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Abstract

Transition metal stable isotope signatures can be useful for tracing both natural and anthropogenic signals in the environ-
ment, but only if the mechanisms responsible for fractionation are understood. To investigate isotope fractionations due to
electrochemistry (or redox processes), we examine the stable isotope behavior of iron and zinc during the reduction reaction
M2!

aqueous + 2e" = Mmetal as a function of electrochemical driving force, temperature, and time. In all cases light isotopes are
preferentially electroplated, following a mass-dependent law. Generally, the extent of fractionation is larger for higher tem-
peratures and lower driving forces, and is roughly insensitive to amount of charge delivered. The maximum fractionations are
d56/54Fe = "4.0& and d66/64Zn = "5.5&, larger than observed fractionations in the natural environment and larger than
those predicted due to changes in speciation. All the observed fractionation trends are interpreted in terms of three distinct
processes that occur during an electrochemical reaction: mass transport to the electrode, chemical speciation changes adjacent
to the electrode, and electron transfer at the electrode. We show that a large isotope e!ect adjacent the electrode surface arises
from the charge-transfer kinetics, but this e!ect is attenuated in cases where di!usion of ions to the electrode surface becomes
the rate-limiting step. Thus while a general increase in fractionation is observed with increasing temperature, this appears to
be a result of thermally enhanced mass transport to the reacting interface rather than an isotope e!ect associated with the
charge-transfer kinetics. This study demonstrates that laboratory experiments can successfully distinguish isotopic signatures
arising from mass transport, chemical speciation, and electron transfer. Understanding how these processes fractionate metal
isotopes under laboratory conditions is the first step towards discovering what role these processes play in fractionating metal
isotopes in natural systems.
! 2010 Published by Elsevier Ltd.

1. INTRODUCTION

The role of electrochemical reactions, involving reduc-
tion or oxidation (redox) processes in fractionating the sta-
ble isotopes of transition metals is of growing interest for
scientists working on a wide range of problems, such as
understanding potential signatures of the origins of life

(Beard et al., 1999; Rouxel et al., 2005; Johnson et al.,
2008), redox evolution in the solid Earth (Williams et al.,
2004; Teng et al., 2008; Weyer, 2008), and remediation
and environmental monitoring (Ellis et al., 2002; Radem-
acher et al., 2006). Explaining observed natural variations
in the isotope record and using stable isotopes as markers
for geochemical processes relies on a thorough understand-
ing of the mechanisms controlling isotope partitioning as a
result of the relevant physical phenomena. Here, we focus
on the mechanisms underlying isotope fractionation in elec-
tron transfer reactions in Fe and Zn.

Electron transfer processes, also known as redox pro-
cesses, are ubiquitous in nature, in aerosol chemistry, ocean
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chemistry, weathering, biological processes, and element
cycling between solid Earth, hydrosphere, biosphere, and
atmosphere. The laboratory approach provides control of
the thermodynamics and kinetics of the electron transfer
process, allowing us to examine reaction rates spanning sev-
eral orders of magnitude. The experimental approach en-
ables us to examine isotope fractionation as a function of
intensive variables of composition, and temperature and
also as a function of thermodynamic driving force. The goal
of this study is not to look at a single isotope system, nor a
single geochemical process or application, but to establish
the ground rules governing isotope fractionation during re-
dox processes for all isotope systems.

In this study, we use Fe and Zn as test-systems for a
variety of reasons. Iron is the most abundant transition
metal, and its redox behavior in the solid Earth, hydro-
sphere, and biosphere has played an important role,
including the establishment of complex life on this planet.
Because of its interest in a variety of environmental
settings it is one of the better-studied new transition me-
tal stable isotope systems; however a predictive theory for
its isotopic behavior across many processes is lacking.
While in most natural environments Zn is not a redox-ac-
tive element, compared with iron, its behavior during
electroplating is more straightforward and its aqueous
chemistry is much simpler to model. Zinc has several iso-
topes and high resolution techniques have been developed
to examine its isotope fractionation. Any hypothesis that
predicts iron isotope electrochemical behavior must pre-
dict zinc isotope behavior as well; therefore, zinc is an
extremely useful cross check on our studies of iron. Ulti-
mately, these studies will help establish theories predicting
isotope behavior for all elements in all electrochemical
processes.

The mechanisms underlying isotopic fractionation dur-
ing a redox reaction are complex and can be governed by
advective or di!usive mass transport, chemical speciation
and reaction rates, and changes in phase associated with
mineral precipitation (e.g., Anbar, 2004; Kavner et al.,
2005). Much of the existing literature on isotopic self-ex-
change reactions between di!erent redox states of an ele-
ment have focused on determining the mass- and
temperature dependence of equilibrium isotope fractiona-
tions among species from either first principles (Bigeleisen
and Mayer, 1947; Urey, 1947) or from empirical constraints
(Schauble et al., 2001; Anbar et al., 2005). Some experimen-
tal studies have determined the equilibrium fractionation
between di!erent transition metal redox states by monitor-
ing fractionation during metal-oxide precipitation (Ellis
et al., 2002; Johnson et al., 2002) or by examining isotopic
equilibrium between dissolved species (Welch et al., 2003).
These experiments have shown that both redox processes
as well as changes in solution speciation play important
roles in separating isotopes of transition metals. However,
isotope fractionations much larger than those predicted
by equilibrium stable isotope theory, where vibrational dif-
ferences between isotopologue species drive isotope parti-
tioning, have been observed during electroplating of
metals (Kavner et al., 2005, 2008, 2009; Black et al.,
2009a, 2010).

Kavner et al. (2005) combined stable isotope theory
(Bigeleisen and Mayer, 1947; Urey, 1947) and electron
transfer kinetics (Marcus, 1964, 1965) to predict a driving
force-dependent isotope fractionation due to the electron
transfer step. The theory predicts mass-dependent isotope
fractionation in all systems which undergo electron transfer
reactions. The theory was derived for a single electron
transfer in a homogeneous system. Experimentally, volt-
age-dependent isotope separation is observed in electro-
plated iron (Kavner et al., 2005, 2009; Black et al., 2010),
zinc (Kavner et al., 2008), and lithium (Black et al.,
2009b) which conforms with theoretical predictions. We fo-
cus on the specific redox reaction of electroplating at an
electrode because of the relative experimental simplicity of
this system—reacted material can be easily separated, col-
lected, and analyzed—and the control that we have over
relevant variables, including thermodynamic driving force
and kinetics, mass transport, and the extent of reaction. Re-
sults from iron studies (Kavner et al., 2009; Black et al.,
2010) have suggested that mass transport-limited kinetics
(i.e., di!usion to the electrode) attenuate what would other-
wise be large isotope fractionations due to the electroplat-
ing process. In the experiments described by Kavner et al.
(2009), large uncertainties existed in the electrochemical
parameters, especially temperature, which was not con-
trolled. The rotating disc electrode study (Black et al.,
2010) confirmed the Kavner et al. (2009) result by showing
that isotope fractionations of electrodeposited iron increase
as a function of electrode rotation rate, which also serves to
increase mass transport of Fe(II) reactant to the electrode.
In addition, speciation-related isotope fractionation can oc-
cur in the double layer adjacent to the electrode and can
contribute to the observed isotope signature. These pro-
cesses are illustrated in Fig. 1, which depicts a cartoon of
the molecular scale behavior at a charged electrode in solu-
tion. Fig. 1 summarizes the contributing processes deter-
mining the overall isotope signature of an electroplated
metal: (1) isotope fractionation related to chemistry and
speciation di!erences between the bulk solution, and across
the double layer to the electrode (DXMEquilibrium); (2) mass
transport of material to the electrode, which includes
mechanical mixing, di!usion, and electromigration
(DXMMassTransport); and (3) the electron transfer step itself
(DXMElectrochemical).

