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Abstract

Pulse plating of Ni—-Mo alloys from nickel-rich electrolytes was studied with an inversed rotating disk electrode. The deposit
composition and the current efficiency were measured as a function of pulse variables (pulse period, duty cycle) and mass transport
parameters (electrode rotation speed, molybdate concentration). At sufficiently short pulse periods, the Mo content of the pulse
plated alloys was higher than in dc plating. Experiments using a rotating electrochemical quartz crystal microbalance and Auger
electron spectroscopy showed that under the conditions of the experiments no significant corrosion reaction takes place during the
pulse off-time. A simplified non-steady state diffusion model can explain the observed enhancement in Mo content and correctly
predict the influence of pulse plating variables on deposit composition.

© 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Electrodeposited nickel/molybdenum alloys are inter-
esting materials due to their high corrosion resistance
and low hydrogen overpotential. From a theoretical
point of view, electrodeposition of these alloys is an
example of the so-called induced codeposition mechan-
ism [1]. Pure molybdenum cannot be electrodeposited
from aqueous solutions, but it can be codeposited with
an iron group metal forming an alloy. The induced
codeposition of molybdenum with nickel, cobalt or iron
has been investigated in our laboratory using direct
current (dc) plating [2-4]. A reaction model was
proposed to explain the codeposition mechanism. It
involves an adsorbed nickel-molybdenum intermediate,
the formation of which requires the presence of nickel
ionic species at the electrode surface. Molybdenum
deposition proceeds through the mixed reaction inter-
mediate while nickel deposition takes place by the usual
two steps mechanism. Depending on relative concentra-
tions, mass transport of either molybdate or nickel may
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limit the deposition rate of molybdenum and therefore,
control the alloy composition. The model was found to
correctly predict the influence of the electrode rotation
rate and the imposed potential on the current efficiency
(CE) and the alloy composition.

Compared to dc plating, pulse current (pc) techniques
offer several advantages such as the availability of
additional process parameters which can be varied
independently and the possibility of achieving higher
instantaneous current densities [5—9]. Pulse plating has
proved to be an important technology for improving the
properties of deposits [10]. It can also produce alloy
compositions and microstructures which are not obtain-
able with dc plating techniques [11,12]. Several studies of
pulse plated Ni-Mo and similar alloys are reported in
the literature [13—17]. Most investigations were aimed at
improving the quality of the alloy layers and they report
the influence of pulse parameters on deposit composi-
tion, CE and physical properties. To the authors’
knowledge, a quantitative understanding of how pulse
variables affect the composition of Ni—Mo alloys is still
lacking.

Previous studies have shown that corrosion processes
during the off-time can significantly influence the
composition of pulse plated alloys. Auger electron
spectroscopy (AES) analysis [18] or in situ measure-
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ments with an electrochemical quartz crystal microba-
lance (EQCM) [19] were used by several authors to
detect these processes. For Cu—Ni codeposition, Roy et
al. [18,20] found that the composition of the pulse plated
alloy was governed by a displacement during the off-
time of the less noble nickel by the more noble copper.
For the interpretation of their experimental results,
these authors developed two models assuming the
occurrence or not of a corrosion reaction. Depending
on the length of the pulse off-time one or the other
model gave a better description of the observed beha-
vior. Mass transport plays an important role in pulse
plating [21]. The influence of pulse parameters on alloy
composition for a system where one component deposits
under diffusion control and the other under activation
control has been discussed theoretically using the duplex
diffusion layer approach introduced by Ibl [6,22] for
single component systems. Dossenbach et al. [23] used
the same approach to explain composition changes in
pulse plated Ag—Pd alloys. Yang and Cheh [24,25] took
into account instantaneous current densities during
pulse plating to predict the composition of copper/nickel
multilayers.

The aim of the present study is to contribute to a
better understanding of the effect of pulse plating
parameters on the composition of Ni—Mo alloys
electrodeposited from nickel rich ammonia citrate
electrolytes. In particular the role of corrosion processes
and non-steady state diffusion effects will be studied.
The composition of deposits and the CE are measured
for different pulse parameters (pulse time, pulse period
and duty cycle) and mass transport conditions (electrode
rotation rate and electrolyte concentrations). AES and
EQCM experiments are conducted to substantiate
electrochemical data. Experimental results are compared
to simplified theoretical approaches.

