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Abstract

The isotopic composition of zinc metal electrodeposited on a rotating disc electrode from a Zn-citrate aqueous
solution was investigated as a function of overpotential (electrochemical driving force), temperature, and rotation rate.
Zn metal was measured to be isotopically light with respect to Zn+2 in solution, with observed fractionations varying
from D66/64Znmetal-aqueous = �1.0& to �3.9&. Fractionation varies continuously as a function of a dimensionless parameter
described by the ratio of observed deposition rate to calculated mass-transport limiting rate, where larger fractionations are
observed at lower deposition rates, lower temperature, and at faster electrode rotation rates. Thus, the large fractionation and
its rate dependence is interpreted as a competition between the two kinetic processes with different effective activation energies:
mass-transport-limited (diffusion limited) kinetics with a large activation energy, which creates small fractionations close to
the predicted diffusive fractionation; and electrochemical deposition kinetics, with a smaller effective activation energy, which
creates large fractionations at low deposition rates and high hydrodynamic fluxes of solute to the electrode. The results
provide a framework for predicting isotope fractionation in processes controlled by two competing reactions with different
kinetic isotope effects.
� 2013 Elsevier Ltd. All rights reserved.
1. INTRODUCTION

Zinc is a relatively abundant transition metal on the sur-
face of the Earth, and its isotopic behavior is a marker for a
variety of different processes in geology, biology, and indus-
try (for a review see Cloquet et al., 2008), including genesis
and chemical weathering of hydrothermal ore deposits (e.g.
Fernandez and Borrock, 2009; Fujii et al., 2011; Gagnevin
et al., 2012), volcanic processes (e.g. Toutain et al., 2008),
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biological uptake in plants from local groundwater and
soils (e.g. Weiss et al., 2005; Moynier et al., 2009; Arnold
et al., 2010; Jouvin et al., 2012); and quantification of
anthropogenic fluxes into the environment (Borrok et al.,
2009; Chen et al., 2009; Mattielli et al., 2009; Bigalke
et al., 2010; Juillot et al., 2011; Fujii and Albarede, 2012).
The use of metal stable isotopes as process tracers in rele-
vant environments requires that the mechanism(s) for iso-
tope fractionation must be understood and quantified.
For natural systems, the amount of fractionation expressed
during chemical reaction often depends both on the inher-
ent isotope effect for the reaction, and mass-transport lim-
itation. Under mass-transport limited conditions, the
chemical reaction takes place more quickly than the reac-
tant can be replaced, leading to a change in the isotopic
composition of the reactants which, in turn, typically leads
to a decrease in the magnitude of the expressed isotope
effect compared to the maximum isotope effect that would
be expressed in non-mass transport limited conditions.
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While Zn(II) is the only stable redox state for Zn in natural
evironments, many of the largest observed single-pass iso-
tope separations (i.e. those which are due to a single chem-
ical process, as opposed to reservoir evolution and/or
multi-stage cascade processes) are observed in systems con-
taining one or more redox states. We have therefore per-
formed a series of laboratory electrochemistry
experiments consisting of electroplating metal from an
aqueous metal-salt reservoir, which allows us to simulta-
neously explore isotopic fractionation associated with re-
dox processes, and to observe how such fractionations are
tempered by mass-transport limitation. Laboratory electro-
chemistry provides a way to examine rate-dependent iso-
tope fractionations while simultaneously controlling other
variables relevant to kinetic processes such as temperature,
species concentration, and mass transport to the reacting
surface. These experiments have been performed under a
variety of different conditions and different metals, includ-
ing iron (Kavner et al., 2005, 2009; Black et al., 2010a,b),
zinc (Kavner et al., 2008; Black et al., 2010a), copper (Black
et al., 2011a) and lithium (Black et al., 2009). For all of
these systems, the isotope fractionation factors between
the electroplated metal and the stock solution show similar
and sometimes surprising trends. Below we summarize our
previous observations and their preliminary interpretations:

� Light isotopes are electroplated. In all cases light stable
isotopes of the metals are preferentially electroplated,
with mass-dependent behavior evident where three or
more isotopes are measured.
� Fractionation is time-independent, meaning that the frac-

tionation factor does not vary with the extent of reaction.

In most of our experiments, we have controlled the
extent of reaction such that only a small amount of
metal is deposited from the stock solution, thus avoiding
significant evolution of the reservoir composition. In
such experiments, the observed isotope fractionation is
constant as a function of time (amount electroplated),
as long as the electroplating rate and other factors are
held constant. In the one case where we continuously
electroplated zinc while monitoring the isotopic evolu-
tion of the plated material and the remaining stock solu-
tion (Kavner et al., 2008), the data could be fit within
error by assuming a Rayleigh distillation of the reservoir
and using a constant isotope fractionation factor equal
to the isotope effect observed at low extents of reaction.
� Fractionation does not depend on electrode composition.

