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Electrodeposited Ni and Ni-Mo films were investigated by X-ray diffraction (XRD) and electron
probe microanalysis (EPMA). Using a Williamson-Hall technique by X-ray diffraction, the Ni thin
film, which shows four Bragg diffraction peaks in the XRD chart, is estimated to have a mean grain
size of 30 nm. The Ni—Mo film having a Mo content of 9.6 to 10.6 at. % indicates that the Bragg peaks
that exist in the XRD pattern of the Ni thin film disappear in the XRD pattern except for a broad
diffraction from a (111) crystallographic plane. An atomic pair distribution function (PDF) calculated
from the XRD pattern reveals that the Ni-Mo film has a long-range structural order and contains Mo as
a solute atom that substitutes for a Ni atom. The electrodeposited Ni-Mo film is concluded to have a
nanocrystalline characteristic comprising a Ni-Ni atomic bond and Ni-Mo atomic bond.
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1. INTRODUCTION

Researchers in the field of science and technology have shown considerable interest in Ni—-Mo
films because these films have a wide range of applications, such as hydrogen evolution catalysis [1-2],
applications requiring premium hardness [3], multilayered systems [4], and anti-corrosion treatment
[5].

Synthesis of Ni—-Mo films is often carried out by electrodeposition. With an increase in the
content of Mo in the Ni-Mo film, the Bragg peaks with some Miller indices broaden and disappear in
the X-ray pattern owing to a decrease in the grain size in the Ni-Mo film [6-9]. However, the
relationship between the content of Mo and the structure of the Ni-Mo film is far from fully
understanding. For example, a Ni-Mo film including 22 wt. % Mo (14.7 at. % Mo) [6] was reported to
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be close to an amorphous structure according to the X-ray analysis. On the other hand, observation
with a Transmission Electron Microscope (TEM) [7] indicated that a Ni-Mo film including 30 at. %
Mo comprised crystalline grains of the size of nanoscale, and was well consistent with observation by
X-ray diffraction.

An atomic pair distribution function (PDF) [10-17] has been applied a quantitative study on the
local structure of liquids, glasses, and disordered crystalline materials. The PDF calculated from an
XRD pattern via a Fourier transformation gives the average distribution of atoms in the materials.
Hence, the PDF of a Ni-Mo film can be used not only to determine the crystalline and amorphous
structure, but also to study the nanostructure and the phase transition between the crystalline structure
and amorphous structure. We have reported Ni-P electrodeposits having an amorphous structure [18]
using the PDF calculated from the XRD pattern. However, there have been very few studies on the
PDF of an electrodeposited Ni-Mo film that shows the presence of a Ni-Ni and Ni-Mo atomic bond to
investigate the alloying of Mo at an atomic level.

In addition, a Williamson-Hall technique [19-21] by XRD has often been applied to determine
a grain-size in a thin film. The conventional Williamson-Hall technique assuming the uniform
deformation is based on the Bragg peak broadening due to the grain-size and strain in the film. Hence,
several Bragg diffraction peaks are required to estimate the mean-grain size. In a modified
Williamson-Hall technique considering anisotropic deformation [19], Young’s modulus, stress, and
strain are dependent on the Miller indices. The Bragg diffraction broadening in the electrodeposited Ni
thin film, which in this study is well described by the conventional Williamson-Hall technique, will be
analyzed.

The purpose of this study is to clarify how the PDF calculated from the XRD pattern indicates
the presence of Ni—-Ni atomic bonds and Ni-Mo atomic bonds in the Ni-Mo film. Another goal is to
determine the grain size of the Ni film using the conventional Williamson-Hall technique.

2. EXPERIMENTAL SETUP

Copper and carbon plates, each of size 30x10 mm?, were prepared to serve as cathode and
anode electrodes. The two electrodes, cleaned by a wet process, were placed parallel to each other in a
quiescent electrochemical cell filled with an aqueous solution including the following components (g
L'l): NiSO, « 7H,0, 140; KNaC4H4Os * 4H,0, 100; Na;MoO;, * 2H,0, 0, 6.48, and 13. The solution
was kept for 15 min at 355 K and filtered using a membrane with a pore size of 0.17 pum.

In the experiment, a fixed current density of 10 mA was applied at a temperature of 300 K.
After deposition, the film that was rinsed with distilled water and dried.

The nickel thin film electrodeposited on the copper electrode were investigated by conventional
XRD (Rigaku Ultima) with CuKo radiation using a standard 6-20 diffractometer with a
monochromator of carbon. The long wavelength of CuKo is useful for performing detailed
investigations of scattering at a small @ = 4xnsinf /%, where 0 is half the scattering angle and A is the
wavelength of the incident X-rays.
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To investigate the effect of Mo on the crystallographic structure of a film, the 2.0 um thick film
was electrodeposited from the solutions having sodium molybdate dihydrate concentrations of 0, 6.48,
and 13 gL™. On the other hand, films with a thickness of 24.5 um, which were electrodeposited from
the solutions having sodium molybdate dehydrate concentrations of 6.48 and 13 g L™, were prepared
for the calculations of the PDF. The Mo content in the Ni-Mo film, which was necessary for the
calculation of the PDF, was determined by EPMA.