2. Experimental

Ni—-Mo deposits were prepared for compositional
analysis using an inverted rotating disk electrode
(IRDE) described in detail elsewhere [26]. This electro-
chemical cell permits a good control of the plating
process including the choice of substrate, evacuation of
hydrogen, uniform mass transport and current distribu-
tion. Substrates used in this study were bulk copper
disks (99.99%, Goodfellow, England). Before each
experiment, the working electrodes were polished to a
near mirror finish and ultrasonically cleaned with
ethanol. The working electrode exposed area was 0.50
cm?. Pulse plating experiments were conducted using a
Heka potentiostat (PG 390 Heka Elektronik GmbH,
Germany) controlled by a Labview program. The
reference electrode was a sulfate mercurous electrode
(Radiometer, France). A dimensionally stable anode

(Eltech Systems Corp., USA) served as the counter-
electrode. It was placed in a compartment separated by
a glass frit of porosity 4. The electrode rotation speed
was controlled by a modulated speed rotator (Pine
Instrument Company, USA) and ranged between 300
and 1500 rpm. A charge of 8 C cm > was passed for
each experiment. The deposit thickness was 1—1.5 pm.
For all experiments, the on-time (i) and off-time (ié)
current densities were —50 and —0.03 mA cm™ “,
respectively. This off-time current density value was
the closest to zero that could be achieved with the
electrochemical set-up, while remaining slightly catho-
dic. The duty cycle (y) was set at 0.2, 0.4 or 0.6. The
pulse period (#,,) was ranging from 1 ms to 50 s.

An ammonia citrate electrolyte was used containing
0.7 M NiSOy4, 5 mM Na,MoOy, 0.8 M NasCit and 0.28
M NHj;. For some experiments the sodium molybdate
concentration was varied between 5 and 20 mM. The
solutions were deaerated with nitrogen for 1 h before
experiments. The N, flux was maintained above solution
during deposition. All experiments were conducted at
25 °C.

CE measurements were performed on bulk Ag
cylinder substrates (99.95%, Goodfellow, England)
using a rotating cylinder cell. The working electrode
area was 4.0 cm® (H 13 mm, ¢ 10 mm). The plating
conditions with the rotating cylinder electrode (RCE)
were the same as described for the IRDE. The rotation
rates were chosen to yield the same diffusion layer
thickness as the RDE experiments [27]. The Ag sub-
strates were prepared the same way as the Cu disks. For
each experiment, the passed charge was 8 C cm 2
yielding a deposit mass of around 5 mg. Weight
measurements were performed using a balance Sartorius
2004 MP6 sensitive to 0.01 mg.

Some deposits were prepared using a rotating EQCM
described in detail elsewhere [28]. Substrates were 10
MHz AT-cut quartz crystals covered with gold electro-
des. The working electrode area was 0.203 cm”. Experi-
ments were conducted with a Zahner potentiostat
(model IM6, Zahner, Germany) and a PC acquiring
data at a frequency of 10, 100 or 500 Hz. A mercurous
sulfate reference electrode (Radiometer, France) and a
Pt coil counter electrode were used. The rotation speed
of the working electrode, controlled by a speed control
unit (CTV101, Radiometer, France), was 1000 rpm for
all experiments. For reproducibility, an approximately
100 nm Ni—Mo layer was first deposited on gold at —
1.55 V/IMSE. Five pulse cycles were recorded after 25
prior pulse cycles. This was found to be necessary to
approach steady-state pulse plating conditions. The
duty cycle was 40% and the pulse period was either
500 ms or 20 s. The on-time current density was —50
mA cm 2. The electrolyte contained 0.35 M nickel
sulfate, 5 mM sodium molybdate, 0.4 M sodium citrate
and 0.28 M ammonia. The pH was equal to 8.5.
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Solutions were deaerated for 1 h before experiments and
maintained at 25 °C.

The composition of the deposits was determined with
a Kevex Omicron X-ray fluorescence (XRF) analyzer
calibrated with bulk samples of nickel and molybdenum.
Five measurements were taken on the center region of
Cu substrates with a 300 pm collimator. The variation in
alloy composition for a given sample was less than +
2%. The surface morphology of some deposits was
studied by scanning electron microscopy (SEM) using a
JEOL 6300F microscope.