In the cases where experiments were performed on differ-
ent electrode compostions (i.e. gold vs. platinum vs.
glassy carbon) but with otherwise identical variables,
observed isotope signature of the plated material
remains unchanged.
� Fractionation increases as temperature increases. Planar

electrode deposition experiments as a function of tem-
perature showed larger fractionations at higher
temperatures.
� Fractionation is dependent on rate/overpotential. Gener-

ally, the observed fractionation decreases monotonically
as the overpotential is increased, and increases as the
stir rate of the plating solution is increased. In the
experiments where a rotating disc electrode is used to
control the supply of solution to the electrode, larger
rotation rates generate larger fractionations.
� Maximum observed fractionations are generally higher

than predicted equilibrium fractionations. Our observed
fractionation factors vary depending on experimental
conditions as listed above, but the fractionation factors
that arise from the slowest kinetic conditions are the
largest, larger than the predicted equilibrium fraction-
ation factors for all elements, with the exception of Li
where the maximum fractionation is approximately
equal to the predicted equilibrium value (Black et al.,
2009).

Taken together, this set of observations suggests that at
least two competing processes determine the overall ob-
served isotope fractionation of metals during electroplating.
In Black et al. (2010a) a competition between mass-
transport and electrochemical kinetics is invoked to explain
the observed fractionation that increases with temperature.

Our goal in this paper is to test the hypothesis raised in
our previous papers by performing a series of electroplating
experiments in which the reaction over-potential, tempera-
ture, and mass transport to the electrode are all indepen-
dently-controlled. Measured isotope fractionation can
then be compared directly with results of a quantitative
model predicting isotope behavior when mass-transport
kinetics and electrochemical deposition kinetics are compet-
ing. Zinc is an ideal metal for these experiments. In most
natural systems, zinc exists as Zn(II) either in aqueous solu-
tion or in an oxide or sulfide mineral. Therefore, while our
study on electrodeposition of ZnII to Zn metal does not
have direct application in terms of interpreting Zn isotope
signatures in the environment, the goal of this study is to
use Zn electrodeposition as a model system to examine iso-
tope fractionation during processes which involve competi-
tion from two or more kinetic steps. Previous experience
has shown us that Zn electroplating kinetics is well behaved
in practice; isotope fractionations tend to have high repeat-
ability, and the observed fractionations are large. In fact,
Zn has the largest observed single pass fractionation when
normalized to the percent mass difference between isotopes.
Experimentally we find that the plating efficiencies for zinc
are high; therefore we assume that competing reactions at
the electrode are minimized. In addition, our recent work
examines Zn(II) ion speciation as a function of solution
chemistry as well as using ab initio methods to calculate
the partition function ratios of various aqueous zinc isoto-
pologue species (Black et al., 2011b). The theoretical predic-
tions (Black et al., 2011b) can be tested by studying
temperature-dependent fractionation as a function of mass
transport to a rotating disc electrode.

2. EXPERIMENTAL METHODS

2.1. Electroplating experiments

In all experiments, a small (<0.2% of starting solution)
amount of zinc metal was electroplated onto a rotating disc
electrode from aqueous plating solutions under constant
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voltage and temperature conditions. The resulting plated
samples were collected and their isotope composition with
respect to the starting solution was measured using high res-
olution MC-ICP-MS. For all of these zinc electrodeposition
experiments, a stock solution consisting of 0.1 molal zinc
buffered by 0.52 molal citrate was prepared from ZnSO4-

�7H2O and Na3C6H5O7�2H2O salts and its pH adjusted with
H2SO4 to a final pH of 3.8 (buffered between pKa2 and pKa3
for citrate). See Table S2 (Supplementary material)for final
stock solution composition and speciation calculations
(Black et al., 2011b). We chose zinc citrate so that we could
better buffer the stock solutions at a constant pH, unlike in
our previous experiments using Zn sulfate (Kavner et al.,
2008; Black et al., 2010a), and Zn chloride (Black et al.,
2010a). In addition, we have performed calculations of tem-
perature-dependent equilibrium isotope fractionation be-
tween ZnIIcitrate and Zn metal (Black et al., 2011b).

Electroplating experiments were performed using an
Autolab potentiostat (PGSTAT30) using a 3 mm diameter
platinum rotating disc electrode (RDE) whose rotation rate
can be varied, thus controlling mass transport by hydrody-
namic supply of solution to the electrode. Overpotentials
were monitored with respect to a platinum counter elec-
trode, and using an Ag/AgCl double-junction reference
electrode. All electrodes were immersed in a jacketed glass
electrochemistry cell containing �50 ml of de-oxygenated
sample solution. The temperature of the solution was con-
trolled by pumping water through the cell jacket from an
external temperature-controlled water bath. The equilib-
rium (or standard) potential (E0) of sample solutions in
the electrochemical cell were experimentally determined
using cyclic voltammetry with variable sweep rates
(Table S1, Fig. S1, Supplementary material). Applied over-
potentials at which electrodeposition of metal occurred are
calculated with respect to the experimentally determined E0

