− = Ni is Eo = −0.23 V vs SHE, H2 gas evolution always
accompanies Ni electrodeposition from a thermodynamic perspec-
tive. The current efficiency is less than 100% within the range ex-
amined in this work �see Fig. 1�. Ni metal electrodeposition is con-
ventionally carried out in a solution at such high pH as to restrict H2
gas evolution, but doing so induces more nickel hydroxide forma-
tion under a higher pH condition. A Watts bath for the industrial Ni
metal electrodeposition is hence adjusted to pH 3–5 and boric acid is
always added as a pH buffer.

Figure 1 illustrates that the current efficiency is 76% at E
= −0.8 V and then increases to 84% at E = −0.9 V in the lowest pH
�1.5� solution. This means that the partial current density for Ni
electrodeposition increases more rapidly than that for H2 evolution.
In the more negative potential range, the current efficiency remains
84–87%. In contrast, a nearly 100% efficiency is maintained at pH
3.4 and 5.5, which are close to the pH value for industrial electro-
plating. These pH solutions show almost the same results as 97–99%
efficiency over E = −0.8 to − 1.2 V, but the efficiency decreases to
90% at E = −1.6 V.

The limiting current density on a vertical plane cathode im-
mersed in a semi-infinite stagnant electrolyte is calculated by Eq. 1
from the similarity profile principle.20-22

Shy = 0.499Ray
1/4 �1�

where Shy and Ray are Sherwood number and Rayleigh num-
ber, respectively. No H2 gas evolution is presumed. The li-
miting current density �iL� of about 0.30 A cm−2 is given by
� = c�=1.19 mol L−1� �see Appendix A�. Numerical values of Ni2+

ions are listed in Table I. It is a little questionable to accept the

Figure 1. Polarization curves and current efficiencies during electrodeposi-
tion in a Watts bath.

Table I. Numerical values for Ni2+ ions used in the calculation.a

Reference

D �cm2 s−1� 6.9 � 10−6 16
t �-� 0.4 23
� �g cm−1 s−1� 1.77 � 10−2 24
� �cm3 mol−1� 1.23 � 102 25

a Viscosity and densification coefficient are estimated in the electrolyte
solution containing only NiSO .
4
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hypothesis of the semi-infinite model in direction to anode, because
the natural convection is induced significantly at high current den-
sity. The effect of the counter electrode must be taken into account26

because the anode–cathode distance is only 1 cm. With an effective
concentration boundary layer thickness ��� of 100–200 �m, the lim-
iting current density is calculated to be 0.13–0.26 A cm−2 by the
following equation

iL = zFD
c

�1 − t��
�2�

This calculated limiting current density still looks high. Sup-
pressing the dependence of i on electrode potential at E = −1.6 V
may be understood not only in the mass-transfer mechanism, but
also in the other chemical transfers that are described later.

Figure 2 shows the partial current densities for Ni electrodeposi-
tion �iNi� and H2 gas evolution �iH2

�. The iNi at pH 5.5 is slightly
lower than the other ones, particularly at potentials more positive
than E = −1.4 V as the pH dependence of i is similarly demon-
strated in Fig. 1. That may be caused by lowed Ni2+ concentration
due to the complexes formation as Ni4�OH�4

4+27,28 as well as the
difference of the electrolyte conductivity �pH 1.5: 0.059 S cm−1,
pH 3.4: 0.051 S cm−1, pH 5.5: 0.050 S cm−1�. The current density
�iNi� continues to increase even above 0.10 A cm−2 at pH 1.5.
The H2 gas evolution rate has a significant role in enhancing the
cathodic mass-transfer coefficient29-31 because it promotes the
natural convection.

The iH2
at pH 3.4 and 5.5 is always smaller than at pH 1.5. Such

a difference is partly caused by the pH dependence of an equilibrium
electrode potential of H+/H2 system.