3. RESULTS AND DISCUSSION

3.1. Ni thin film

Ni thin films electrodeposited on the copper electrode appeared mirror-like. In Fig. 1, a typical
XRD chart of the nickel thin film of 2 um in thickness shows diffraction peaks of nickel comprising
(111), (200), (220), and (311) planes, which peaks indicate that the Ni thin film has a polycrystalline
structure.
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Figure 1. XRD pattern of the 2 um thick Ni film.

In the conventional Williamson-Hall method [19-21], the line broadening  of a Bragg diffraction

angle 0g originating from a small crystalline size d and strain ¢ in a film is given by
Brosfy = % + 4ssinfy, 1)
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where K is the shape factor and A is the X-ray wavelength. To calculate B from the profile of

diffraction peak, the following Gaussian function [21] G(6) was used as a fitting function for the
diffraction peak in Fig.1,

(r'!-msx_-'!- E'E:"-' r:
G6) = "riayr *Leack

()
where T is the fitting parameter, Lmax IS the peak intensity of diffraction, Lpack IS the intensity of
background, 6 is the center value of the diffraction peak. Using the integral breadth [21], the line
broadening  for the (hkl) plane diffraction becomes equal to =I". Figure 2 shows that Eq. (2) is well

fitted to the diffraction peak of (111), (200), (220) and (311) planes in Fig. 1. Thus, the fitting
parameter I" is determined.
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Figure 2. Diffraction peaks fitted by the Gaussian function (open circles) in Eq. (2) for the calculation

of the line broadening coefficient 3. (a) (111) diffraction peak, (b) (200) diffraction peak, (c)
(220) diffraction peak, (d) (311) diffraction peak.
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Figure 3. A Williamson-Hall plot using the line broadening coefficient  calculated in Fig. 2. The y-
intersect of the straight line best fitted to the line broadening coefficient yields the mean grain
size of the electrodeposited nickel film using Eq. (1).

The conventional Williamson-Hall plot is shown in Fig. 3. The value of K, which is dependent
on the shape of grain [22], is in a range from 0.89 to 1.3. Assuming that the grains in the Ni thin film
have a sphere and the diffraction peak can be approximately represented by the Gaussian function as
shown in Fig. 2, we can use K=1. All the data almost lie on the straight line, of which the y-section
yields the mean grain size of 30 nm that is the same order of magnitude as that in other studies [8].
Hence, figure 3 is interpreted to show the isotropic deformation in the Ni thin film. This is because the
Ni thin film comprises small grains with several crystallographic growth directions at a thickness of 2
um as shown in Fig. 1 and the deformation by the internal stress in the Ni film has a simple
characteristic of tensile stress in a longitudinal direction of the nickel film. The Young’s modulus E of
an electrodeposited Ni thin film is sensitive to the deposition condition [23] such as a kind of the
solution, current density, and the deposition temperature. Using E=160 GPa less than the Young’s
modulus of a bulk nickel, the internal stress in the Ni film is estimated to be about 0.01 GPa.

3.2 Ni-Mo film

Figure 4 shows XRD patterns of 2.0 um thick Ni—-Mo films, which were electrodeposited using
the solution of sodium molybdate dehydrate 6.48 and 13 g L™. The surface appearances of the



Int. J. Electrochem. Sci., Vol. 9, 2014 6038

electrodeposits were mirror-like. The average Mo content in the Ni—Mo films in Figs. 4 (a) and (b) was
respectively estimated to be 10.6 and 9.6 at. %, as measured by EPMA. An increase in sodium
molybdate dehydrate in the solution does not necessarily increase the Mo content in the film as well as
the study in Reference 8. The diffraction peaks for the Ni lattice plane (111), (200), (220), and (311)
seem to disappear in both the XRD charts in the same as the past studies [6-9]. However, it is
necessary to exclude the possibility that the diffraction peaks that broaden owing to Mo in the Ni-Mo
film hide behind the diffraction peaks of the copper substrate. Using the XRD pattern of a much

thicker Ni—Mo film, the PDF is calculated so as to investigate the crystallographic structure of the Ni—
Mo film.
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Figure 4. XRD patterns of the 2 um thick Ni—-Mo films of for two kinds of sodium molybdate
dehydrate concentration. (a) 6.48 gL™. (b) 13 gL ™.

The calculation procedure for the PDF is as follows: The measured X-ray diffraction intensity
Imeas IN arbitrary units, is generally observed with XRD. The PDF is calculated from the coherent
scattering intensity lcon in electron units per atom [10]. Hence, conversion of the intensity in arbitrary
units into a value expressed in electron units per atom needs the use of a normalization constant N,
which in this study is calculated by the Krogh-Moe-Norman method [10-11]. In addition, the
measured X-ray diffraction intensity Ineas does not directly give the coherent scattering intensity Igon.