values (g = E � E0, Volts).
A series of electrodeposition experiments were per-

formed as a function of applied overpotential, electrode
rotation rate, and temperature. During each electroplating
experiment, the applied potential was held constant for
the amount of time required to deliver one Coulomb of
charge (1 mol Zn = 2 � 96,485 C). Fresh 50 ml aliquots
were taken from a batch stock solution and monitored to
ensure that the isotopic and chemical composition of the
reservoir remained unchanged (Supplementary Table S3).
Representative plots of cell current as a function of applied
overpotential, rotation rate, and temperature are shown in
Figs. S1–S3of the Supplementary material. Additional
experimental details are summarized in Table 1.

The electroplated zinc samples were removed and dis-
solved in warm 2% (w/v) HNO3 in Teflon cups. The sam-
ples were evaporated to dryness and diluted with 4 ml of
2% HNO3 and further diluted to a final concentration of
5 ppm for isotope analysis. The Zn concentration in dilu-
tions was measured to estimate the total amount of metal
electroplated (in moles). The ratio of this value to the total
amount of charge passed in each experiment divided by
Faraday’s number (96,485 C/mol) � 2 (# electrons to re-
duce Zn+2 to Zn0) provides a lower bound estimate of the
efficiency of the plating reaction (Table 1) in competition
with evolution of H2 at the electrode. These efficiencies
range from approximately 40–80%, with a general trend
showing an increase in deposition efficiency with rotation
rate. All reported currents in tables, figures and the text
have been calculated with respect to the deposition effi-
ciency (Table 1). Therefore, the rates reported are for the
metal deposition reaction alone, not for the total current
flowing throughout the three-electrode cell.

2.2. Isotope analysis

Isotope abundance analyses were performed using a
Thermo-Finnigan Neptune Multi-collector Inductively
Coupled Plasma Mass Spectrometer at the California Insti-
tute of Technology. Samples were introduced via a cyclonic
spray chamber using an 80 ll/min PFA nebulizer. All sam-
ples and standards were diluted to a Zn concentration of
5 ppm and spiked with 5 ppm of an in-house Cu standard
prior to analysis, at signal intensities of roughly 5 V ppm�1

for 63Cu and 3 V ppm�1 for 64Zn. Zinc samples were run
alternately with a NIST SRM 682 standard, also spiked
with Cu, which has previously been compared to JMC 3-
0749L Zn (John et al., 2007). Signal intensity on 60Ni,
63Cu, 64Zn, 65Cu, 66Zn and 68Zn were monitored on cups
L3, L2, L1, C, H1, and H2, respectively. Samples and stan-
dards were run alternately for three minutes each, with a
3 min rinse in between. The intensity of 60Ni was used to
correct for an interference of 64Ni on 64Zn, after estimating
instrumental mass bias from the Cu isotope ratio, though
64Ni corrections were always insignificant. Monitoring Cu
isotope ratios in all samples and standards demonstrated
that, within analytical error, there was no significant differ-
ence in mass bias for samples compared to standards, indi-
cating that matrix effects were not important. All samples
were therefore corrected for instrumental mass bias using
only sample-standard bracketing, without a Cu-based mass
bias correction. Each sample was measured at least three
times, with the exception of sample Zn21 (Table 1). Table 1
summarizes the isotopic composition of samples relative to
stock solutions and Table S3 (Supplementary mate-
rial)presents the detailed three-isotope compositions of
samples of electroplated zinc metal and stock solutions.

Observed fractionations are reported following the con-
vention in which the ratio of the heavy stable isotope of zinc
(HZn: H = 66 or 68) to the lightest stable isotope (64Zn) is
compared in per-mil (&) deviation from a standard:

dH=64ZnSample ¼ 1000
HZn=64Znð ÞSample

HZn=64Znð ÞStandard

� 1

 !
ð1Þ

In Table 1 and in most figures we report the observed
isotope fractionation in electroplated Zn metal with refer-
ence to our measured average fractionation of the aqueous
starting material as:

DH=64Znmetal�aqueous ¼ dH=64Zndeposited metal

� dH=64Znaqueous solution ð2Þ

Thus negative values of DH/64Znmetal-aqueous indicate that
the plated metal is isotopically light in comparison with the
stock solution.



Table 1
Summary of electrochemical experiments and MC-ICP-MS results.

