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Electron-transfer related isotope fractionation may produce large stable isotope geochemical signatures as a
result of a variety of Earth processes, including biology, chemical weathering, fluid-rock interactions, and
deep Earth redox reactions. In the laboratory, isotope fractionation at a charged electrode has been observed
for electroplating of Fe and Zn; however these can arise from a variety of effects besides the electron transfer
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Keywords: process. Here, we examine the effect of mass transport on observed isotope fractionation during
Electrochemistry potentiostatic electroplating of iron. We examine the observed isotope fractionation as a function of the
Redox ratio of the observed plating current to the mass-transport limited current (the Cottrell current). When the
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electroplating experiments are run at currents greater than the Cottrell current, the observed fractionation
is ~—1.15(+0.40) %, and the extent of fractionation shows a tendency to decrease with increasing plating
rate. When electroplating experiments are run at currents below the Cottrell current, observed fractionations
are strongly dependent on the plating rate, with a maximum value of 6°°Fe = —4.8. The data set demon-
strates that mass transport to the electrode tends to attenuate a large fractionation factor associated with
other, non-mass transport, processes at the electrode.
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1. Introduction

Redox processes of transition metals often play an active role in
many Earth and planetary science processes, such as biological
processes, chemical weathering, fluid-rock chemical interactions,
and deep Earth chemistry such as reactions during core formation or
at the core/mantle boundary. Since the advent of high resolution mass
spectrometry techniques to measure %o (parts per thousand) varia-
tions in stable isotopes abundances, transition metal isotope systems
have been used increasingly as geochemical markers for a variety of
processes (Albarede and Beard, 2004; Anbar, 2004; Anbar et al., 2005;
Anbar and Rouxel, 2007; Beard and Johnson, 2004; Johnson et al.,
2004, 2008; Schauble, 2004; Zhu et al., 2002). Specifically, processes
that change the valence state of transition metals—redox processes—
appear to generate relatively large isotope fractionations, on the order
of a few %.. Redox-related isotope fractionation is predicted in
theoretical calculations (Anbar et al., 2005; Jarzecki et al., 2004;
Schauble, 2004; Schauble et al., 2001; Polyakov et al., 2007), and
observed in laboratory experiments (Anbar et al., 2000; Bullen et al.,
2001; Roe et al, 2003), biological systems (Beard et al., 1999;
Mandernack et al., 1999; Brantley et al., 2001; Croal et al., 2004;
Ohno et al., 2004; Johnson et al., 2005), and ocean (Beard et al., 2003;
Rouxel et al., 2005), sedimentary (Johnson et al., 2003; Severmann
et al., 2004), and solid Earth (Williams et al., 2004) environments.
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Our goal has been to use laboratory electrochemistry techniques to
elucidate some of the physical and chemical mechanisms that control
redox-related isotope fractionation. In two recent studies, voltage-
dependent stable isotope fractionation was observed during potentio-
static electroplating of Fe (Kavner et al., 2005) and Zn (Kavner et al.,
2008). During plating of iron, fractionation increased with increasing
overpotential (electrochemical driving force). In Zn, the extent of
fractionation was larger at lower overpotentials, and decreased with
increasing driving force. These results showed large isotope fractiona-
tions during the reduction reaction of M®* + 2e™ =M at a negatively
charged electrode. The results were interpreted in terms of a modified
Marcus equation describing isotopic dependence of electron transfer
kinetics (Marcus, 1964, 1965, 1993; Kavner et al., 2005, 2008). This
theory, developed for single electron transfer in a homogeneous
reaction, assumes that the electron transfer step is the rate-limiting
step, and controls the isotope fractionation.