AES depth profiling was performed with a Perkin—
Elmer 660 scanning Auger microprobe system. A
primary electron beam current of 150 nA at 5 keV was
employed. Sputtering was carried out using a 2 keV Ar
ion beam rastered over an area of 2 x2 mm’. The
sputter rate of a Ta,Os thin film standard was 17.5 A
min ! for these conditions. After pulse deposition on
IRDE, the current was switched off and the sample
isolated from the solution. It was then removed from the
cell, rinsed with distilled water and dried with argon. It
was placed in a vacuum chamber of 10~ torr pressure
until the AES measurement was carried out. To
investigate corrosive properties of the electrolyte, some
samples were let in solution after deposition for 30 min
before AES measurements.

3. Results

In Fig. la the measured molybdenum content in
deposits is plotted as a function of pulse period (#,,,) for
different duty cycles. The pulse period was varied
between 1 ms and 50 s by changing both the pulse on-
time and off-time. Three series of experiments were
conducted using three different duty cycles. The average
current density was 10, 20 or 30 mA cm > when the
duty cycle was set at 0.2, 0.4 or 0.6 respectively. A slight
increase of the Mo content is first observed when the
pulse period is progressively increased from 1 ms to 30
ms, except for experiments conducted with a duty cycle
of 0.2. At higher pulse periods, all curves show a
significant decrease of the Mo content with increasing
fpp- As an example, deposits prepared with an average
current density of 20 mA cm ~? contained around 25%
of molybdenum when the pulse period was fixed to 30
ms and 10% when this variable was increased up to 10 s.
At pulse periods above 10 s, the Mo content in the alloys
was constant, independent from duty cycle and corre-
sponded to the composition of deposits prepared by dc
plating at the same current density #, (10%). On the
other hand, Fig. la shows that duty cycle affects the
alloy composition at pulse periods below 10 s. Under
such conditions, a lower duty cycle leads to an
enhancement of the Mo content in the alloy. As an
example, the Mo content in alloys prepared at 30 ms can
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Fig. 1. Variation of the Mo content (a) and the cathode efficiency (b)
as a function of pulse period. Deposits were prepared with various
duty cycle values. The electrode rotation rate was 1000 rpm. Measured
data (dots) and calculated curves are given. dc values are shown by a
dashed line.

be increased from 18 to 38% by changing the duty cycle
from 0.6 to 0.2.

Corresponding CE data are shown in Fig. 1b. Each
point represents the mean value obtained from two
experiments. Variations recorded with a duty cycle equal
to 0.4 and 0.6 show very similar trends. The CE slightly
decreases with increasing t,, approaching the asympto-
tic value for dc (57%) at long pulse periods. Similar
observations were reported by Eckler et al. [29] in their
study of pc plated chromium-molybdenum alloys.
Generally, the pulse plated alloy deposits were compact
and homogeneous. Exceptions were noticed for alloys
with a relatively high Mo content (around 38%) plated
at y=0.2 with a very low CE (less than 5%). These
deposits were thin and non-compact.

Fig. 2 shows variations of both the Mo content and
the CE as a function of sodium molybdate concentra-
tion in solution. The average current density was equal
to 20 mA cm 2 and the pulse period set at 50 s. As
observed with previous experiments, alloys with a
relatively high Mo content were non-compact due to a
very low deposition efficiency. When compact deposits
were formed, both the Mo content and CE increased
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Fig. 2. Influence of the sodium molybdate concentration on the Mo
content in alloys and CE. Deposits were plated at a pulse period of 50
s. The electrode rotation rate was 1000 rpm. Each dot represents the
mean value estimated from two experiments.

with molybdate concentration in the electrolyte. This
suggests that the codeposition process is limited by the
diffusion of Mo(VI) in solution as observed previously
by [2-4].

Additional experiments were conducted by changing
the electrode rotation speed. Fig. 3 shows the measured
alloy composition for two series of experiments per-
formed with a pulse period of 50 s and 20 ms,
respectively. In both cases, the Mo content in the
deposits increases almost linearly with the electrode
rotation speed except for non-compact deposits ob-
tained at 20 ms at high rotation rates. For compact
deposits, the variation of the Mo content with rotation
speed depends on the pulse period.