Temp (�C) g (V)a Rotation Rate (rpm) Efficiency (%)b Average current
(mA/cm2)

Levich current
(mA/cm2)

D66Zn (&) ± 2rc

Zn01 0 �0.2 2500 58.42 7.66 80.57 �3.62 ± 0.05
Zn02 0 �0.2 7500 59.35 8.03 139.55 �3.91 ± 0.05
Zn03 0 �0.3 2500 65.92 14.22 80.57 �2.57 ± 0.06
Zn04 0 �0.3 7500 67.43 16.22 139.55 �3.01 ± 0.05
Zn05 0 �0.5 1000 40.28 14.11 50.96 �2.23 ± 0.06
Zn06 0 �0.5 5000 49.71 20.15 113.94 �2.50 ± 0.05
Zn07 0 �0.5 7500 57.4 24.17 139.55 �2.65 ± 0.06
Zn08 0 �0.5 10,000 54.05 24.12 161.14 �2.74 ± 0.06
Zn09 25 �0.06 2500 79.23 2.55 157.17 �3.70 ± 0.06
Zn10 25 �0.1 2500 52.33 10.4 157.17 �3.59 ± 0.05
Zn11 25 �0.1 7500 50.63 10.53 272.22 �3.89 ± 0.06
Zn12 25 �0.2 2500 71.13 26.83 157.17 �2.85 ± 0.05
Zn13 25 �0.2 7500 71.07 29.75 272.22 �3.41 ± 0.05
Zn14 25 �0.3 2500 70.82 39.29 157.17 �1.97 ± 0.05
Zn15 25 �0.3 7500 77.95 50.13 272.22 �2.60 ± 0.05
Zn16 25 �0.5 1000 44.89 33.96 99.4 �1.56 ± 0.05
Zn17 25 �0.5 5000 61.27 59.37 222.27 �1.86 ± 0.07
Zn18 25 �0.5 7500 72.16 73.98 272.22 �2.01 ± 0.06
Zn19 25 �0.5 10,000 78.52 84.15 314.33 �2.08 ± 0.06
Zn20 25 �1 1000 31.25 55.95 99.4 �1.23 ± 0.06
Zn21 25 �1 5000 36.21 89.86 222.27 �1.31
Zn22 25 �1 7500 42.17 108.48 272.22 �1.45 ± 0.06
Zn23 25 �1 10,000 48.34 129.04 314.33 �1.49 ± 0.06
Zn24 50 �0.2 2500 66.02 56.26 267.78 �1.94 ± 0.06
Zn25 50 �0.2 7500 72.87 74.17 463.81 �2.62 ± 0.07
Zn26 50 �0.3 2500 78.67 86.95 267.78 �1.38 ± 0.06
Zn27 50 �0.3 7500 87.11 120.82 463.81 �2.06 ± 0.06
Zn28 50 �0.5 1000 54.41 70.62 169.36 �1.04 ± 0.06
Zn29 50 �0.5 5000 69.97 123.73 378.7 �1.31 ± 0.05
Zn30 50 �0.5 7500 75.61 148.56 463.81 �1.41 ± 0.06
Zn31 50 �0.5 10,000 81.58 167.26 535.57 �1.47 ± 0.05

a Overpotential, g, (E � E0) relative to measured E0 from CV spectra (Table S1).
b Percentage yield of metal plated (measured using AAS or ICP-MS) relative to the theoretical mass expected from charge delivered (see

Section 2.1.).
c The isotopic composition of the samples is expressed as a per-mil deviation from the stock solution: D66Zn = d66Znsample � d66Znstock,

where d66Zn = [(66Zn/64Zn)Sample/(
66Zn/64Zn)NIST – 1] * 1000; average value for three analyses. 2r standard errors are reported. In all

experiments, 1 coulomb of total charge was delivered.
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3. RESULTS

Our experiments show that in all cases light isotopes of
zinc are preferentially electroplated (Table 1), with ob-
served fractionations ranging from �1.04(6)& to
�3.91(5)&. Fig. 1a shows the mass dependent nature of
the isotope fractionation on a three isotope plot. Fig. 1b
shows deviations from a calculated mass-dependence law
governing equilibrium fractionation processes following
the relationships calculated using formalism described by
Young et al. (2002). This plot shows that as a whole, our
data follows the slope of a kinetic fractionation law and
is clearly resolvable from an equilibrium law. The values
on Fig. 1b all lie below the zero line because of the small
non-zero intercept of the measured three isotope data aris-
ing from the isotopic composition of the starting solution.

A summary of results of the electroplating experiments
(Fig. 2) shows that observed isotope fractionation has
strong systematic dependencies on overpotential, tempera-
ture, and electrode rotation rates with larger fractionations
occurring at low overpotentials, low temperatures, and fast
rotation rates. Fig. 3 shows fractionation as a function of
rotation rate and overpotential at 25 �C, showing that frac-
tionation tends to increase as stir rate increases. Also shown
on this plot are results from deposition studies on planar
glassy carbon electrodes, which are performed without
hydrodynamic mass-transport. These results also empha-
size different fractionations observed using different starting
solutions (Black et al., 2010a). The open circles represent
the same citrate-based solution chemistry as used in this
RDE study, and the observed fractionation factors are con-
sistent in magnitude but differ in spread over a range of
overpotentials. Generally the observed fractionations in
these experiments using Zn-citrate solutions are smaller
than the fractionation factors observed in metal deposited
from acidified sulfate solutions.