In reality, the behavior at an electrode during electrodeposition is
significantly more complicated, with significant variations in solution
chemistry adjacent to the double layer and mass transport to the
electrode in addition to electron transfer. Each of these steps can
generate isotope signatures. For example, Rodushkin et al. (2004)
observed iron isotope fractionations on the order of ~—0.3%. due to
diffusion in an aqueous environment. Close to an electrode surface,
double-layer models [e.g. Grahame, 1947] predict large local variations
in chemistry, such as associated with change in ligands and speciation
as the electrode is approached. This can result in isotope signatures
associated changes in equilibrium species. This effect can be on the
order of a few ~%. (Hill and Schauble, 2008), and will depend on the
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solution chemistry and its changes as the electrode surface is ap-
proached. Finally, an isotope effect due electron transfer has been
hypothesized in two previous papers (Kavner et al., 2005; Kavner
et al., 2008).

Our goal in this paper is to examine how isotope fractionation
occurs during mass-transport-limited electron transfer processes. We
derive an isotope-sensitive version of the Cottrell equation, which
describes electrochemical reaction rates in the diffusion-limited
regime (Bard and Faulkner, 1980). We use this theory to interpret a
series of new experiments showing isotope fractionation during iron
electrodeposition under a variety of experimental conditions.

2. Mass transport at an electrode

Mass transfer to a charged electrode is governed by convection,
electromigration, and diffusion of the ion species to the surface of the
electrode. For simplicity, we only examine the one-dimensional
problem. We assume that the electrode is an infinite plane, and all
behavior takes place as a function of distance from the electrode.
Although these simplifying assumptions may introduce some quanti-
tative errors, they should not change the basic qualitative isotope
behavior of these systems. This section follows the development
as presented by a standard electrochemistry textbook (Bard and
Faulkner, 1980). The steady state, one-dimensional version of the
equation governing mass transport to an electrode is known as the
Nernst-Planck equation, where total flux is equal to contributions
from convection, electromigration, and diffusion, and is given by:

. zF I Z)C]-(X)
109 = Gl — DG o = 0,7
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where Jj(x) is the flux of species j to the electrode; C; is the con-
centration of species j; v(x) is the viscosity; D; is the diffusivity of
species j; 0¢/0x is the electric field, z is the number of electrons
transferred in a single reaction (2 for the Fe™2 +2e~ =Fe reaction),
T is temperature, R is the ideal gas constant, and F is Faraday's
constant, equal to 96,485 Coulombs/mol. This equation can be recast
with each flux term written as currents:

_ZF]j(X) = Liotal = lconvection + lelectromigration + Ldiffusion (2)

where Ji(x) is the flux of species j at distance x (units: s~ ' cm~?2), and
the current i is related to the flux via the Faraday equivalent between
current and concentration zF; and the terms on the right hand sides of
Egs. (1) and (2) represent currents due to convection, electromigra-
tion, and diffusion. Since mass transport by convection cannot
generate isotope fractionation by itself, it will not be considered
here. In the following two sub-sections, we consider isotope effects of
both electromigration and diffusion to a charged electrode.

2.1. Electromigration at an electrode

For simplicity, we assume the electric field varies linearly away
from the electrode. The electromigration current is proportional to the
electric field, with only concentration and mobility, u;, as proportion-
ality constants:

Ji = uicge 3)
The current due to electromigration can then be written as:

. |z;| FAu;GAE
imj = % (4)

where ip; is the current due to the electromigration of j; |z| is the
absolute value of the charge on j; F is Faraday's number; A is the area
of the electrode; Cj is the concentration of species j; A¢ is the voltage

drop across that interface; [ is the length scale over which that voltage
drop takes place; and u; is the mobility—which has units of velocity/
electric field or cm/s per V/cm or cm? s~ ' V™1,

The mobility is derived by considering the force balance between
viscous drag and electric field on a charged species in a viscous fluid.
At equilibrium, this balance is written as:
zjee = 6mNIry; (5)
where ¢ is electric field, 7 is the viscosity of the fluid, r is the radius of

particle, and v is its velocity. The mobility is defined at this
equilibrium, as u;=vj/¢, where the velocity is the terminal velocity.