To understand such effects, partial current densities
were calculated from the data of Fig. 3. Results shown
in Fig. 4 indicate that the partial current density of Mo
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Fig. 3. Influence of the electrode rotation speed on the Mo content for
deposits prepared at a pulse period of 20 ms or 50 s. The duty cycle was
0.4 and the electrode rotation rate 1000 rpm. Each dot represents the
mean value estimated from two experiments.
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Fig. 4. Variations of the partial current densities calculated from data
of Fig. 3 as a function of the square of the electrode rotation rate.

deposition (iv,) increases linearly with w'? (Fig. 4a).
The slope depends on pulse period and is higher at 20
ms. The side reaction current (isq.) shown in Fig. 4c is
almost constant and independent of w. A different
behavior is observed for the Ni partial current (Fig. 4b)
that significantly decreases with ',

In Fig. 5 are shown the SEM images of two Ni-Mo
deposits prepared at an average current density of 20
mA cm ~Z with a pulse period of 12 ms (A) or 10 s (B).
Deposits contained 25% and 9.4 at.% Mo, respectively.
The electrode rotation speed was 1000 rpm. Both
deposits have a globular surface texture. The similar
surface morphology suggests that the observed effects of
rotation rate and pulse period on Mo content (Figs. 3
and 4) are not related to structural or roughness effects.

Fig. 6 shows typical data recorded with the r-EQCM
with a pulse period of respectively 20 s (a) and 0.5 s (b).
The measured potential and the quartz frequency
response are shown, along with the imposed current
density. The change in quartz resonance frequency is
related to the mass change of the electrode by the
Sauerbrey equation:

Am = —kAf (1)

This equation is applicable for small mass changes and
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Fig. 5. SEM images of Ni—-Mo deposits prepared with a pulse period
of 12 ms (A) and 10 s (B). The duty cycle was 0.4 and the electrode
rotation rate 1000 rpm.

layers rigidly attached to the quartz [30]. The propor-
tionality constant k for the present experimental setup is
0.213 Hz cm 2 ng~ ' [28]. In Fig. 6a, the quartz
response indicates the formation of the Ni—-Mo deposit
as the pulse current is switched on. The mass increases
linearly with time. The slope +9.65+0.04 uygcm 25!
is very close to the value +9.19 pgcm ~%s~ ' determined
from ex situ gravimetry and composition measurements.
At a higher pulse frequency (Fig. 6b), the deposition of
Ni—Mo alloys exhibits a short delay (~ 15 ms) at the
beginning of the pulse on-time that may be due to the
double layer charging at the beginning of each pulse
[10]. After this delay, the mass increases linearly with
time. Due to the difference in the charge number and
molecular mass between nickel and molybdenum (zn; =
2, Mni=58.69 g mol !, zymo=6, Myo=9594 g
mol ~ '), the mass gain is slightly lower (+8.87+0.07
pgem 2 s~ 1) for a pulse period of 0.5 s than for 20 s, as
expected from the difference in composition shown in
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Fig. 6. r-EQCM frequency and potential responses for galvanostatic
deposition at a pulse period of 20 s (a) 0.5 s (b). The square waveform
is the applied current density while Af" and potential signals are as
indicated.

Fig. la. No measurable mass change is observed during
the pulse off-time. This indicates that no significant
corrosion process took place.

To verify the absence of a displacement reaction
during the off-time, AES experiments were conducted.
Depth profiles for nickel, molybdenum and oxygen were
measured for a dc plated deposit immediately removed
from the solution after deposition (Fig. 7a) and after 30
min of immersion in the solution (Fig. 7b). The absence
of a significant difference in the Ni and Mo profiles
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Fig. 7. AES depth profiles of a dc plated Ni-Mo alloy immediately
removed from solution (a) or let for 30 min in solution (b) after
deposition.
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between Fig. 7a and b confirms that no significant
displacement reactions took place during prolonged
immersion. The oxygen signal at the deposit surface
(sputter time less than 150 s) is attributed to air
oxidation during sample transfer. Away from the sur-
face the oxygen signal corresponds to the background
noise, confirming the metallic nature of the deposit.

4. Discussion

The present results illustrate the differences in beha-
vior of the Ni—-Mo system at short and long pulse
periods. Above 10 s, the composition of Ni—-Mo alloys is
the same as that of dc plated deposits and independent
of the pulse parameters (duty cycle and pulse period).
The Mo content is controlled by steady state mass
transport conditions (electrode rotation speed and
molybdate concentration). At pulse periods below 10
s, the Mo content is significantly increased by the pc
method and it depends on both pulse frequency and
duty cycle besides rotation rate. An increase of the Mo
content in pc plated deposits has previously been
mentioned in the literature [14,16,17,29].