Fig. 4 shows measured isotope fractionation as a func-
tion of temperature compared with calculated tempera-
ture-dependent equilibrium fractionations between Zn
metal and Zn citrate complex (Black et al., 2011b). The
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measured temperature dependence is generally steeper than
the predicted equilibrium-temperature dependence. A com-
parison between calculated equilibrium fractionations and
observed fractionations are also shown in Fig. 2. At low
overpotentials, closer to equilibrium potential of the elec-
trochemical process, the measured fractionations are larger
than the predictions of equilibrium fractionation. At the
largest overpotentials, the measured fractionation is less
than the calculated equilibrium values. Previous experi-
ments exhibited larger fractionations in deposited Zn metal
(squares and triangles plotted at a rotation rate of 0 in
Fig. 3, Black et al., 2010a), which we attribute to differences
in the starting solution chemistry – the larger fractionations
are observed especially in acidified solutions – and therefore
to differences in the reactive species at the electrode surface.

The observed negative correlation between temperature
and isotopic fractionation in these experiments contrasts
with our earlier study (Black et al., 2010a), which showed
that zinc isotope fractionation during plating on a planar
electrode increases as temperature increases (Fig. 4). To
help interpret the reversal of the temperature trend in the
two sets of experiments, we describe a simple forward mod-
el that provides a qualitative explanation for this apparent
reversal based on the competition of two kinetic mecha-
nisms with very different activation energies. Our forward
model is described in the next section.

4. DEPOSITION RATES AND MASS-TRANSPORT AT

A ROTATING DISC ELECTRODE

The Levich equation describes the observed current for
an electrochemical reaction at a rotating disc electrode,
where rates are limited by convective-diffusive mass trans-
port (Bard and Faulkner, 2001), and is given by:

il ¼ 0:62nFAC�0D2=3x1=2v�1=6 ð3Þ
Fig. 1. (A) Three isotope plot showing all of the measured Zn isotope da
calculated fractionation with respect to the starting solution (d66Zn = 2.
errors are shown in Table 1, but not on the plot for clarity in seeing tren
kinetic fractionation law (Young et al., 2002). (B) Deviation from a pre
from Young et al. (2002). The predicted equilibrium fractionation is show
symbols correspond to experiments at 0, 25, and 50 �C. (For interpreta
referred to the web version of this article.)
where il is the Levich current (mass-transport-limited), n is
the number of electrons transferred in the reaction, F is
Faraday’s constant, C�0 is the bulk concentration in solu-
tion, D is the diffusion coefficient, x is the angular rotation
rate, and v is the kinematic viscosity of the solution. Note
that both the diffusion coefficient and the kinematic viscos-
ity are dependent on temperature, so the Levich equation
will also have a temperature dependence. To extrapolate
the diffusion coefficient at infinite dilution (Vanysek,
2007–2008) to higher and lower temperatures, an Arrhenius
relationship (DM ¼ D0

M expð�EA=RT Þ) is used, where D0
M

and EA are the experimentally-determined pre-exponential
factor and activation energies, R is the gas constant, and
T is the temperature. We used the temperature-dependent
kinematic viscosity given by Kestin et al. (1978). Calculated
values for the Levich current are shown in Table 1.

The kinetic behavior of our electroplating experiments is
accurately described by this relationship, as demonstrated
on a Levich plot (Fig. 5) which shows a linear relationship
between the measured current as a function of the square
root of rotation rate. The slopes are temperature depen-
dent, arising from the temperature dependence of both
the diffusion coefficient and kinematic viscosity terms. If
the overall reaction current were controlled solely by the
mass transport step, then the y-intercepts on Fig. 5 would
fall on zero. The fact that they do not indicates that the
kinetics are controlled by at least a second governing
process.

Additional support for this dual-control hypothesis is
provided by a plot of fractionation as a function of dimen-
sionless current where the observed current is normalized
to the calculated Levich current for each experiment
(Fig. 6). To calculate the Levich current for each experiment,
we use experimentally-determined measurements of the
diffusivity of Zn+2 in solution and an experimentally
measured activation energy (�22.1 kJ mol�1) to calculate
ta with respect to the NIST standard. The solid black line shows a
58, d68Zn = 5.1) according to equilibrium processes. Measurement
d. The dashed line shows a calculated fractionation according to a
dicted kinetic mass-dependent slope (dashed line) using formalism
n as a solid black line. Blue square, green diamond, and red circle

tion of the references to colour in this figure legend, the reader is



Fig. 3. Isotope fractionation as a function of electrode rotation rate at 25 �C. The symbol size decreases with decreasing overpotential, as
emphasized by arrows. Results from the planar electrode study of Black et al., 2010a are shown as open symbols. Open circles are planar
electrodeposition experiments using the same citrate buffered chemistry as used in this study. Triangles are from a ZnSO4 starting solution,
with no pH buffer. Squares are from an acidified ZnSO4 starting solution.