.l (6)
T emr

Substituting Eq. (6) back into Eq. (4) yields a current due to
electromigration equal to:
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The only isotope-dependent term in this equation is related to the
concentration of each species C;. Therefore, although electromigration
may change the overall flux to an electrode, it does not cause any
additional isotope fractionation that is not already due to other factor
affecting relative isotope compositions, such as diffusion, evolution of
reservoir, and/or electrochemical processes.

2.2. Diffusion at an electrode
The one-dimensional diffusion equation for a planar electrode is:

92Cy(x,t)
ax?

ICo(x, 1)
at

= Do (8)

The initial condition assumes that the concentration near the
electrode is identical to the bulk solution; i.e. Gi(x=0, t=0)=Cj,,
where Cy is the starting concentration in the reservoir. For mass-
transport limited processes at an electrode, the concentration at the
electrode surface is established by the boundary condition C; (x=0,
t>1)=0 which is equivalent to assuming that at the electrode, the
aqueous species is immediately reduced. Finally, we assume that the
reservoir is large compared with the amount of plated material, and
therefore Cj(x>>0, all t) = Cjo. As will be seen in the next section, we
have designed our experiments to plate out only small amounts of the
total ion in solution to satisfy this boundary condition.

The solution to this differential equation with these boundary
conditions for mass-transport-limited electrochemical reactions pro-
vides the current-time response at an electrode, and is known as the
Cottrell equation (Bard and Faulkner, Section 5.2.1).

i(t) = iy(t) = L%ﬁo 9)

where iq(t) is the rate-limiting current, also known as the “Cottrell
current”; and A is the electrode area. When reaction rates are
significantly larger than the Cottrell current, then mass transport to
the electrode is the rate-limiting step. If experimental electrochemical
reaction rates are much lower than the Cottrell current, then material
can be supplied to the electrode fast enough so that another electrode
processes is rate-limiting. Typical values of time-dependent Cottrell
currents for 2 M and 0.25 M FeCl, solutions—such as the one we use in
our experiments—are plotted in Fig. 1, along with our estimated
experimental plating currents (cf. Section 3).
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Fig. 1. Electrodeposition rate (current) as a function of total plating time for each
experiment for 2 M (solid squares) and 0.25 M (open circles) FeCl, solutions. Straight lines

show the calculated Cottrell (mass-transport limiting) current calculated for 2 M (solid)
and 0.25 M (dashed) FeCl, solutions, using i(t) = i4(t) = % with Do =6x10"%cm?/s

e
andA=1cm?

The isotope-dependent Cottrell equation reduces to:

D
&M =1000( (/=22 — 1 (10)
D0,2

where 2M is the isotope fractionation of the metal's heavy isotope
(M,2) with respect to its light isotope. The diffusivities of the two
isotopologues are Dy for the heavy isotope and Dy for the light. Eq.
(10) predicts a time-independent fractionation factor during mass-
transport limited electroplating.

These equations for mass transport at an electrode suggest that
isotope fractionation will be a constant related only to the diffusivity
of the species in solution at the electrode. Although the concentrations
of the species adjacent to the electrode varies as a function of time
according to these solutions to the diffusion equation, the ratio of the
concentrations of the two isotopes themselves do not vary as a
function of time. Therefore, fractionation by diffusive transport is
predicted to be a constant, even if the kinetics of the reaction changes
due to application of overpotential. Rodushkin et al. (2004) measured
a fractionation factor (o) due to diffusion of iron isotopes in aqueous
systems equal to D°°Fe/D>*Fe—1= —9x 10~>, and observed isotope
fractionations in their experimental system up to — 0.3%o..