The goal of this study is to elucidate the contribution
of each of these reaction steps towards the observed over-
all isotope signature of electroplating. Here, we examine
isotope fractionation during the electrodeposition of both
Fe and Zn to a planar electrode as a function of overpo-
tential (defined as the di!erence between the applied volt-
age and the equilibrium voltage), time, temperature and
stock solution chemistry. Using this experimental
approach, we attempt to clarify which factors control iso-
topic fractionation and to quantify the magnitude of the
isotope e!ects associated with di!erent mechanisms of
fractionation under di!erent chemical conditions. The iso-
tope e!ects measured in our experiments can be compared
against natural isotope e!ects in order to better under-
stand the processes which govern isotopic fractionation
in nature.
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2. EXPERIMENTAL METHODS

In all experiments, a small amount of metal (<0.1% of
starting solution) was electroplated from aqueous metal
salt plating solutions (ZnSO4, ZnCl2, FeSO4 and FeCl2,
see Section 2.2) using a three-electrode cell under poten-
tiostat control (Fig. 2). Plating experiments were per-
formed as a function of a number of variables including
the electrochemical overpotential, temperature, time
(charge delivered), stir rate, cell geometry and electrode
surface area. In each experiment, all of the plated mate-
rial was collected from a glassy carbon electrode and
the isotope composition was measured with respect to
the starting solution, using high resolution MC-ICP-MS
techniques.

2.1. Sample/stock preparation

Iron stock solutions were prepared by transferring a
fixed amount of FeCl2#2H2O or FeSO4#7H2O (stored under
argon) to the water-jacketed electrochemical cell (Fig. 2)
and purged with argon gas. Degassed, doubly distilled
water was then injected into the water-jacketed cell (catho-
dic cell 1, Fig. 2) via a septum to dissolve the iron in 90 mL.
Half this solution was removed via the septum and 30 mL
delivered to the secondary anodic cell (Fig. 2). Five millili-
ters was used to measure initial sample pH and 10 mL
stored (for future analysis of concentrations) in a sample
vial to which 1 mL of concentrated HCl or H2SO4 was
added to help prevent oxidation of Fe(II) and precipitation
of Fe(III) aqueous species. Zinc stock solutions were

Fig. 1. Molecular scale behavior at a negatively charged electrode surface: initially there are specifically adsorbed species (e.g., water, blue
spheres; chloride, green spheres) and aqueous metal complexes (e.g., iron, dark red spheres) at the surface in the electric double layer (EDL);
as charge is transferred an electroplated metal film is deposited (gray spheres) on the electrode and a concentration gradient evolves (blue lines
in (A) and (B)) in the mass transport boundary layer (di!use layer) directly adjacent to the electrode. The potential processes inducing an
isotopic fractionation are labeled next to the arrows. CM(0) is the concentration of oxidized aqueous metal at the electrode surface, and C$

M is
the bulk concentration in solution. (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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prepared in 1–2 L batches from ZnSO4 and ZnCl2 salts and
fresh aliquots were taken from these batch stocks for each
separate experiment. See Table 1 for final stock solution
compositions.

2.2. Potentiostatic electroplating

Electroplating voltage and time were controlled by an
Autolab potentiostat (PGSTAT30) using a glassy carbon
working electrode, a platinum counter electrode, and an
Ag/AgCl double junction reference electrode (filled with
3 m KCl). A two-cell setup was used where the cathodic half
cell and the anodic half cell were connected via a 2% (w/v)
Agar in 4 m KCl salt bridge (16 cm % 8 mm i.d.; Fig. 2).
The working and reference electrodes were immersed in
&50 mL of degassed sample solution in cell 1 (Fig. 2) and
the temperature of this solutionwas controlled by an external
water bath. The counter electrode was placed in &30 mL of
sample solution in the anodic cell at room temperature.
The equilibrium potential (E0) of sample solutions in the
two-cell setup was experimentally determined using cyclic
voltammetry (CV) with variable sweep rates (Table 2). The
junction potential of the salt bridge was determined by cali-
brating the Eh against ZoBell’s solution (a mixture of aque-
ous [Fe(II)(CN)6]

4" and [Fe(III)(CN)6]
3", see ZoBell (1946)

and Nordstrom (1977)) as a function of temperature
(Wagman et al., 1982). In the following experiments electro-
plating overpotentials are reported relative to the experimen-
tally determined values of E0 (Fig. 3). The experimentally

Fig. 2. Electrochemical cell schematic for the two-cell setup
separated via a salt bridge.

Table 1
Stock solution composition and main experimental variables summary.

Experiment Composition pH g range (V) Temperature ("C) Speciation

Iron Experiment 01 0.78 M FeCl2 2.5 "0.25 to "1.25 0, 25, and 35 'Fe(H2O)6*
2!
(aq) (80%)

'FeCl*!(aq) (20 %)

Iron Experiment 02 0.46 M FeSO4 + 0.04 M H2SO4 1.6 "0.5 to "1.0 0 and 25 'FeSO4*0(aq) (50.8%)
'Fe(H2O)6*

2!
(aq) (36.7%)

'FeHSO4*!(aq) (12.5%)

Zinc Experiment 01 1 M ZnSO4 + 1 M H2SO4 <1 "0.1 to "0.5 0, 25, and 50 'ZnSO4*0(aq) (83%)
'Zn(H2O)6*

2!
(aq) (17%)

Zinc Experiment 02 1 M ZnSO4 4.5 "0.025 to "0.4 0, 25, and 50 'ZnSO4*0(aq) (93%)
'Zn(H2O)6*

2!
(aq) (7%)

Zinc Experiment 03 1 M ZnCl2 in 6 M [Cl]tot as KCl 5.5 "0.14 to "0.4 25 'ZnCl4*2"(aq) (60%)
'ZnCl3*"(aq) (14%)
'ZnCl2*0(aq) (11%)
'ZnCl*!(aq) (7.5%)
'Zn(H2O)6*

2!
(aq) (7.5%)

Table 2
Summary of cyclic voltammetric determination of E0.

Temperature Equilibrium potential, E0 (V vs. Ag/AgCl in 3 m KCl E0)

0 "C 25 "C 35 "C 50 "C

Iron Experiment 01 "0.607 V "0.615 V "0.629 V
Iron Experiment 02 "0.560 V "0.570 V
Zinc Experiment 01 "1.093 V "1.038 V "1.002 V
Zinc Experiment 02 "1.018 V "1.000 V "0.984 V
Zinc Experiment 03 "1.033 V
Calculateda (Wagman et al., 1982)

Fe2+ + 2e" = Fe(s) "0.663 V "0.641 V "0.633 V
Zn2+ + 2e" = Zn(s) "1.055 V "1.029 V "1.010 V

a Calculated E0 from known thermodynamic properties for species in the listed reactions.
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determined E0 values compare well to E0 values calculated
from the literature (Table 2), within &1–10% (or &10 mV).

A series of constant potential electroplating experi-
ments were performed as a function of overpotential, time
(Coulombs passed), temperature, and solution chemistry
(see summary in Table 1). Additional experimental details,
such as the initial surface area of glassy carbon working
electrodes, solution stirring and total charge delivered,
are presented in Table 3. After each experiment, the total
amount of deposited material was monitored via dilutions
(see next paragraph). Reaction currents are calculated via:
imeasured = nF/t, where n is the amount of collected metal
deposit (in moles), F is Faraday’s constant = 96,485
C/mol, and t is the total time of the plating experiment
(in seconds). The electroplating e"ciency is given by the
ratio of the calculated current (imeasured) to the total cur-
rent (iaverage current = Q/t where Q is the total number of
coulombs transferred in each experiment). Samples of
the stock solution were obtained before and after reactions
to ensure a constant isotope composition throughout the
experiments (see Section 2.3).