Preferred orientation.— Figure 3 shows the X-ray diffraction
�XRD� patterns of the electrodeposited Ni thin films. The XRD pat-
terns change abruptly when E decreases from −0.9 to − 1.05 V at

Figure 2. Variations of the partial current densities for Ni electrodeposition,
iNi, and H2 gas evolution, iH2

, with the electrode potential.
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pH 1.5. The peak intensity ratios observed at E = −0.8 V are similar
to those in the Joint Committee on Powder Diffraction Standards
�JCPDS� powder pattern. The 220 plane peak becomes predominant,
and the other peaks almost disappear, in the potential range below
−1.05 V.

This kind of microstructural transition in the diffraction pattern
also appears when E decreases from −1.05 to − 1.2 V at pH 3.4.
However, the 200 plane peak becomes predominant before the
strong 220 planes peak appears at pH 3.4. The Ni thin film deposited
at pH 5.5 is characterized by the relatively strong 311 plane peak at
E = −0.8 V. Thus, the 220 plane peak generally appears in the high
overpotential range in all pH solutions.

The preferred orientation of an electrodeposited film was quan-
titatively discussed by conveniently defining the orientation index of
hkl plane �Mhkl�.

32

Mhikili
=

Ihikili� j
Ihjkjlj

o

Ihikili
o � j

Ihjkjlj

�3�

where Ihkl and Ihkl
o are XRD intensities for the hkl plane of an elec-

trodeposited film and the JCPDS �04-0850� powder pattern, respec-
tively.

Figure 4 shows the preferred orientation index variation of the Ni
films as a function of electrode potential. If all crystal planes are
oriented in all directions with the same probability as a powder
pattern, then the M value is equal to 1. The hkl planes exhibiting M

Figure 3. XRD patterns of Ni films electrodeposited at E = �a� −0.8, �b�
−0.9, �c� −1.05, �d� −1.2, �e� −1.4, and �f� −1.6 V. �The bulk pH values are
�A� 1.5, �B� 3.4, and �C� 5.5.�

Figure 4. Variations of the orientation indices of Ni films with the electrode
potential. �The bulk pH values are �A� 1.5, �B� 3.4, and �C� 5.5.�
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values greater than 1 and less than 1 represent the preferential ori-
entation and the suppressed orientation compared with the powder
pattern, respectively.

When the solution pH is 1.5, all crystal planes show M of nearly
1 at E = −0.8 V. M220 increases abruptly to 8 at E = −1.05 V and is
thereafter saturated. As a result, the preferential growth of the other
planes are completely suppressed more negative than E = −1.2 V.

At pH 3.4, only the �100� plane is preferentially oriented at E
= −0.8 to − 1.05 V. It is replaced by the �110� plane in the poten-
tial range below −1.2 V. The orientation indices of the other planes
always remain near zero.

The �311� preferred orientation with M311 = 2–3 is seen at
E = −0.8 and −0.9 V at pH 5.5. The other planes are not completely
suppressed. The �100� preferred orientation appears only at
E = −1.05 V.

Appearance of the �110� preferred orientation is inevitable as the
electrode potential decreases, regardless of pH. It is often pointed
out that the adsorbents, e.g., hydrogen adatoms and nickel hydrox-
ide, strongly affect the preferred orientation of electrodeposited Ni
films.

The preferred orientation variations were plotted with the current
efficiency contour map onto the E-pH diagram in Fig. 5B. They had
already been reported by Froment et al.6-10 in a similar electrolyte
composition �300 g L−1 NiSO4·7H2O, 35 g L−1 NiCl2·6H2O, and
40 g L−1 H3BO3� �see Fig. 5A�. The �110� orientation appears twice
with increased cathodic overpotential ��110�A and �110�B denote the
�110� axis orientations at lower and higher cathodic overpotentials,
respectively�. The �210� and �211� orientations are separated by the