Fig. 2. Measured D66/64Zn of metallic zinc, with respect to the stock solution, as a function of overpotential, rotation rate (increasing symbol
size with increasing rotation rate from 1000 to 10,000 rpm), and temperature. Horizontal dashed lines show calculated equilibrium
fractionation factors from Black et al., 2011b.
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its temperature dependence (Adhyapak, 1986). In calculating
the Levich current, we use values for the temperature-depen-
dent kinematic viscosity of water, equal to 1.793 mm2/s at
0 �C, 0.8928 mm2/s at 25 �C, and 0.553 mm2/s at 50 �C (Kes-
tin et al., 1978).

The measured Zn isotope fractionation falls along a log-
linear trend when plotted as a function of dimensionless
current (Fig. 6), the measured current normalized by the
transport-limited current and this trend occurs over several
orders of magnitude in the deposition rate. If mass-trans-
port limitations played no role in the isotope behavior,
and fractionation was only due to a chemical reaction,
the observed fractionation would be constant on this plot.
If only the mass transport effect contributed an isotope
fractionation, then this plot would show zero fractionation
at low current, increasing to larger fractionations at the
highest currents. Our observation of large fractionations
at low currents decreasing to smaller fractionations at high
currents demonstrates that (at least) two independent pro-
cesses are responsible for the overall isotope fractionation
kinetics. This result is similar to our previous observations
for room-temperature iron deposition experiments using a
rotating disc electrode (Black et al., 2010b).

To investigate how temperature-dependent processes
may affect the isotope fractionations in an electroplating
experiment we build a forward model describing the isotope



Fig. 4. Fractionation at constant overpotential as a function of temperature at two different electrode rotation rates. The black circles show
measured Zn isotope fractionation as a function of temperature at slow and fast rotation rates and 200 mV overpotential. Gray squares and lie
show observed fractionations as a function of temperature for electrodeposition on planar electrodes from ZnSO4 solutions (Black et al.,
2010a). Dashed lines show calculated temperature-dependent equilibrium fractionation factors between Zn metal and Zn citrate (black) and
Zn metal and bidentate inner-sphere Zn sulfate (gray) from Black et al. (2011b).

Fig. 5. Levich plot of current as a function of the square root of rotation rate (Eq. (3)) during the Zn electroplating experiments. Closed
symbols: �500 mV; open symbols �1000 mV. Red circles: 50 �C, green triangles: 25 �C, blue squares 0 �C. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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kinetics of an electroplating process under two competing
kinetic controls, an electrochemical step and a mass-trans-
port limited step. The model is based on the Koutecky–Le-
vich equation (Koutecky and Levich, 1958), which
describes the overall rate of a chemical reaction under
simultaneous control of mass-transport-limited processes
(iLevich) and electrochemical processes (ielectrode), and is gi-
ven by:
1

itotal

¼ 1

iLevich

þ 1

ielectrode

ð4Þ

where iLevich is the rate (current) corresponding to a
mass transport process, given by Eq. (3) and ielectrode

is the rate of an electrochemical process at an electrode,
and is given by the Butler–Volmer equation ielectrode ¼
k0 expðjnF g=RT Þ, where k0 is a pre-exponential factor, j



Fig. 6. Fractionation as a function of average measured current normalized to the calculated Levich (transport rate-limiting) current.
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is a reaction symmetry factor, n is the number of electrons
transferred in the reaction which is equal to 2 in this case of
Zn reduction, F is Faraday’s constant equal to 96,485 C/
mol, g is the overpotential, R is the ideal gas constat and
T is the temperature in K. The form of the Butler–Volmer
equation is an approximation is only valid far from equilib-
rium, which is an appropriate description of our experi-
ments. The mass-dependent behavior of such a reaction
was derived in a recent study (Black et al., 2010b), and
the fractionation is given by the ratio of the rates (currents)
for the heavy isotope and the light isotope, as given by:

Hiobserved

Liobserved

¼ 1
L ielectrode
H ielectrode

þ Lielectrode
H iLevich

þ 1
L iLevich
H iLevich

þ L iLevich
H ielectrode

ð5Þ

where Eqs. (6)–(8)describe the ratios in the denominators of
Eq. (5) as follows:

Lielectrode

Hielectrode

¼
Lk0

Hk0
eð

Hj�LjÞnF g=RT ð6Þ

LiLevich

HiLevich

¼
LD2=3

M

HD2=3
M

0:893þ 0:316 HDM=vð Þ0:36

0:893þ 0:316ðLDM=vÞ0:36

 !
ð7Þ

Lielectrode

HiLevich

�
HiEeectrode

LiLevich

¼
k0e�jnF g=RT 0:893þ 0:316ðDM=vÞ0:36

� �
0:554D2=3

M v�1=6x1=2
ð8Þ

In Eq. (6), Lk0 and Hk0 are the pre-exponential rate fac-
tors for the light (L) and heavy (H) isotopes, respectively.