To analyze iron, samples were dissolved in concentrated
HCl in Teflon cups and evaporated down until a sparing
amount of solution was left to which 5 mL of 2% (w/v)
HNO3 was added. Samples were then diluted to a final con-
centration of 1 ppm for isotopic analyses (see Section 2.3).
Samples of electroplated zinc were dissolved in 2% HNO3

in Teflon cups and evaporated to dryness and diluted with
5 mL of 2% HNO3. Before isotopic analysis (see Section
2.3) the samples were diluted to a final concentration of
20 ppm. Concentrations of metal in final dilutions were
measured to provide an estimate of the total amount of me-
tal electroplated.

2.3. Isotopic analysis

2.3.1. Iron
Isotopic analyses were performed using a Thermo-

Finnigan Neptune Multi-collector Inductively Coupled
Plasma Mass Spectrometer (MC-ICP-MS) housed at
UCLA. An Aridus desolvating nebuliser was used for
measurement in high resolution mode with signal intensi-
ties for 54Fe, 56Fe and 57Fe monitored on cups L1, C
and H1, respectively. A standard-sample bracketing tech-
nique was used, with 1 ppm Spex1 (an in-house standard
diluted from a 1000 ppm iron stock). At the beginning
of each session measurements of two separate Spex1 stan-
dards were collected to ensure a low zero-enrichment
(0.00 ± 0.07& " 2r). Sample replicates of 20 cycles with
a 4-s integration per cycle were collected, with three to five
bracketed replicates collected per sample. Sample cycle
measurements that lay outside 2r of the mean were
excluded as outliers. A measurement of the international
standard IRMM-14 was collected before and after the
sample replicates to monitor instrumental drift relative
to the in-house standard Spex1. Table 4 presents the
detailed isotopic results of iron metal deposits and stock
solutions including the long term reproducibility of the
standards (Spex1 and IRMM-14).

2.3.2. Zinc
Isotopic analyses were performed using a Thermo-Finn-

igan Neptune Multi-collector Inductively Coupled Plasma
Mass Spectrometer at Caltech. Samples were introduced
via a cyclonic spray chamber. All samples and standards
were diluted to a Zn concentration of 20 ppm and spiked
with 20 ppm of an in-house Cu standard. 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 3 min each, with 3 min rins-
ing in between. The intensity of 60Ni was used to correct for
an interference of 64Ni on 64Zn, after estimating instrumen-
tal mass bias from the Cu isotope ratio, though these cor-
rections were always insignificant. Monitoring of the
measured Cu isotope ratio in samples showed that there
was no significant mass bias due to matrix e!ects in samples
compared to standards. All samples were therefore cor-
rected for instrumental mass bias using only sample-stan-
dard bracketing, which slightly improves precision by
eliminating the analytical error associated with measuring
Cu isotopes. Each sample was measured at least three
times. Table 5 presents the detailed isotopic compositions
of samples of electroplated zinc metal and stock solutions.

In all experiments the isotopic composition of the stock
solution was unchanged within experimental error before
and after an electroplating experiment. This establishes a
constant isotope reservoir, with no e!ects from salt bridge
migration or Rayleigh-type compositional evolution.

3. RESULTS

The isotopic composition of the electrodeposited materi-
als with respect to their stock solutions are summarized in
Table 3 and shown in Fig. 4 (Iron) and Fig. 5 (Zinc). All
electroplated samples were isotopically lighter than their
stock solutions and follow mass-dependent fractionation
laws (Tables 4, 5 and Fig. 6). Fractionations as large as
D56Fesample-stock = "4.1& (sample Fe02_01, Table 3) and
D66Znsample-stock = "5.5& (Zn01_10, Table 3) are observed.
These values demonstrate that electroplating provides the
largest single-pass isotope separations yet observed for iron
and zinc.

At constant temperature, the magnitude of fractionation
of both iron and zinc isotopes during metal deposition on
planar electrodes decreases with increasing overpotential
(Figs. 4A and 5A). The magnitude of the negative slope
varies depending upon the starting solution composition,
e.g., the slope is &"0.9& V"1 for Fe(s) plated from 0.8 M
FeCl2 and "6 for Fe(s) plated from 0.5 M FeSO4.

At a constant overpotential, isotope fractionations were
observed to increase as a function of temperature (Figs. 4A
and 5A). However, the extent of the temperature depen-
dence of fractionation depends on solution chemistry.
FeCl2 has a strong positive temperature dependence while
FeSO4 has a weak negative dependence. The acidic ZnSO4

solutions show a strong positive temperature dependence,
but there is little if any dependence seen in neutral ZnSO4
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Table 3
Summary of electrochemical experiments and MC-ICP-MS results.

Sample Temperature
("C)

ga (V) Stir rate
(rpm)

Charge
delivered
(C)

Average
current
(mA)

Electrode
surface
area (mm2)

Cottrell di!usion-
limiting
current (mA)

E"ciencyb

(%)
D56Fe (&) ± 2rc

D66Zn (&) ± 2rd
Ne

Iron experiments
Experiment 01
Fe01_01 0.2 "0.50 200 20 "36.08 217 "20.99 89 "1.67 ± 0.07 5
Fe01_02 0.2 "0.75 200 20 "93.68 230 "35.84 101 "1.33 ± 0.08 5
Fe01_03 0.5 "1.00 200 20 "140.75 209 "39.92 99 "1.26 ± 0.09 5
Repeati "1.16 ± 0.09 3
Fe01_04 0.5 "1.25 200 20 "199.80 183 "41.56 95 "0.88 ± 0.10 3
Fe01_05 25 "0.25 200 5 "0.92 230 "8.26 12 "2.03 ± 0.09 5
Fe01_06 25.2 "0.50 200 20 "87.91 211 "31.87 101 "1.80 ± 0.17 3
Repeati "1.74 ± 0.09 5
Fe01_07 25 "0.50 200 20 "81.97 213 "31.05 94 "1.86 ± 0.09 4
Fe01_08 25.8 "0.75 200 5 "156.25 – "92.58 90 "1.67 ± 0.07 5
Fe01_09 25 "0.75 200 20 "180.67 197 "42.55 90 "1.62 ± 0.07 5
Fe01_10 25 "0.75 200 50 "175.87 209 "28.16 78 "1.71 ± 0.08 5
Fe01_11f 25 "0.75 200 20 "153.37 226 "52.58 91 "1.75 ± 0.10 5
Fe01_12 25 "0.75 None 20 "159.74 230 "54.60 94 "1.13 ± 0.08 5
Fe01_13 25.2 "1.00 200 20 "254.78 208 "53.46 89 "1.36 ± 0.08 5
Fe01_14 35 "0.25 200 20 "11.69 220 "12.08 80 "2.17 ± 0.10 3
Fe01_15 35 "0.50 200 20 "65.06 204 "26.44 94 "2.19 ± 0.08 5
Repeati "2.14 ± 0.12 3
Fe01_16 35 "0.75 200 20 "161.03 210 "42.87 73 "1.77 ± 0.09 5
Fe01_17 35 "0.97 200 20 "271.00 230 "60.96 74 "1.62 ± 0.10 5