The intensity Ineas Should be corrected for polarization P, absorption A, and Compton scattering lcomp
modified by the Breit-Dirac factor [10, 12],

I?'J'IEES' = PHN(IEE?E + Icom*,':: )’ (3)
where P = (1 + cos2acos*28)/2, (4)
A=1/2p, )
Q frer exp (—Q7) .
N = [maz g2 [Liﬂq:'zfﬁlcump :f(.:q:.:.z ]lﬂQ‘x.:[""IJD (6)
‘rl:'llmnx Qz[]cur':q}%]dq

and II:EIl" = ImEES’fPA' (7)
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Here, o is the Bragg angle of the monochromatic crystal, p is the absorption coefficient, Qmax IS
the upper limit, the term exp (-yQ?) is an artificial damping factor (where the parameter y is less than
0.01), po is the average atomic density, and f(Q) is the atomic scattering factor. These corrections have
been discussed in the literature [10-16].

We can calculate the structure function S(Q) for the Ni—Mo film consisting of the two

components, Ni and Mo, from I, in EQ. (3),
[1eon—((ri)*)—(ri))*)]

where (f(Q@))* = (Xiz, e, f: (@))% 9)
and {f(sz} = 25:1 c:’fi (Qj: (10)

Here, the bracket < > denotes the statistical average, c; is the atomic fraction, and f;(Q) is the
atomic scattering factor that is listed in the International Tables for X-ray Crystallography [16].

Figure 5 shows <f(Q)>% and <f(Q)*> calculated using ¢y, = 0.1056 and cy; = 0.8947, which are
determined by EPMA.

The PDF, g(r), can be obtained through a sine Fourier transform,

g(r) = anr[p(r) — py] = = [T Q[S(Q) — 1]sin(Qr)dQ, (11)

where p(r) is the atomic density function. The PDF is a measure of the probability distribution
of finding an atom at a distance r from another atom. Eq. (3) requires data from Q=0 to Q=co, but for
actual systems the integration of Eq. (3) is performed over a finite range [14].
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Figure 5. Plots of <f(Q) >2 and <f(Q) >> calculated for the calculation of PDF.

Figure 6 shows an XRD pattern of the Ni—Mo film containing 10.6 at. % Mo. One broad peak
(111) at about 44.34°, which was the same as reported in [24], is observed. Other Bragg diffraction
peaks disappear in the XRD chart. The Bragg diffraction of the (111) plane indicates that the [111]
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growth direction becomes the preferred crystallographic direction as the film thickness increases. The
above-mentioned calculation procedure for the PDF yields the PDF plot shown in Fig. 7.
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Figure 6. XRD pattern of the Ni—Mo film with thickness 24.5 um electrodeposited from the solution
with a sodium molybdate dihydrate concentration of 6.48 gL ™.

In Fig. 7, the PDF plots of the Ni-Mo films electrodeposited from the solution with sodium
molybdate dihydrate concentrations of 6.48 and 13 g L™ are shown. The peaks in both PDF plots
appear at almost the same position r. The local atomic structures of the Ni-Mo film, for example, the
nearest-neighbor and second-nearest-neighbor distances between atoms, are given by the PDF. The
first peak in Fig. 7 (a) is observed at r = 2.4 A, which is almost equal to the nearest-neighbor distance
in a nickel crystal [10]. The second peak at about 3.1 A indicates a Ni-Mo atomic bond [25], which in
turn indicates that the Mo solute atom is substituted for a Ni atom in the Ni—-Mo film. The third peak at
about 3.9 A does not show the split peak that is observed in films having an amorphous structure. The
PDF of the Ni-P film indicates a split double peak at the second peak [18], which is observed in
amorphous alloys because amorphous alloys lose long-range structural orders. However, as shown in
Fig. 7, the Ni-Mo film has the crystalline structure within the log-range distance.

The calculated peaks in Fig. 7 are almost consistent with the MD simulation [25] of crystalline
Ni including Mo as a solid solution. Hence, the Ni—-Mo film is concluded to have a nanocrystalline
structure in which the solute Mo atoms are substituted for Ni atoms.
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Figure 7. PDF plots calculated from the procedure in Eg. (3)-(11). (a) PDF of the Ni-Mo film
electrodeposited from the solution including a sodium molybdate dihydrate concentration of
6.48 gL™. (b) PDF of the Ni—Mo film electrodeposited from the solution including a sodium
molybdate dihydrate concentration of 13 gL™.

4. CONCLUSIONS

Using the conventional Williamson-Hall technique, the Ni thin film is estimated to have a grain
size of 30 nm. The PDF of the Ni—-Mo film having a Mo content of 9.6 to 10.6 at. % indicates that the
Ni-Mo film has the crystalline structure within the long-range distance, and that a solute Mo atom is
substituted for a Ni atom since the Ni—Ni and Ni—Mo atomic bond are presented in the first and second
peak in the PDF.
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