Eqs. (5)–(8)predicts isotope fractionation arising from a
coupled electrochemical/mass-transport process, which can
be broken down into an electrochemical term (Eq. (6)), a
diffusive term (Eq. (7)) and the coupled electrochemical/
mass-transport terms (Eq. (8)). To calculate the isotope-
dependent Koutecky–Levich behavior, we use measure-
ments of the isotope fractionation due to diffusion in
aqueous systems for Zn as determined by Rodushkin
et al. (2004), and viscosity measurements by Kestin et al.
(1978). Forward models of the behavior of Eqs. (5)–(8)were
performed in an earlier study and compared favorably with
data on Fe isotope fractionation during electroplating
(Black et al., 2010b). Our models show that our observed
trends can be reproduced with a combination of diffusive,
equilibrium and electrochemically driven fractionation,
with larger fractionations being produced under electro-
chemical kinetic control (Fig. 7). However, in the earlier
study, no conclusions could be made about the tempera-
ture-dependent behavior, because the experiments were
only performed at room temperature (Black et al., 2010b).

Eqs. (5)–(8)contain several temperature-dependent vari-
ables, including electrochemical reaction rates, viscosity
and diffusion. Both the electrodeposition reaction and mass
transport kinetics can be cast in terms of thermally acti-
vated kinetic processes; and generally will have different
activation energies. The temperature dependence of k0 is
harder to define, as it is not explicit in Butler–Volmer the-
ory. Extensions of charge transfer theory (Marcus, 1964,
1993) show that this pre-exponential factor is proportional
to square root of temperature, however, make no predic-
tions about whether the mass-dependence of the k0 param-
eter will also be temperature dependent. For the purposes
of discussion here we will assume that the temperature
dependence of the ratio 64k0/66k0 is proportional to 1/T2,
and the magnitude of this ratio scales with the predicted
equilibrium fractionation between metallic and aqueous
species (Black et al., 2011a). Whether or not other parame-
ters, such as j, are also temperature dependent is unknown.
Therefore, we assume that j is independent of temperature.
Using these assumptions the temperature dependent predic-
tions of Eqs. (5)–(8)can be evaluated quantitatively.

The primary observation that we need to explain is the
increase in isotope fractionation with increasing tempera-
ture that we observe in the planar electrode data (Black
et al., 2011a,b) and reverse trend that we observe in
the RDE data (Fig. 4). Our model provides a possible
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explanation, as shown in Fig. 7. In order to interpret the
data we must consider not only the relative rates of the dif-
fusion process and electrochemical reaction, but also their
relative temperature dependencies. The parameter space
of these two governing behaviors is mapped out in Fig. 7,
which qualitatively models the rate and fractionation
behavior for several different combinations of the absolute
values and temperature dependencies of the rates of these
two processes. The top row shows schematics of diffusion
rates with a given activation energy ED (black lines). In
each plot, four different values of the diffusion rate are
shown, with the same activation energy, but representing
cases that have slow mass transport and fast mass trans-
port. The green line in Fig. 7 demonstrates three cases for
the relative activation energy of the electrochemical reac-
tion step ER which may be greater than (left), equal to (mid-
dle) or less than (right) that for the diffusion step. The
bottom row of figures shows a series of curves of calculated
isotope fractionations for all of the cases. The case at the
right qualitatively duplicates our main experimental obser-
vation, in which we observe fractionations increasing with
temperature for low diffusion rates, such as at a planar elec-
trode, and fractionation decreasing with temperature for
high diffusion rates, such as at a rotating disc electrode.
However, we only see this case when the effective activation
energy for the electrode transfer is lower than that for the
diffusion process.

The models results plotted Fig. 7 are meant to provide a
qualitative assessment of how competition between two
rate-determining steps can generate very different overall
Fig. 7. Model calculations showing the temperature dependence of compe
(bottom three plots). In the top plots, the black lines correspond to a diffus
the absolute value of the diffusion coefficient leading to different absolute
has a lower (left), equal (middle), and larger (right) activation energy than
fractionation as a function of inverse temperature for the three cases abov
the right demonstrates that the temperature dependence of isotope frac
negative correlation at high diffusion rates. The relative isotope fractio
64Zndiff = �0.1& and d66/64Znreact = �5&). (For interpretation of the re
web version of this article.)
observed fractionations and temperature dependences,
depending on the overall rate. We use our model and Eq.
(8)to provide a forward prediction of isotope fractionation
during Zn electroplating as a function of temperature, rota-
tion rate, and overpotential (Fig. 8).