Experiment 02
Fe02_01 0.5 "0.50 200 20 "7.07 219 "5.61 0.1 "4.13 ± 0.32 5
Repeati "3.93 ± 0.11 3
Fe02_02 0.5 "0.75 200 20 "21.23 – "10.21 12 "2.59 ± 0.10 3
Fe02_03 0.5 "0.84 200 20 "42.11 230 "12.91 8 "1.57 ± 0.06 5
Fe02_04 25.5 "0.50 200 20 "19.67 230 "9.83 0.6 "3.82 ± 0.10 5
Fe02_05 25 "0.75 200 20 "40.29 212 "12.99 5 "2.18 ± 0.10 4
Fe02_06 25 "0.77 200 20 "48.44 220 "28.69 6 "2.77 ± 0.06 5
Fe02_07 25.8 "1.00 200 20 "47.43 183 "23.62 38 "1.62 ± 0.21 5
Repeati "1.68 ± 0.10 3

Zinc experiments
Experiment 01
Zn01_01 0.5 "0.119 200 20 "30.67 245 "22.67 44 "4.65 ± 0.11 3
Zn01_02 0.3 "0.219 200 20 "74.27 204 "29.37 79 "4.17 ± 0.10 5
Zn01_03 0.5 "0.319 200 20 "125.63 245 "45.88 73 "4.08 ± 0.07 3
Repeati "4.04 ± 0.06 3
Zn01_04 24.2 "0.114 200 20 "33.49 236 "22.82 26 "5.14 ± 0.08 3
Zn01_05 25 "0.114 200 20 "35.55 225 "22.41 44 "4.97 ± 0.09 3
Zn01_06 24.5 "0.214 200 20 "100.65 224 "37.55 91 "4.46 ± 0.07 5
Zn01_07 25 "0.314 200 20 "154.32 225 "46.70 86 "4.27 ± 0.08 3
Zn01_08 24.5 "0.514 200 20 "275.86 226 "62.71 92 "3.93 ± 0.06 3
Zn01_09 50 "0.138 200 20 "64.29 263 "35.23 61 "5.45 ± 0.07 3
Zn01_10 50 "0.238 200 20 "144.61 236 "47.42 93 "5.50 ± 0.07 5
Zn01_11 50 "0.338 200 20 "246.31 220 "57.69 93 "4.70 ± 0.07 3
Repeati "4.70 ± 0.08 3

Experiment 02
Zn02_01 0.5 "0.032 200 20 "5.46 202 "7.90 100 "3.10 ± 0.10 3
Zn02_02 0.1 "0.132 200 20 "12.99 183 "11.00 98 "3.45 ± 0.10 3
Zn02_03 0.1 "0.232 200 20 "23.50 219 "17.74 57 "2.96 ± 0.08 3
Zn02_04 25.2 "0.076 200 20 "11.36 214 "12.02 98 "3.33 ± 0.09 3
Zn02_05g 25 "0.176 200 20 "30.08 228 "20.88 100 "3.16 ± 0.09 3
Zn02_06g 26 "0.176 200 20 "37.38 230 "23.50 105 "3.22 ± 0.09 3
Zn02_07 26.1 "0.176 200 20 "15.67 54 "3.57 109 "3.42 ± 0.09 3
Zn02_08 25 "0.276 200 20 "39.14 207 "21.64 97 "3.27 ± 0.09 3
Zn02_09h 25.7 "0.376 200 20 "5.14 215 "8.15 97 "3.82 ± 0.09 3
Zn02_10 50 "0.120 200 20 "7.91 217 "10.19 99 "3.19 ± 0.09 3
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Table 3 (continued)

Sample Temperature
("C)

ga (V) Stir rate
(rpm)

Charge
delivered
(C)

Average
current
(mA)

Electrode
surface
area (mm2)

Cottrell di!usion-
limiting
current (mA)

E"ciencyb

(%)
D56Fe (&) ± 2rc

D66Zn (&) ± 2rd
Ne

Zn02_11 50 "0.220 200 20 "12.93 215 "12.93 100 "3.51 ± 0.08 3
Zn02_12 50 "0.320 200 20 "39.60 230 "24.18 101 "3.09 ± 0.09 3

Experiment 03
Zn03_01 25.5 "0.140 200 20 "42.76 234 "25.61 99 "3.01 ± 0.09 3
Zn03_02 25.5 "0.190 200 20 "81.00 209 "31.43 97 "2.80 ± 0.09 3
Zn03_03 25 "0.290 200 20 "151.75 241 "49.60 102 "2.80 ± 0.08 3
Zn03_04 25.5 "0.340 200 20 "211.64 241 "58.58 104 "2.72 ± 0.07 3
Zn03_05 25 "0.390 200 20 "283.69 217 "61.06 102 "2.44 ± 0.07 3

a Overpotential, g, (E " E0) relative to measured E0 from CV spectra (Table 2, Fig. 3).
b Percentage yield of metal plated (measured using AAS or ICP-MS) relative to the theoretical mass expected from charge delivered.
c The isotopic composition of the samples is expressed as a per-mil deviation from the stock solution: in the case of iron experiments:

D56Fe = d56Fesample " d56Festock, where d56Fe = [(56Fe/54Fe)sample/(
56Fe/54Fe)Spex1 " 1] * 1000.

d The isotopic composition of the samples is expressed as a per-mil deviation from the stock solution: in the case of zinc experiments:
D66Zn = d66Znsample " d66Znstock, where d66Zn = [(66Zn/64Zn)sample/(

66Zn/64Zn)NIST " 1] * 1000.
e N = number of replicate measurements.
f Only one cell used, no salt bridge.
g Test of cell geometry: changing position of working electrode relative to counter and reference electrodes in solution.
h Change in cell geometry, working electrode further from counter and reference electrodes in solution.
i Repeat signifies a repeat analysis of the above sample but during a separate analytical session.

Table 4
Iron stable isotope fractionation of electroplated iron on planar glassy carbon electrodes.

Sample d56Fea (&) ± 2r d57Fea (&) ± 2r Nb Sample d56Fea (&) ± 2r d57Fea (&) ± 2r Nb