Figure 5. �A� Texture distribution of electrodeposited Ni thin film in the
E–pH diagram33 reported in Ref. 6. The activity coefficient of Ni2+ is ap-
proximated as 0.04.34 The broken line indicated by �H� shows the equilib-
rium potential of H+/H2. �B� Distributions of the current efficiency and the
preferred orientation in the E–pHb diagram. Each inset number from 77 to 99
is assigned to the current efficiency �%�. The dotted lines indicate the bound-
aries between the different preferred orientation domains with shadow areas.
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�100� one in the low- and high-pH regions. They described that the
�110�A, �211�, �210�, and �110�B orientations are attributed to the
inhibitions by Hads, Ni�OH�2, H2 molecules, and both Ni�OH�2 and
H2 molecules, respectively, and that the �100� texture was evolved
by the crystal growth free from any adsorbed species.8-11

Figure 5B was constructed with the following results. The �311�
preferred orientation is located nearest to the region where Ni�OH�2
is stable.33 The electrodeposited sample with a �311� preferred ori-
entation showed a gray-colored and smooth surface. The current
efficiency is close to 100% at �E, pHb� = �−0.80 V, 5.5� where
the �311� orientation exists. The �100� orientation area surrounds the
�311� area. A random orientation is prevalent in the lowest pH and
the most positive potential corner.

In the present work, the �110�A orientation was not confirmed
because the electrodeposition was not conducted at more positive
potentials than E = −0.8 V. The �311� orientation is found in the
domain where the �211� orientation prevails in Fig. 5A. The random
orientation at �E, pH� = �−0.80 V, 1.5� appears in the domains of
the �210� orientation in Fig. 5A. The �110� orientation becomes pre-
dominant with increased the cathodic overpotential in Fig. 5A and
B. The definition of the crystal preferred orientation plane is slightly
different between the reports by Froment et al. and this paper. It
must be emphasized, however, that the transition boundary lines
between the �100� and �110�B orientations similarly locate in both
E-pH diagrams.

Along the pH axis from �−0.80 V, 5.5� to �−0.80 V, 1.5�, the
current efficiency decreases from 99 to 76%. The �311� orientation
changes through the �100� orientation and finally reaches a random
orientation at the lowest current efficiency of 77%.

Additionally, this �311� orientation changes to the �110� orien-
tation through the �100� orientation domain along the E axis
from �−0.80 V, 5.5� through �−1.6 V, 5.5� and then toward the
�−1.6 V, 1.5� corner. The current efficiency gradually decreases from
91 to 87% along this trajectory line.

Figure 5B indicates that the transition of the preferred orientation
plane may not perfectly accommodate the current efficiency contour
map in the two-dimensional E–pH map.

Surface pH.— Dahms and Croll tried to understand the anoma-
lous codeposition of Fe–Ni alloys by introducing the possibility of
nickel hydroxide formation as an inhibitor.16 They evaluated the pH
value at the cathode surface based on the diffusion model combined
with hydrolysis reactions of metal ions. The pH at the cathode sur-
face remains an interesting subject for the researchers to examine
the electrodeposition mechanism of transition metals.28,35-37 The pH
value at the cathode surface changes due to the overall reactions

2H3O+ + 2e− = H2�g� + 2H2O �4�
and

2H2O + 2e− = H2�g� + 2 OH− �5�
Both processes may take place at nickel electrodes.

The diffusion process tends to compensate the pH variations at
the interface. The H3O+ and buffer species must be considered. Any
species reacting with H3O+ or OH− exhibits a buffering function
through the reactions as

nH+ + An− = HnA �6�
In addition, hydrolysis reactions

Men+ + mOH− = Me�OH�m
�n−m�+�Me = Ni, n = 2, m = 2� �7�

must be considered.
The diffusion of all buffering species can be treated in the same

way by taking into account the one-dimensional diffusion normal to
the cathode surface. In the subsequent treatment, the species HnA
therefore represents hydrolysis products as well.