3. Experimental procedure
3.1. Electroplating experiments

The goal of the experiments is to perform a series of Fe elec-
trodeposition experiments under a variety of controlled potential
conditions, and to examine how the isotope composition of the
electroplated iron metal varies as a function of the ratio of the
electrodeposition rate to the calculated mass-transport limited
current. Eight sets of electrodeposition experiments were per-
formed, as outlined in Table 1. In all cases, Fe metal was electroplated
from FeCl, starting solutions, with concentrations varying from 2 M
down to 0.125 M. In all cases, plating solutions were acidified with
1 M HCL

The experimental procedure follows a similar approach to what
was reported in Kavner et al. (2005). Iron electroplating experiments
were performed under potentiostatic (constant voltage) conditions
with an Autolab Potentiostat using a three-electrode electrochemical

cell, equipped with a silver/silver chloride reference electrode. All data
are tabled in Table 1. For each plating experiment, a 50 mL aliquot was
poured from initial 1 L stock solutions. Prior to each experiment, the
solution was de-oxygenated by bubbling Ar for 20 min. Both the
working electrode (where electrodeposition occurs), and the counter
electrode consisted of ~1 cm? plates of amorphous carbon (Alfa
Aesar). Cell potentials are reported with respect to the calculated
equilibrium reduction potential of the Fe™2/Fey; reaction using the
Nernst equation. Following convention, we define our electrodeposi-
tion potentials as negative values. Values ranged from —0.25 V to
— 1.53 V. The total charge (Q) passed during each deposition experiment
was also controlled, with values from Q=1 to 99 C. In all experiments,
iron deposition was accompanied by a significant hydrogen evolution at
the working electrode. Therefore, not all of the Coulombs passed
resulted in deposition of iron. As described in the next section, dilutions
of collected material provided an estimate of the reaction efficiency,
which varied throughout the experiments, from less than 1% to almost
100%. Aside from mixing at the electrode due to hydrogen evolution, the
solution was not mixed during deposition experiments, and tempera-
ture was not controlled during these experiments. For experiment series
A-G, less than 0.1% of the total iron in the solution was electroplated
during each experiment in order to avoid evolution of the isotopic
composition of the plating solution reservoir.

3.2. Mass spectrometry

Isotopic analysis of the plated material and remaining solution was
performed following the procedures reported in Kavner et al. (2005).
An effort was made to collect all of the deposited material from each
electrode. Each electrode was collected and gently washed with
distilled water to remove the excess plating bath solution. The elec-
trodes were then placed in clean Teflon beakers. Electroplated iron
was removed from the electrodes with hot concentrated HNOs acid for
about 6 h followed by hot concentrated HCI acid for about 10 h.
Subsequent scanning electron microscopy examination of cleaned
electrodes showed no remaining iron and a small amount of increase
in the roughness of the electrode surface. All solutions were dried
down after acid baths, and were finally re-dissolved in 0.3 N nitric acid
for analysis. In addition, for each set of experiments, a small amount of
the starting solution was dissolved in hot concentrated HNO3 acid and
then diluted to 0.3 N for analysis. The samples were diluted to Fe
concentrations ranging from 3 to 5 ppm. Dilutions were recorded to
provide an estimate of the amount of material collected from the
electrode, in milligrams (Table 1). This is likely a lower bound to the
actual amount plated, and we estimate a factor of ~2 uncertainty in
the estimate. This value was used to estimate the electroplating cur-
rent, via the formula igeop (milliamps) = 1000 x zFgpjated/ (W t) where
z=2 electrons transferred, F is Faraday's constant=96,485 C/mol,
Zplated 1S the amount of material plated, W is the atomic mass of Fe,
equal to 55.56 g/mol, and t is the total amount of time for the
electrodeposition experiment. These values, which vary from 10 s of
PA to 10 s of mA, are shown in Table 1. The ratio of this value to the
total amount of current passed in the experiment (= Q/t, where Q is
the total amount of Coulombs passed in each experiment, and is
shown in Table 1) provides a lower-bound estimate to the efficiency of
the iron electroplating reaction with respect to hydrogen evolution at
the electrode. Estimated efficiencies were highly variable among
individual experiments, and between sets of experiments, with many
values in the 0.1% and 10% ranges. For each experiment, an estimated
plating rate in mol/m?/s is calculated using the relation rate = (i/AzF)
where i is the estimated plating current in amps and A is the electrode
area in m2 We consider these values in plating rate to be order-of-
magnitude estimates, given sources of uncertainty in the estimate of
plating current and uncertainty in electrode area, which was not
monitored directly for these experiments, but in all cases was approx-
imately ~1 cm?.
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Table 1

Data summary from all plating experiments.