Experiment 01 Experiment 02
Fe01_03_Stkc 0.667 ± 0.022 0.981 ± 0.076 3 Fe02_01_Stkf 0.583 ± 0.035 0.884 ± 0.082 3
Fe01_06_Stkc 0.625 ± 0.051 0.904 ± 0.141 5 Fe02_05_Stkf 0.608 ± 0.092 0.901 ± 0.131 5
Fe01_06_Cell1d 0.680 ± 0.031 0.994 ± 0.062 3 Fe02_06_Stkg 0.843 ± 0.040 1.232 ± 0.049 5
Fe01_15_Stkc 0.659 ± 0.041 0.945 ± 0.058 5 Fe02_06_Cell1 0.846 ± 0.023 1.268 ± 0.097 5
Fe01_15_Cell1d 0.640 ± 0.052 0.922 ± 0.089 5 Fe02_01 "3.529 ± 0.302 "4.985 ± 0.294 5
Fe01_01 "1.021 ± 0.021 "1.514 ± 0.047 5 Repeath "3.329 ± 0.054 "4.809 ± 0.126 3
Fe01_02 "0.679 ± 0.030 "1.064 ± 0.108 5 Fe02_02 "1.992 ± 0.036 "2.748 ± 0.084 3
Fe01_03 "0.609 ± 0.055 "0.943 ± 0.074 5 Fe02_03 "0.725 ± 0.039 "1.083 ± 0.037 5
Repeath "0.506 ± 0.055 "0.780 ± 0.114 3 Fe02_04 "3.224 ± 0.019 "4.787 ± 0.035 5
Fe01_04 "0.232 ± 0.069 "0.406 ± 0.127 3 Fe02_05 "1.584 ± 0.023 "2.379 ± 0.127 4
Fe01_05 "1.380 ± 0.055 "2.064 ± 0.164 5 Fe02_06 "1.926 ± 0.039 "2.874 ± 0.095 5
Fe01_06 "1.148 ± 0.155 "1.727 ± 0.179 3 Fe02_07e "1.025 ± 0.184 "1.554 ± 0.157 5
Repeath "1.092 ± 0.051 "1.605 ± 0.074 5 Repeath "1.080 ± 0.018 "1.619 ± 0.113 3
Fe01_07 "1.210 ± 0.057 "1.854 ± 0.083 5
Fe01_08 "1.014 ± 0.022 "1.523 ± 0.112 5 Standards
Fe01_09 "0.967 ± 0.020 "1.438 ± 0.047 5 Spex1 0 0
Fe01_10 "1.056 ± 0.042 "1.607 ± 0.129 5 IRMM-014 0.225 ± 0.051 0.318 ± 0.095 54
Fe01_11 "1.097 ± 0.074 "1.674 ± 0.039 5
Fe01_12 "0.475 ± 0.043 "0.705 ± 0.122 5
Fe01_13 "0.710 ± 0.035 "1.051 ± 0.059 5
Fe01_14 "1.517 ± 0.071 "2.235 ± 0.075 3
Fe01_15 "1.539 ± 0.045 "2.338 ± 0.051 5
Repeath "1.494 ± 0.100 "2.245 ± 0.115 3
Fe01_16 "1.123 ± 0.052 "1.624 ± 0.050 5
Fe01_17 "0.971 ± 0.073 "1.458 ± 0.062 5

a The isotopic composition of the samples is expressed as a per-mil deviation from the Spex1 standard using the formula:
dxFe = [(xFe/54Fe)sample/(

xFe/54Fe)Spex1 " 1] * 1000.
b N = number of standard bracketed replicates (20 cycles each).
c Stk = initial stock solution.
d Cell1 = final stock solution.
e Sample acidified with HCl instead of H2SO4.
f Stocks prepared from di!erent FeSO4#7H2O sources.
g Stocks prepared from di!erent FeSO4#7H2O sources.
h Repeat signifies a repeat analysis of the above sample but during a separate analytical session.
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solutions. The temperature e!ect is distinct from a reaction
current e!ect. At constant temperature, fractionation
decreases as reaction current increases. At constant overpo-
tential, increased temperature increases reaction current,
however in this case, isotope fractionation increases. There-
fore, opposite trends in fractionation as a function of
current are observed, and a single current-driven fraction-
ation model cannot explain the observed fractionations as
a function of temperature and overpotential.

A series of experiments were performed to test the iso-
tope sensitivity of various aspects of the experimental
design and the electrochemical cell geometry, to determine
which experimental variables may be important for isotope
fractionation and which are not. At a single overpotential
and temperature, no significant changes in fractionation
are observed as a function of charge passed from 5 to
50 C (see samples Fe01_08 to Fe01_10, Table 3) over a time
range of 32–284 s. This indicates that the fractionation does
not change with time, as long as the electrodeposition rate
is held constant. We observed no di!erence in the measured
fractionation using a dual-cell/salt bridge geometry and a
single cell geometry (see samples Fe01_09 and Fe01_11, Ta-
ble 3). Other changes in cell geometry, such as the position
of the working electrode relative to the counter and refer-
ence electrodes, a!ected the magnitude of current mea-
sured, but not the measured fractionation in samples (see
samples Zn02_05 and Zn02_06, Table 3). The area of work-

ing electrode exposed had a large e!ect on the overall cur-
rent, and thus time taken to deliver a fixed number of
Coulombs of charge, with lower average currents being
passed ("16 mA vs. "30 mA) with less working electrode
surface exposed to the stock solution (54 mm2 vs.
228 mm2 in samples Zn02_05 and Zn02_07, respectively,
Table 3). However, this only had a small e!ect on the frac-
tionation between solution and the plated metal, i.e.,
&0.26& di!erence in composition between samples
Zn02_05 and Zn02_07. In most cases the experimental cell
geometry was kept as consistent as possible in order to
examine both fractionation and current trends between
samples. Tests of the stock solution composition before
and after an experiment show that the isotope composition
of the stock remains unchanged (Tables 4 and 5).

On the other hand, stirring stock solutions during
electroplating with a magnetic stir bar did a!ect the
overall observed isotope fractionation, with much larger
fractionations seen in stirred samples, e.g., iron: sample
Fe01_09 (stirred, Table 3) is &0.5& lighter than sample
Fe01_12 (unstirred, Table 3); zinc: stirred samples in
Zn Exp. 01 (Table 3) are &2& lighter than samples pla-
ted from similar unstirred stock solutions used in previ-
ous studies (Fig. 5A, Kavner et al., 2008). This result
is in accordance with the importance of the mass trans-
port influence on isotope fractionation, as described in
Section 4.

Table 5
Zinc stable isotope fractionation of electroplated zinc on planar glassy carbon electrodes.

Sample d66Zna (&) ± 2r d68Zna (&) ± 2r Nb Sample d66Zna (&) ± 2r d68Zna (&) ± 2r Nb

Experiment 01 Experiment 02
Zn01_Stkc 2.732 ± 0.056 5.443 ± 0.215 5 Zn02_Stkc 2.685 ± 0.042 5.301 ± 0.149 3
Zn01_Stkc 2.741 ± 0.055 5.455 ± 0.157 5 Zn02_Stkc 2.633 ± 0.123 5.267 ± 0.256 3
Zn01_01_Cell1d 2.666 ± 0.040 5.306 ± 0.185 3 Zn02_04_Cell1d 2.664 ± 0.070 5.289 ± 0.155 3
Zn01_05_Cell1d 2.848 ± 0.039 5.438 ± 0.129 5 Zn02_01 "0.437 ± 0.052 "0.944 ± 0.117 3
Zn01_07_Cell1d 2.442 ± 0.132 4.787 ± 0.256 3 Zn02_02 "0.793 ± 0.056 "1.594 ± 0.222 3
Repeate 2.657 ± 0.039 5.333 ± 0.083 3 Zn02_03 "0.301 ± 0.014 "0.587 ± 0.104 3
Zn01_09_Cell1d 2.619 ± 0.022 4.891 ± 0.032 3 Zn02_04 "0.672 ± 0.040 "1.332 ± 0.024 3
Zn01_01 "1.911 ± 0.100 "3.834 ± 0.206 3 Zn02_05 "0.505 ± 0.043 "0.946 ± 0.159 3
Zn01_02 "1.433 ± 0.077 "2.796 ± 0.297 5 Zn02_06 "0.562 ± 0.045 "1.115 ± 0.142 3
Zn01_03 "1.341 ± 0.045 "2.709 ± 0.352 3 Zn02_07 "0.761 ± 0.027 "1.485 ± 0.049 3
Repeate "1.303 ± 0.007 "2.567 ± 0.026 3 Zn02_08 "0.610 ± 0.028 "1.137 ± 0.129 3
Zn01_04 "2.406 ± 0.059 "4.761 ± 0.205 3 Zn02_09 "1.158 ± 0.023 "2.209 ± 0.033 3
Zn01_05 "2.235 ± 0.067 "4.419 ± 0.154 3 Zn02_10 "0.527 ± 0.044 "0.883 ± 0.131 3
Zn01_06 "1.724 ± 0.036 "3.361 ± 0.124 5 Zn02_11 "0.855 ± 0.018 "1.662 ± 0.084 3
Zn01_07 "1.537 ± 0.052 "2.946 ± 0.207 3 Zn02_12 "0.428 ± 0.022 "0.829 ± 0.078 3
Zn01_08 "1.193 ± 0.016 "2.246 ± 0.111 3
Zn01_09 "2.716 ± 0.050 "5.333 ± 0.079 3 Experiment 03
Zn01_10 "2.763 ± 0.046 "5.430 ± 0.162 5 Zn03_Stkc 2.672 ± 0.051 5.426 ± 0.125 3
Zn01_11 "1.961 ± 0.046 "3.879 ± 0.291 3 Zn03_02_Cell1d 2.652 ± 0.048 5.385 ± 0.153 3
Repeate "1.967 ± 0.057 "3.889 ± 0.119 3 Zn03_01 "0.335 ± 0.071 "0.594 ± 0.256 3