For a steady-state one-dimensional diffusion process inside a par-
ticular concentration boundary layer thickness normal to a plane
electrode, we can express the flux as
 address. Redistribution subject to ECS term132.174.255.116ded on 2015-03-17 to IP 
iH2

F
= �DH+

�CH+

�x
�

x=0
− �DOH−

�COH−

�x
�

x=0
+ �nDHnA

�CHnA

�x
�

x=0

�8�

where iH2
is the current density for H2 gas evolution due to Re-

actions 4 and 5; F is Faraday constant; DH+, DOH−, and DHnA are
diffusion coefficients of H+ ions, OH− ions, and buffering species
HnA, respectively; Ci is the concentration of species �i�; and x is the
distance normal to the electrode plane.

We can substitute COH− and CHnA in Eq. 8 by using the relations

CH+COH− = KW �9�

CH+
n CAn− = KH � CHnA �10�

and

C = CHnA + CAn− �11�

where KW is the autoprotolysis constant of water; KH, the dissocia-
tion constant of buffer; C, total concentration of buffer components;
CHnA, the concentration of undissociated buffer acid; CAn−, the con-
centration of buffer anion. Eq. 8 is now rearranged as

iH2

F
= DH+

�CH+

�x
+

DOH−KW

CH+
2

�CH+

�x
+ n2DHnA

CCH+
n−1KH

�KH + CH+
n �2

�CH+

�x

�12�

Equation 12 must be integrated over the distance between the elec-
trode surface �x = 0, CH+ = CH+

s � and the outer edge of the “diffu-

sion layer” �x = �H+, CH+ = CH+
b �. Appendix B describes how to de-

termine the diffusion layer thickness.
As the first-order approximation, we introduce an identical dif-

fusion layer thickness for all species in order to integrate Eq. 12.
This approximation gives Eq. 13

iH2

F
�H+ = DH+�CH+

b − CH+
s � + DOH−KW

CH+
b − CH+

s

CH+
b CH+

s

+ nDHnAKHC
�CH+

b �n − �CH+
s �n

�KH + �CH+
b �n��KH + �CH+

s �n�
�13�

where it is assumed for the simplicity of calculation that the varia-
tion of buffer species concentration C with x is negligibly small.
This assumption is acceptable because the diffusion layer thickness
is only 100–200 �m and the partial current density is relatively
small.

In this system, the candidate species for the buffer acids are
HSO4

−, H3BO3, and Ni4�OH�4
4+. It was reported that Ni4�OH�4

4+ is
predominant rather than NiOH+ among the Ni2+ complexes in the
concentrated solution.27,28 The first species stems from H2SO4 as the
pH adjuster only when the pH is set to 1.5. Thus, n, HnA, and An−

represent one, HSO4
−, and SO4

2−, respectively. The amount of neutral
species H2SO4 is assumed to be zero due to the complete dissocia-
tion of the first step reaction �see Appendix C�.

The third term on the right side in Eq. 13 cannot be applied to
H3BO3 and Ni4�OH�4

4+ because those dissociation reactions do not
follow the type of Eq. 6.

The dissociation mechanism of H3BO3 is rather complicated.
The role of boric acid to catalyze the Ni electrodeposition reaction
in a nickel sulfate solution was often pointed out.38-41 In the present
paper, only the buffering action of boric acid is considered. The
literature33 describes the following ten equilibrium reactions in the
aqueous system