For certain alloy systems displacement reactions are
known to affect the deposit composition in pulse plating
[18,20]. Our AES and EQCM investigations show that
such reactions are not relevant for Ni—Mo alloys.
Capacitance effects are another important factor in
pulse plating [6,10]. The charging time of the double
layer depends on current density and other physical
parameters of the system and it is usually well below a
millisecond. Capacitive effects are therefore relevant
only at very short pulse periods and cannot explain the
composition variations in the pulse period range studied
here.

It clearly appears from Fig. 4a and b that the
codeposition process of Ni—Mo alloys under the present
conditions is controlled by mass transport of Mo(VI)
species in solution. In pulse electrolysis mass transport
involves steady state and non-steady state processes.
Several authors have developed mathematical models to
describe these phenomena [5-9,21,31,32]. The most
important quantity for mass transfer in pulse plating is
the pulse limiting current density i,y . It was defined as
the limiting current density value for which the surface
concentration becomes zero at the end of the pulse. It
differs from the steady-state limiting current density i,
in dc plating. Cheh [7] gave an approximate solution for
rectangular pulse forms and calculated the ratio iy /iy
for different conditions. He showed that at very small
pulse periods the limiting value of the instantaneous
limiting current can be considerably higher than the
steady state limiting current due to the steeper concen-
tration gradient. On the other hand, the limiting overall
plating rate which involves an integration of the current

over the pulse period is always equal or lower than in dc
deposition. A generalized mathematical model for
arbitrary pulse forms was developed by Chin [9] who
confirmed that applying a pulsed current can consider-
ably increase (100—1000 times) the instantaneous limit-
ing current density compared to that of dc plating. Ibl
[6] introduced the concept of a pulsating diffusion layer
and proposed a simple mathematical model to express
ipr. His approach was further developed by Datta and
Landolt [31]. All these models apply to pure metal
deposition and applied current pulses. Viswanathan et
al. [32] numerically calculated the average current
density under intermittent potential variations assuming
the surface concentration of the reacting species to be
always zero. They also developed approximate methods
for the estimation of the upper and lower bounds of the
numerical solution. The approximate model of Viswa-
nathan et al. [32] can be applied to the present
experiments by assuming that during codeposition
from a Ni-rich electrolyte molybdate is reduced at its
transport limited rate throughout the pulse on-time. The
surface concentration of molybdate therefore is zero
while the concentration gradient varies with time. Ni
reduction on the other hand is entirely charge transfer
controlled. Applied to molybdenum, the model of
Viswanathan et al. [32] yields for the ratio of the average
pulse limiting current density of molybdate during the
pulse on-time i, \;, over its dc limiting current density

I, Mo:

1
pL,Mo

upper

1 1 2
— . <Tp +3- > I exp[—u2(z,, — Tp)]> )

lLMo lower Tpp

_ - l[exp(_ﬂirp)_eXp(_#irpp)] !
x<1 220 0 — exp(—pt,)] ) ®

1
LMo

lpL,Mo

Here n is an integer and u,, the coefficient x4, = (2n —
1)m/2. 7, and 7p, are the dimensionless pulse on-time
and pulse period, respectively, defined by 7, = DMotp/(S2
and 7,, = Dyotpp/d> Where Dy, is the diffusion coeffi-
cient of Mo(VI) species and J, the steady-state diffusion
layer thickness on a rotating disk electrode [27]. To
determine the diffusion coefficient Dy;,, Ni-Mo alloys
were prepared by dc plating on RCEs at a current
density of —50 mA cm ™2 The value of Dy, was
calculated from the plot of the inverse of the partial Mo
deposition current density as a function of the electrode
rotation speed to the power —0.7 (results not shown
here), using the Eisenberg equation [33]. Its value was
estimated to 2.7 x 10~ % cm? s ! at 25 °C, close to data
given in Ref. [34].
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Table 1

35

Measured and computed Mo content (at.%) of Ni—Mo alloys pulse plated at different molybdate concentrations, f,, = 50 s

¢(Na,MoOQO,4) (mM) Measured (Fig. 2)

Calculated (Levich)

Calculated (Eq. (5))

5 9.0
7.5 13.0
10 17.7
12.5 22.0

9.8
13.4
18.0
22.6

9.7
133
18.0
22.7

The average dimensionless pulse limiting current
density of molybdenum reduction during the pulse on-
time is given by Eq. (4).

i
pL.Mo
i

L.Mo

—y 1

i
i 4 PLMo
pL,Mo 2 ;

lower)

1
LMo

4)

upper

In Fig. 8 is plotted the variation of 7, \,* as a
function of 7, for different values of duty cycle. The
computations indicate that high limiting current densi-
ties can be obtained by decreasing the value of either 7,
or y. At very high pulse periods, the pulse limiting
current density approaches the steady state value.