Zn03_02 "0.132 ± 0.072 "0.211 ± 0.291 3
Standards Zn03_03 "0.126 ± 0.061 "0.171 ± 0.175 3
NIST 0 0 Zn03_04 "0.043 ± 0.044 "0.048 ± 0.071 3
A-20K "6.709 ± 0.075 "13.254 ± 0.267 39 Zn03_05 0.232 ± 0.050 0.479 ± 0.040 3

a The isotopic composition of the samples is expressed as a per-mil deviation from the Spex1 standard using the formula:
dxZn = [(xZn/64Zn)sample/(

xZn/64Zn)NIST " 1] * 1000.
b N = number of standard bracketed replicates (30 cycles each).
c Stk = initial stock solution.
d Cell1 = final stock solution.
e Repeat signifies a repeat analysis of the above sample but during a separate analytical session.
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A plot of the fractionation on a three-isotope plot shows
the nature of the mass dependency of the isotope fraction-
ation. Following the approach of Young and Galy (2004),
we plot DXM0 vs. dYM0 for iron (X = 56/54, Y = 57/54,
Fig. 6A) and zinc (X = 66/64, Y = 68/64, Fig. 6B) where
DXM0 = dX M0 " bequilibrium#dYM and bequilibrium = ((1/
m1 + 1/m2)/(1/m1 + 1/m3). By definition, an isotope frac-
tionation due to equilibrium processes generates a line with
slope zero. A non-zero slope on this plot implies that kinetic
processes are underlying the isotope fractionation (Young
et al., 2002). Weighted best fit lines through our data sets
yield slopes of "0.00292 ± 0.00115 for iron and
"0.01049 ± 0.00057 for zinc (2r). Using the atomic masses
of iron and zinc isotopes, the calculated kinetic slopes are
"0.00594 and "0.00757, respectively. Using the molecular
weights of hexaaquo complexes—likely to be representative
of the predominant species in our solution—kinetic frac-
tionation slopes are calculated to be "0.00954 for iron
and "0.01202 for zinc. Although the measured slope for
zinc is in good agreement with calculated kinetic slopes,
the iron slope is much lower, suggesting that a combination
of equilibrium and kinetic processes are causing the frac-
tionation for iron.

4. DISCUSSION

These results are somewhat di!erent from previous stud-
ies of isotope fractionation during electroplating. For

example, Kavner et al., 2005, observed that iron fraction-
ation increases with increasing driving force—opposite the
trend observed in this data set (Fig. 4A). For zinc, although
the trends of fractionation vs. voltage are similar, we ob-
serve a much larger magnitude of fractionation compared
with an earlier study (Kavner et al., 2008). Although the
goal of the experiments were the same—to measure isotope
fractionations during electroplating—small di!erences in
the design of the experiments show significant variations
in the isotope behavior at the electrode.

A first significant di!erence is in the earlier set of iron
experiments (Kavner et al., 2005) the e"ciency of the iron
plating reaction with respect to hydrogen evolution was
about an order of magnitude smaller (average &2 ± 5%)
than in the current experiments (average e"ciency of
&90 ± 17% for Fe Exp. 01, Table 3). We attribute this dif-
ference to the lower pH of stock solutions leading to an in-
crease in H2(g) production at the working electrode. The
result was a plating reaction with very low e"ciency com-
pared with the total reaction current. However, within this
current data set, we do not observe any systematic trend in
the fractionation of samples as a function of the plating e"-
ciency (Table 3). A second significant di!erence is that no
temperature control was attempted in first sets of experi-
ments (Kavner et al., 2005, 2008). Electroplating is highly
exothermic, and our measurements show that the tempera-
ture of the plating solution rises at about 1 deg/min in the
absence of temperature control. The other significant di!er-
ence is that the solution was stirred in the current set of
experiments, but not in the first sets of experiments. In
the first sets of experiments, this was not considered an is-
sue, because the observed bubbling at the electrode (be-
cause of H2 evolution) was assumed to mix the solution
adjacent to the electrode.

This set of experiments shows clearly that isotope sepa-
ration at an electrode is quite sensitive to minor variations
in experimental protocol. This variation also provides a
means to evaluate di!erent processes that might cause frac-
tionation at an electrode. These were illustrated in Fig. 1 in
Section 1 and the following sections examine the individual
contributions to the overall observed fractionation. Our ap-
proach in this paper is to examine each of these fraction-
ation mechanisms —speciation e!ects, mass transport,
and electrochemistry. As a starting point, we iterate
through each mechanism, evaluating their contributions
to the fractionation observed and potential interaction.
Ultimately, our goal is to perform a more sophisticated res-
ervoir model of the behavior at the electrode, taking multi-
ple mechanisms into account. We consider our current
approach to be a necessary preliminary step.

4.1. Speciation and equilibrium e!ects

Isotope fractionation can result between two di!erent
aqueous species, just from equilibrium considerations. In
this section, we consider equilibrium fractionation between
species in the bulk solution and the metal precipitate and
also the possibility that the isotopic composition of the spe-
cies just adjacent to the electrode may be di!erent, in gen-
eral from the bulk. The bulk speciation in stock solutions

Fig. 3. Cyclic voltammetry as a function of temperature (0 "C:
blue; 25 "C: orange; 35 "C "Fe/50 "C "Zn: red) for (A) 0.8 M
FeCl2 stock solutions; (B) 1 M ZnSO4 in 1 M H2SO4 stock
solutions. The position of the E0 for metal deposition as a function
of temperature is shown as dashed lines at fixed overpotentials.
(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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described in Section 2.1 is summarized in Table 1. The bulk
chemistry of iron chloride stock solutions was calculated
from thermodynamic properties (Heinrich and Seward,
1990; Parkhurst, 1995; Liu et al., 2007) and the speciation
calculation shows that 'Fe(H2O)6*

2!
(aq) is predominant

(80%) with some 'FeCl*!(aq) forming (20%). Both these spe-
cies are positively charged and are likely to be attracted
to and interact with the negatively charged electrode sur-
face. The speciation in iron sulfate solutions (Parkhurst,
1995) is a little more complex with a mixture of species
forming: 'Fe(H2O6)*2!(aq) (36.7%), 'FeSO4*0(aq) (50.8%) and
'FeHSO4*!(aq) (12.5%) at a pH of 1.6. In the case of Zn, ther-
modynamic models (Parkhurst, 1995; Liu et al., 2007;
Ninkovic et al., 2007) of Zn speciation show that the
'ZnSO4*0(aq) complex is predominant in the bulk solution
of the sulfate experiments (Zn Exp. 01 and Zn Exp. 02),
and spectroscopic studies (Rudolph et al., 1999) show that
there is an equilibrium between outer-sphere and inner-
sphere zinc-sulfate complexes. In the case of the Zn chloride
experiments (Zn Exp. 03) a 'ZnCl4*2"(aq) complex predomi-
nates the aqueous speciation in bulk solution.