H3BO3 = H2BO3
− + H+ KHm = 10−9.21 �14�

H2BO3
− = HBO3

2− + H+ KHm = 10−12.70 �15�
) unless CC License in place (see abstract).  ecsdl.org/site/terms_uses of use (see 

http://ecsdl.org/site/terms_use


C506 Journal of The Electrochemical Society, 153 �7� C502-C508 �2006�C506

Downloa
HBO3
2− = BO3

3− + H+ KHm = 10−13.80 �16�

4H3BO3 = H2B4O7 + 5H2O KHm = 10−2.55 �17�

H2B4O7 = HB4O7
− + H+ KHm = 10−4.00 �18�

4H3BO3 = HB4O7
− + H+ + 5H2O KHm = 10−6.54 �19�

HB4O7
− = B4O7

2− + H+ KHm = 10−9.00 �20�

4H3BO3 = B4O7
2− + 2H+ + 5H2O KHm = 10−15.55 �21�

B4O7
2− + 5H2O = 4H2BO3

− + 2H+ KHm = 10−21.31 �22�

B4O7
2− + 5H2O = 4HBO3

2− + 6H+ KHm = 10−72.11 �23�

KHm �m = 1, . . . ,10� is the stability constant where the unit of
concentration is molarity. Figure 6 shows the concentration distribu-
tion of soluble species from H3BO3 depending on the pH neglecting
the activity coefficients.

The total concentration of H3BO3 added in the electrolyte solu-
tion is 0.62 mol L−1. It is clearly observed that H3BO3 barely dis-
sociates up to about pH 5. Above this pH value, the concentration of
H3BO3 starts to decrease significantly and HB4O7

− from Eq. 19
gradually increases.

H2BO3
− is generated by Eq. 14 above pH 5.5. B4O7

2− stemming
from Eq. 20 and 21 appears above pH 6.3. A constant concentration
of H2B4O7 is maintained up to pH 5. It decreases corresponding to
the behavior of H3BO3 due to Eq. 17, though it does not have a
buffering function.

Consequently, the buffer effect of H3BO3 must be considered
based on the simultaneous dissociating reactions. Thus, it needs to
be rewritten as the appropriate form for H3BO3 including the several
buffer reactions. The primary reactions to be considered are Eq. 14,
19, and 21.

Therefore, n can be written by

n = −
�CH2BO3

−

�CH3BO3

−
�CHB4O7

−

�CH3BO3

− 2
�CB4O7

2−

�CH3BO3

�24�

As a result

Figure 6. Concentration distribution of the soluble species from boric acid.
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nDH3BO3

�CH3BO3

�x
= − DH3BO3

	 �CH2BO3
−

�x
+

�CHB4O7
−

�x
+ 2

�CB4O7
2−

�x



�25�

where the total concentration of H3BO3 �C = 0.62 mol L−1� is as-
sumed constant at the cathode surface �x = 0� and in the bulk phase
�x � �H+� as described previously.

The molarity-based stability constants of Ni4�OH�4
4+ �KN1� and

NiOH+ �KN2� are listed below28

1/4Ni4�OH�4
4+ = Ni2+ + OH− KN1 = 10−7.17 �26�

NiOH+ = Ni2+ + OH− KN2 = 10−4.14 �27�

The concentration of NiOH+ is always small enough to be neglected
within the range of pH examined in this paper, which coincides
with Murthy et al.28

The diffusion flux of 4DNi4�OH�4
4+��CNi4�OH�4

4+/�x�x=0 potentially
contained in Eq. 8 includes CNi2+ through iNi as follows

iNi�1 − t�
2F

= �DNi2+

�CNi2+

�x
�

x=0
+ �4DNi4�OH�4

4+

�CNi4�OH�4
4+

�x
�

x=0

�28�

and

CNi4�OH�4
4+ = 	CNi2+KW

CH+KN1

4

�29�

The ionic flux due to the migration mechanism is approximated
by iNit/zF.20-22 Then the concentrations of H+ and Ni2+ at x = 0
�CH+

s , CNi2+
s � are given by the optimal solutions of Eq. 8 and 28, and

the mass balance equation of H3BO3. The diffusion coefficient of
each chemical species is listed in Table II. The diffusivity of
Ni4�OH�4

4+ was taken from the literature.28

Figure 7 shows the variations of the surface pH �pHs�. When
the bulk pH �pHb� is 1.5, the pHs gradually increases with
the H2 gas evolution rate and then abruptly jumps to 6 above
iH2