Based on this approach, the composition of pulse
plated Ni—-Mo alloys can be calculated using Eq. (5) and
assuming that molybdenum is deposited at its average
pulse limiting current density i, \,* during the overall
pulse on-time. Experimental CE (¢) values were used for
the computations.

l' *
pL,Mo
o

38le—

Xy ®)

2 % m*

Tables 1 and 2 compare calculated data with the
experimental results of Figs. 2 and 3. Only conditions
where homogeneous and compact deposits were ob-
tained are considered. When pulse period is sufficiently
long (i.e. 50 s) steady state mass transport conditions are
achieved during the pulse on-time. The composition of
deposited films can then be simply calculated using the
Levich equation [27] for ij, mo. All the results in Tables 1
and 2 show a good agreement between measurements
and data calculated from the Viswanathan model. Eq.

Table 2
Measured and computed Mo content (at.%) at different rotation rates
w lop=350's top = 20 ms
(rpm)
Measured (Fig. Calculated Measured (Fig. Calculated
3) 3)
300 3.8 44 10.4 13.0
500 5.4 6.0 16.0 17.1
700 6.7 7.5 20.2 20.5
1000 8.7 9.5 25.0 27.2
1500 11.3 13.7 - -

Data were calculated with Eq. (5).

(5) can also be used to predict the effect of pulse
variables (pulse period and duty cycle) on deposit
composition (Fig. 1a). As expected from Fig. 8, non-
steady state mass transport effects increase at small duty
cycles and short pulse periods. Computed curves fit well
experimental results obtained for compact deposited
films. Nevertheless, this model cannot predict the effect
of pulse parameters on CE and explain the observed
upper value of Mo content in pc plated Ni-Mo deposits
(38 at.%). More detailed numerical simulations includ-
ing these effects are at present in progress.

5. Conclusions

The results of the present study show that the Mo
content in Ni—-Mo alloys plated from an electrolyte
containing an excess of nickel can be increased in
comparison with dc plating due to the higher instanta-
neous limiting current density of Mo. This effect is
noticeable at sufficiently short pulse periods and for a
codeposition process controlled by mass transport. At
high pulse periods, diffusion current densities are the
same as under dc conditions and the pulse current does
not affect the composition. The absence of displacement
reactions during the off-time has been verified. A simple
mathematical approach has been used to describe

5
L duty cycle
model
—4—y=02 4
—O0—y=04
—v—y=06

pL,Mo

T T

0.01

0.1 1

T T T T T

10

T T

0.001 100

T
pp

Fig. 8. Dimensionless average pulse limiting current density of
molybdenum as a function of the dimensionless pulse period calculated
for different duty cycles.
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quantitatively the influence of pulse variables and
convection parameters upon the composition of pulse
plated Ni-Mo alloys

6. List of symbols

dc  direct current

D diffusion coefficient (cm* s ')

lavg average current density (= yiy) (mA cm )

ii  limiting (steady state) current density (mA cm ~2)

ip  pulse current (mA cm %)

ipr.  limiting pulse current density (mA cm %)

ip_]_ average limiting pulse current density during the
pulse on-time (mA cm ~?)

isp  dimensionless limiting pulse current density

i,.* dimensionless average limiting pulse current den-
sity during the pulse on-time

k mass sensitivity of the quartz resonator (0.213 Hz
ng 'cm?)

M molar weight (g mol ")

pc  pulse current

t,  pulse on-time (s)

f,  pulse off-time (s)

fop  pulse period (s)

XMmo molar fraction of molybdenum in the deposit

z number of electrons transferred in an electroche-
mical reaction

0 steady-state diffusion layer thickness (pm)
CE

y duty cycle (= #,/tpp)

I,  constant

7,  dimensionless pulse on-time

Tpp  dimensionless pulse period

w  electrode rotation speed (rpm)

Af  shift in the quartz crystal resonance frequency
(Hz)

Am mass change (ng cm ~°)
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