Speciation at the charged electrode surface will di!er
dramatically from speciation in bulk solution (Epelboin

et al., 1975; Grujicic and Pesic, 2005; Diaz et al., 2008), with
changes in chemistry, pH, and species concentrations across
the mass transport zone adjacent the electrode surface
(Fig. 1) and adsorbed intermediates, such as Fe(I)-OH spe-
cies (Diaz et al., 2008), forming on the electrode surface be-
fore metal deposition. Evaluating the “equilibrium”
fractionation between these intermediate species and plated
metal would be a pointless exercise given that the formation
of intermediate surface species is under the control of chem-
ical kinetics. Instead it can be assumed for the purposes of
this discussion that “equilibrium” fractionation is between
the overall bulk composition of the aqueous metal species
and the final metallic product. Isotope fractionation be-
tween species in chemical equilibrium (step 1) are predicted
to be small (ranging from "0.9& to "3.0&) and should
have a temperature dependence opposite to what is ob-
served here. Theoretical studies of aqueous Fe complexes
(Schauble et al., 2001; Anbar et al., 2005) predict an equilib-
rium fractionation factor ranging from a5654 = 0.9991 to
0.99875 (d56Fe & "0.9& to "1.25&) between metallic
a-Fe and the aqueous Fe complex at 25 "C. This indicates
that if the iron hexaaqua complex were the main species
being reduced at the electrode surface, the equilibrium

Fig. 4. Results from iron experiments showing: (A) D56Fe vs. overpotential; (B) e!ect of temperature on the di!usion-limiting Cottrell current
calculated for 0.78 M stock solution of iron (dashed lines) with experimental current superimposed; (C) D56Fe vs. the ratio of experimental
current to Cottrell di!usion-limiting current.
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isotope fractionation would result in a metal deposit 0.9–
1.25& lighter than the Fe in solution. Fig. 4A shows that
this predicted fractionation (D56/54FeEquilibrium = "0.9&
to "1.25& at 25 "C) is too small to explain the large fracti-
onations seen in experiments run at low overpotentials
(g < "1.0 V, Fig. 4A). Similarly, theoretical calculations
(Black et al., 2009a) show that the equilibrium fractionation
factor between metallic Zn and the aqueous 'Zn(H2O)6*

2!
(aq)

complex (D66/64ZnEquilibrium = "2.5& at 25 "C) is much
smaller than the observed fractionations (Fig. 5A).

Stable isotope theory (Bigeleisen and Mayer, 1947;
Urey, 1947; Schauble et al., 2001) also predicts that the
fractionation should scale as a function of the inverse of
temperature squared (1/T2). This means that if the fraction-
ation observed were due entirely to equilibrium fraction-
ation between di!erent Fe species, one would expect to
see an increase in the observed fractionation with decreas-
ing temperature (Hill and Schauble, 2008; Hill et al.,
2009). In fact the opposite trend is seen in the case of Iron
Exp. 01 (Fig. 4A) and Zinc Exp. 02 (Fig. 5A). The behavior
on the three-isotope plots (Fig. 6) is further evidence that a
process other than equilibrium isotope partitioning is tak-
ing place in these experiments. Therefore, although isotope
fractionations associated with chemical speciation changes

may help to determine the fractionations, equilibrium pro-
cesses are not the primary governing mechanisms that
determine the overall fractionation. Therefore, our next
step is to evaluate the e!ect of mass transport to the elec-
trode on the observed isotope fractionations.

4.2. Mass transport and electrochemical kinetic e!ects

It is unlikely that di!usion alone is responsible for the
observed fractionation. Isotope-dependent di!usion coe"-
cients for Fe2+ and Zn2+ in chloride solutions at 20 "C
has been measured to be D54Fe

+ 1:000085 # D56Fe
and

D64Zn
+ 1:000058 # D66Zn

(Rodushkin et al., 2004). These
values indicate that fractionation of the stable isotopes
of iron and zinc due to di!usion is much smaller than
we observe in these experiments. An upper bound to the
fractionation due to di!usion can be calculated using
the kinetic theory for the di!usion of two isotopologue
species, m1 and m2, through a gas of molecular weight,
M: D1/D2 = (m2(m1 +M)/m1(m2 +M))0.5 (Richter et al.,
2003; Rodushkin et al., 2004). In this case, the calculated
fractionation for unsolvated metal ions through water is
equivalent to d56Fe = "2.25& and d66Zn = "1.67&; and
"0.30& and "0.27&, respectively, for hexaaquo species.

Fig. 5. Results from zinc experiments showing: (A) D66Zn vs. overpotential; (B) e!ect of temperature on the di!usion-limiting Cottrell current
calculated for 1.0 M stock solution of zinc (dashed lines) with experimental current superimposed; (C) D66Zn vs. the ratio of experimental
current to Cottrell di!usion-limiting current.
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These fractionations are still smaller than our observed
experimental fractionations.

The second hypothesis to consider is that mass transport
processes coupled with electrochemical kinetics may be
responsible for the fractionation trends seen in the Fe and
Zn systems as a function of overpotential and temperature
(Figs. 4 and 5). The isotope e!ects of mass transport-limited
iron deposition at an electrode have been explicitly exam-
ined for the case of a planar electrode (Kavner et al.,
2009) and a rotating disc electrode (Black et al. (2010). In
both cases, mass transport-limited kinetics strongly attenu-
ates the observed fractionations. Di!usion to a planar elec-
trode is described by Fick’s second law (Bard and Faulkner,
2001), a solution to which under these conditions (Bard and
Faulkner, 2001) leads to the definition of a di!usion-limit-
ing or “Cottrell” current (id):

id(t) +
nFA

!!!!!!!
DM

p
!!!!!
pt

p (1)

where t is time, n is the stoichiometric number of electrons
being transferred, F is Faradays constant, A is the surface
area of the planar electrode, and DM is the di!usion coe"-
cient for metal (M). Di!usion is a thermally activated pro-
cess, where di!usion coe"cients scale in an Arrhenius
relationship: D = D0exp("EA/RT). The di!usion coe"cients
for iron and zinc (Vanysek, 2010) can be extrapolated to the
temperature of the experiments given estimates of the activa-
tion energies for di!usion (Zn: EA & 22.1 kJ mol"1 (Adhyap-
ak, 1986); Fe: EA & 41 kJ mol"1 (Agarwal, 1962)). Di!usion
to a planar electrode is described by Fick’s second law
(Bard and Faulkner, 2001). Using the extrapolated di!u-
sion coe"cients the e!ect of temperature on Cottrell di!u-
sion-limiting current (Bard and Faulkner, 2001; Kavner
et al., 2009) as a function of time can be calculated and
compared to the average currents observed in experiments
(Table 3 and Figs. 4B, 5B).

The observed currents span almost six orders of magni-
tude in the iron experiments (Fig. 4B) and three orders of
magnitude in the zinc experiments (Fig. 5B). Superimposed
Cottrell currents as a function of time (dashed lines, Figs.
4B and 5B) have a shallower slope than the experimental
data and span a much wider current range as a function
of temperature, with higher upper values for the di!usion-
limiting current at higher temperatures. This suggests that
mass transport limitations and the DXMMassTransport term is
less important at higher temperatures as di!usion to the
electrode surface increases and may partly explain the in-
crease in fractionation if a larger DXMElectrochemical term pre-
dominates with increasing temperature.