A quantitative examination of the predicted fraction-
ation during electroplating as modeled by Eq. (8)is shown
in Fig. 8, which plots the predicted isotope fractionation
as a function of temperature (Fig. 8A), RDE rotation rate
(Fig. 8B) and applied overpotential (Fig. 8C). Fig. 8 shows
that at low overpotentials and high rotation rates, isotope
fractionation increases with decreasing temperature, consis-
tent with equilibrium stable isotope theory (Bigeleisen and
Mayer, 1947; Urey, 1947) and our observations shown in
Fig. 4. Fig. 8 also demonstrates how with increasing over-
potential and decreasing rotation rate, the temperature
trends can reverse and the opposite trend may be observed,
due to competition between electrochemical kinetics and
mass transport kinetics. We observe this temperature-trend
reversal in our deposition experiments of Zn on a planar
electrode (Black et al., 2010a), as shown by the gray squares
in Fig. 4.

The take-home message from our models and experi-
ments is that when two (or more) competing kinetic pro-
cesses control the overall rate of a process such as a
redox process or precipitation process, the observed frac-
tionation factors can vary as a function of rate or temper-
ature in ways that may appear non-intuitive at first, such
as an increase of observed fractionation with increasing tem-
perature at high rates changing to an opposite temperature
ting rates (top three plots) and corresponding isotope fractionation
ion process with a constant activation energy, but with variations in
rates. The green lines show rates of an electrochemical process that
the diffusion process. The three plots below show calculated isotope
e, and as a function the four overall mass transport rate. The case at
tionation shifts from positive correlation at low diffusion rates to
nation is calculated for a fixed dxMreact/dxMdiff = 50 (e.g. d66/

ferences to colour in this figure legend, the reader is referred to the



Fig. 8. Forward model of the mass-dependent Koutecky–Levich equation (Eq. (8)) showing the effect of temperature on predicted
fractionation. At high rotation rates and low overpotentials the fractionation decreases with increasing temperature, but at low rotation rates
and high overpotentials, the fractionation is predicted to increase with increasing temperature. (A) DH/LM vs. temperature, j = 0.05; (B) DH/

LM vs. RDE rotation rate, j = 0.5; (C) DH/LM vs. applied overpotential, x = 10,000 rpm. k0 = 1E-5. Calculations were performed using
diffusion coefficients for Zn and LD/HD = 1.000058. Lk0/Hk0 = 1.00298 (at 0 �C), 1.00253 (at 25 �C) and 1.00217 (at 50 �C) (following a
fractionation / 1/T relationship) to reflect changes in predicted equilibrium fractionation.
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trend at low rates. Our forward models show, however, that
overall observed fractionations arising from competing ki-
netic processes are predictable.

5. CONCLUSIONS

The fractionation of zinc stable isotopes during the elec-
trodeposition of Zn(s) from Zn citrate solutions is large,
producing fractionations on the order of �1& to �3.9&

in d66/64Zn. These fractionation values are larger than pre-
dicted equilibrium fractionation factors, and larger than the
isotope signatures observed in nature (ref). Collectively, the
data appear to follow a kinetic mass-dependent fraction-
ation law when plotted in three-isotope space. However,
at a constant temperature, the three-isotope slope is inter-
mediate between an equilibrium and a kinetic mass-
fractionation law.

The use of a rotating disc electrode helps control
mass-transport conditions within an electrochemical cell
and allows for an evaluation of the kinetic regime control-
ling isotope fractionation during electroplating. At slow
rotation rates and large overpotentials, the electroplating
kinetics of are limited by mass transport of the species to
an electrode. In this case, increasing the temperature in-
creases the mass transport rate more than the deposition
rate, causing an increase in observed fractionation with in-
creased temperature. When the mass transport limitations
are reduced using a fast electrode rotation rate and low
overpotentials, the temperature dependence is similar to
that predicted by equilibrium stable isotope fractionation
theory (Black et al., 2011b). This reversal of temperature-
dependent behavior is predicted by the models and ob-
served in the experiments.

Most electrochemical processes occur at overall rates
arising from at least two major intertwined processes:
mass transport at the electrode, and the electrode rate-
limiting step. It is almost impossible to imagine a single
rate-limiting process that can explain all of the data,
especially the reversing of sense of the temperature
dependent fractionation between the planar electrode
experiments and the rotating disc electrode experiments.
We can explain the qualitative behavior of both the ob-
served currents and the observed fractionations in both
the planar electrode and the rotating disc electrode with
two competing rates; however the requirements on the
relevant parameters are stringent – namely, the activation
energy of the diffusion (or mass transport) process must
be higher than the chemical electrodeposition effective
activation energy, while the absolute values of the two
rates must be approximately the same. Given these two
criteria, it is surprising to us that we see similar qualita-
tive behavior in our studies of isotope electroplating in
Fe (Kavner et al. 2009; Black et al., 2010a,b), Li (Black
et al., 2009), and Cu (Black et al., 2011a). Isotope behav-
ior observed during processes that couple these compet-
ing reaction rates provide an additional window to
examine the behavior of the rates of multistep chemical
reactions.
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