= 12 mA cm−2 like a typical pH titration curve.
At pHb 3.4, the pHs increases immediately after iH2

is generated,
in contrast to the case of pHb 1.5. The pHs already reaches 6.0
even at iH2

= 1 mA cm−2. H3BO3 must dissociate to a significant
extent near the cathode surface in such a case, according to Fig. 6.
At pHb 5.5, three stages are noticed in the variation of the preferred
orientation in Fig. 5. The pHs gradually increases and reaches 6.8
at E = −1.4 V.

Figure 7 demonstrates that the transition to the �110� preferred
orientation is completed within the iH2

of few mA cm−2 in all pH
solutions.

The suppression of the iNi at E = −1.6 V at pH 3.4 and 5.5 in
Fig. 2 is probably due to the shift of the ionic equilibrium at the
cathode surface to reduce the concentration of Ni2+ and generate
Ni4�OH�4

4+ or Ni�OH�2. The ionic products of CNi2+ and COH−
2 at

x = 0 are calculated to be about 10−16 �mol3 L−3�, taking the activity
coefficients34 into consideration. This is equivalent to the solubility

Table II. Diffusion coefficients used in the calculation.

Species Diffusion coefficient �cm2 s−1� Reference

H+ 5.0 � 10−5 42
OH− 1.0 � 10−5 42
HSO4

− 1.1 � 10−5 16
H3BO3 1.1 � 10−5 43
Ni4�OH�4

4+ 4.3 � 10−6 28
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product of Ni�OH�2 of 10−16–10−14.16,28,33,37 Moreover, the conduc-
tivity variation due to the electrolyte composition may also partici-
pate in the phenomenon appearing in Fig. 2.

Figure 8 rearranges Fig. 5 by introducing the concept of the
surface pH value �pHs�. The �311� orientation domain is shrunk
toward the higher pH region. It is found that the transition boundary
between the preferred orientations �100� and �110� is located about
500 mV below the H+/H2 equilibrium potential line ��H2
= 500 mV�. Moreover, a ridge in the current efficiency contour map
is apparently running parallel to this transition boundary line. It is
reported that hydrogen overpotential is roughly 200 mV on a Ni
metal substrate.44,45 A significant rate of iH2

thus introduces a tre-
mendous amount of dissolved H atoms �into Ni metal�. This deduc-
tion reaction probably results in the transition from �100� to �110�,
which may be due to the residual strain around the interstitial H
atoms. This appears to support the postulate that the texture evolu-
tion phenomena of the transition metals are partly influenced by the
H2 gas evolution as the competitive reaction on the depositing Ni
metal cathode surface.

Amblard et al. ascribed the �110�B texture to both adsorbed spe-
cies of H2 molecule and Ni�OH�2,8-11 but their discussion was es-
sentially obscure. Another implicated mechanism caused by nickel
adatoms was also proposed.13 The soundness of such deductions is
further beyond the present characterization technique. The present
contribution to this problem is to introduce the surface pH concept
in comparison with the past qualitative discussion. The kinetic
model on the competitive reaction during Ni electrocrystallization

Figure 8. Distributions of the current efficiency and the preferred orientation
in the E–pHs diagram.
 address. Redistribution subject to ECS term132.174.255.116ded on 2015-03-17 to IP 
introduces the surface coverage concept quantitatively combined
with the surface concentrations of chemical species in the next step
of our research.

Conclusion

Ni metal was electrodeposited on the vertical plane cathode in
three different pH solutions. The polarization curve showed a clear
pH dependence. The current efficiency varied from 70 to 83% at
pH 1.5. H2 gas evolution might enhance the cathodic mass-transfer
rate of Ni2+ ions significantly at pH 1.5. However, it was always
close to 100% and slightly depressed at potentials more negative
than E = −1.4 V at pH 3.4 and 5.5.