To further assess the role of mass transport, isotope
fractionation is plotted as a function of the ratio of the plat-
ing current to the Cottrell limiting current (Figs. 4C and
5C) (Kavner et al., 2009), in a similar manner to a study
by Watson and Müller (2009) where the e!ect of the ratio
of crystal growth rate to di!usivity in the growth medium
is used in isotopic models of crystal growth. This ratio is
a qualitative assessment of the mass transport regime in
the experiments (illustrated in Fig. 1A and B). A clear trend
emerges in the majority of data sets where fractionation in-
creases as the current ratio decreases and charge-transfer

kinetics are limiting the rate of metal deposition. At higher
current ratios, where mass transport kinetics and di!usion
to the electrode surface are limiting the rate of metal depo-
sition, much smaller fractionations are observed.

This analysis appears to reconcile the current planar elec-
trode data with the earlier data (Kavner et al., 2005, 2008).
For iron, a comparison of the Kavner et al. (2005) data with
the current FeCl2 data shows a u-shaped fractionation as a
function of current (Fig. 4C). At low deposition rates (low
currents), low fractionations are observed. As deposition
rate increases, the fractionation increases. As the deposition
rate increases further, mass transport to the electrode
becomes more limiting, and fractionation decreases again.
The bottom of this u-shaped curve occurs close to the point
where the reaction kinetics are approximately equal to mass
transport kinetics (imeasured/iCottrell & 1). However, for the
iron sulfate solution, much larger fractionations are
observed at lower deposition rates. This may be due to spe-
ciation-related isotope di!erences between the Fe–SO4

complexes and the Fe–Cl2 complexes. A similar analysis
could not be used to compare the Kavner et al. (2008), zinc
measurements with the current measurements, because reac-
tion e"ciencies were not measured in those experiments.
However, the extent of fractionation observed in metallic
zinc plated from Zn–Cl2 stocks in this study, show similar
fractionation values and trends with overpotential.

By examining isotope fractionation as a function of
experimental current relative to mass transport limiting cur-
rent, the temperature e!ect can be re-assessed. Because
mass transport is strongly thermally activated, the higher
temperature experiments have smaller imeasured/iCottrell ra-
tios than lower temperature experiments performed at the
same overpotential. Therefore, it appears that the observa-
tion of increasing isotope fractionation with temperature
can be explained by a thermal enhancing of the rates of
mass transport of reactant to the electrode surface. The ori-
ginal theory developed by Kavner et al. (2005) appears to
be most relevant when applied to their iron data set, where
mass transport limitations may be minimal due to low rates
of electrochemical deposition. However, more detailed res-
ervoir models are needed to separate the e!ects of mass
transport from electron transfer kinetics and the subsequent
e!ect on isotopic fractionation in the in final products.

5. CONCLUSIONS

Separating stable isotopes of transition metals is usu-
ally di"cult, and tends to result in small fractionations.
Here, we use electroplating to generate very large isotope
fractionations during a redox process. The fractionations
observed in our laboratory are as large as the variability
observed in natural systems. Although the experiments
performed here—electrodeposition of metals from M(II)
aqueous species—are not the identical to the processes
that occur in natural systems (e.g., usually Fe(II)/Fe(III)),
the concepts and the underlying theory are equally rele-
vant. The Marcus–Kavner theory (Kavner et al., 2005)
predicts an isotopic fractionation will occur during any
electrochemical charge-transfer process. Mass transport
is relevant for all reaction kinetics, as is consideration of
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isotope fractionations due to speciation changes. Although
the details of extent of fractionations may vary from pro-
cess to process (and indeed—we observe this as we change
solution chemistry in our systems) the underlying princi-
ples apply to all of these systems.

Fig. 1 represents a simplification of a dynamic interplay
between the processes controlling deposition of metal at a
charged interface. The results presented here suggest the
overall fractionation measured in metal samples is a result
of contributions from all three processes in Fig. 1. Di!er-
ences in aqueous speciation result in di!erences in the mag-
nitude of fractionation, but predicted equilibrium isotope

e!ects (D56Fe
25,C

Fe(s)–'Fe(H2O)6 *
2! + "0:9& (Schauble et al.,

2001); D66Zn
25,C

Zn(s)–'Zn(H2O)6 *
2! + "2:5& (Black et al., 2009a))

are small in comparison to the overall fractionations ob-
served (at 25 "C: D56Fe up to "3.82&; D66Zn up to
"5.14&) and predict the opposite trends with changing
temperature in some cases. The overpotentials applied in
these experiments were quite large and led to mass trans-
port limitations. All the data fall out along a clear trend
when examining the mass transport regime, with larger
fractionations observed at small deposition currents, where
charge-transfer kinetics are limiting and fractionation is

systematically attenuated by a smaller di!usion-driven frac-
tionation at higher deposition currents where mass trans-
port limitations dominate.

Together, these data bolster the hypothesis of a large
isotope fractionation due to the electron transfer step at
the electrode. The temperature e!ect explored here in
mass transport limiting regimes, where fractionation is
increasing with increasing temperature, is counterintuitive
to stable isotope theory where fractionation is expected to
decrease with increasing temperature. These temperature
trends can be explained when examining the experimental
reaction currents (deposition rates) against a mass trans-
port limiting current (calculated Cottrell current) where
this ratio decreases with increasing temperature, or in
other words mass transport to the electrode is thermally
activated and increases as temperature increases. An
examination of the temperature e!ect upon fractionation
in a non-mass transport limiting regime is needed for a
more complete understanding of the electrochemical iso-
tope e!ect predicted by Marcus–Kavner theory. Studies
are currently underway to examine this e!ect using rotat-
ing disc electrodes where the mass transport regime can
be directly controlled.

The processes reported here may be valuable for inter-
preting isotope signals in the natural environment. For
example, we find that in mass transport-limited reactions
there is a positive correlation between the magnitude of iso-
tope fractionation and temperature, and a negative correla-
tion between the magnitude of isotope fractionation and
reaction driving force. In the absence of mass transport lim-
itation theory predicts the opposite relationships, with iso-
tope e!ects decreasing at higher temperatures and
increasing with higher reaction driving force. Correlations
between the magnitude of isotope fractionation and tem-
perature or driving force may therefore be used as a tool
to determine whether a natural system is mass transport
limited. This research also helps to establish the magnitude
of di!erent isotope e!ects. While the large isotope e!ects
associated with electroplating are unlikely to be seen in nat-
ural systems, the di!usion isotope e!ect for M(II) species
may be applicable to natural and environmental samples.
For example, this work demonstrates that the di!usion iso-
tope e!ect for Fe in 0.8 M FeCl2 is less than 1& and that
di!usion isotope e!ects for Zn in 1 M ZnSO4 or 1 M ZnCl2
is less than 2.5&. In future experiments, electroplating
could provide a new tool for measuring the exact magni-
tude of these di!usion isotope e!ects. Mass transport limi-
tation and di!usion are common natural processes that
a!ect the fractionation of metal isotopes. By studying these
processes in controlled laboratory experiments, we can bet-
ter understand how these signals will be recorded in the nat-
ural environment.
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Fig. 6. Three-isotope plots of (A) D66Zn0
NIST vs. d68Zn0

NIST with
d66Zn vs. d68Zn inset, Zinc Experiment 01; (B) D56Fe0Spex1 vs.
d57Fe0Spex1 with d56Fe vs. d57Fe inset, Iron Experiment 01.
Equilibrium mass-dependent fractionation line (solid, 0 on y axis);
kinetic mass-dependent fractionation line (dashed) using atomic
masses (Young and Galy, 2004). Weighted best fit to data (red solid
line). (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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