In the low-overpotential range, the preferred crystal orientation
of electrodeposited Ni films varied depending on the pH. The �110�
preferred orientation only appeared in the more negative potential
range, regardless of pH.

The surface pH at the cathode �pHs� was then calculated using
the measured partial current density for H2 gas evolution based on a
one-dimensional mass-transfer model that included the buffer ac-
tion. The calculated pHs jumped abruptly above 6 as iH2

increased.
The transition of the preferred orientation was plotted with a

current efficiency contour line in the E–pHs map. The transition
boundary of the preferred orientation from �100� to �110� was lo-
cated almost parallel with the equilibrium H2 gas evolution line.
This behavior may support the postulate that the dissolved hydrogen
atoms in Ni metal are partly responsible for controlling the texture
structure evolution.
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Appendix A

The Rayleigh number can be written by

Ray =
g�cy3

�D
�A-1�

where g, �, c, y, �, and D are gravitational acceleration �cm s−2�, densification coeffi-
cient �cm3 mol−1�, bulk concentration �mol L−1�, vertical distance from lower edge
�cm�, kinematic viscosity �cm2 s−1�, and diffusivity �cm2 s−1�, respectively. The Sher-
wood number was

Figure 7. Relation between electrode po-
tential and pHs calculated electrode poten-
tial. �The bulk pH values are �A� 1.5, �B�
3.4, and �C� 5.5.�
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Shy =
iy�1 − t�y

zFD�
�A-2�

where iy, t, z, F, and � are local current density at y �A cm−2�, transference number �-�,
valency number �-�, Faraday constant �C mol−1�, and difference of the surface concen-
tration from the bulk concentration �mol L−1�, respectively. The � at a given iy can be
evaluated by using the correlation equation of Eq. 1.

Appendix B
The cathodic mass-transfer rate is enhanced by H2 gas bubble evolution. Fukunaka

et al. measured the variations of the mass-transfer coefficient, rising velocity of gas
bubbles, and thickness of bubble dispersion layer along a vertical direction with current
density.31 The measured ionic mass-transfer coefficient was analyzed by applying the
additivity rule of micro- and macromixing proposed by Alkire and Lu.30 Micromixing is
induced by the microconvective flow of electrolyte during bubble growth and detach-
ment on the cathode surface. Macromixing refers to the turbulent natural convection
induced by the density difference between the electrolyte at the cathode surface and the
bulk electrolyte. The diffusion layer thickness is given by

�Ni2+ =
DNi2+

km
�B-1�

where km = kb + kln; kb and kln are the mass-transfer coefficient due to micromixing and
the mass-transfer coefficient under laminar natural convection, respectively. The latter is
assumed to be governed by the void fraction during H2 evolution.

Within the range of iH2
examined in this study, the possibility of introducing tur-

bulent natural convection is discarded because of log Rax 	 5.5. The ratio of the diffu-
sion layer thickness of H+ to that of Ni2+ is approximated to the case of Cu2+

�H+ = 
�Ni2+ �B-2�

where 
 denotes the ratio �H+/�Ni2+ = 1.25.31,46,47 These equations are used to estimate
the diffusion layer thickness of the ions.

Appendix C
Adding sulfuric acid of 2 � 10−2 �mol L−1� in a Watts bath reduces the pH by 1.5.

Then the H+ concentration increment is 10−1.5 − 10−3.4 = 3.1 � 10−2 �mol L−1�. As-
suming that the H+ concentration increment contributed by

H2SO4 = HSO4
− + H+ �C-1�

is 2 � 10−2 �mol L−1�, the additional amount of 1.1 � 10−2 �mol L−1� must be com-
pensated as follows

HSO4
− = SO4

2− + H+ �C-2�

Boric acid does not release H+ ions in this pH region according to Fig. 6. Finally, the
presence of HSO4

− ions of 0.9 � 10−2 �mol L−1� in the bulk is expected.
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