Experiment [FeCl,]  Plating Charge Time 5%Fe 5Fe Fe deposition  Calculated Calculated Plating current/

set overpotential passed (s) (%o wrt (%0 wrt reaction plating current Cottrell limit Cottrell current

V) (C) starting starting efficiency (mA) (mA)
solution)” solution)’® (%)

2 -0.62 95 4508 -1.36(5) -2.06(5) 5.46 1.15 7.95 0.15
2 -0.27 82 10,600 -0.07(4) -0.10(10) 6.32 0.49 5.18 0.09
2 -1.37 80 540 -2.12(1) -3.11(4) 0.94 1.39 22.96 0.06
2 -0.87 99 970 -1.58(1) -2.34(5) 0.38 0.90 17.13 0.05

From Kavner

et al. 2005 & -0.27 50 26,330 0.06(2) 0.10(2) 0.94 0.02 3.29 0.01
2 -0.62 80 1550 -1.51(2) -2.25(5) 0.74 0.38 1355 0.03
2 -0.47 95 3210 -0.48(2) -0.70(5) 0.92 0.27 9.42 0.03
2 -0.62 77 1400 -0.37(3) -0.54(6) 0.40 022 14.26 0.02
7 -0.62 80 473 -3.29(13) -4.86(22) nfa njfa 2452 nfa
2 -0.27 10 2400 -2.15(11) -3.15(16) nfa nfa 10.89 nja

A 2 -1.37 80 160 -3.39(4) -5.02(6) nfa nfa 4215 nja
0.5 -1.35 80 402 -1.99(2) -2.91(7) nfa nfa 6.64 nfa
0.5 -0.6 80 933 -1.40(2) -2.07(6) n/a nfa 4.37 nja
0.5 -0.25 1 12,000 -0.47(4) -0.44(9) n/a nfa 1.22 nja
0.125 -1.53 80 n/a -0.19(7) -0.36(10) nja nja n/a nfa
0.125 -1.03 10 445 -0.18(3) -0.28(33) 40.65 9.18 1.58 5.78
0.125 -0.83 10 nja -0.21(9) -0.28(16) 34.55 nfa n/a nfa
0.125 -0.63 10 nfa -0.24(10) -0.29(9) 19.74 nfa n/a nfa
0.125 -0.43 10 nja -0.57(5) -0.88(8) 17.28 nfa n/a nja
0.5 -1.25 10 114 -0.66(6) -1.00(13) 46.07 40.59 12.49 3.24

B 0.5 -0.85 10 263 -0.79(5) -1.16(8) 27.64 10.56 8.22 1.28
0.5 -1.05 10 147 -0.66(10) -1.00(20) 36.85 25.18 11.00 2.28
0.5 -0.65 10 367 -1.11(8) -1.67(4) 27.64 7.57 6.96 1.08
0.5 -0.45 10 634 -1.36(3) -2.06(5) 22.11 3.50 5.30 0.66
0.5 -1.05 80 738 -0.87(1) -1.28(14) 33.17 36.12 491 7.32
2 -1.27 10 37 -1.54(8) -2.21(21) 27.64 75.04 87.71 0.85
2 -0.87 10 79 -1.66(3) -2.39(43) 27.64 35.15 60.02 0.58
2 -0.47 10 228 -1.88(4) -2.76(12) 5.53 2.44 35.33 0.07
2 -1.07 10 45 -0.79(10) -1.20(20) 71.87 160.42 79.53 201
2 -1.37 80 307 -1.33(4) -1.97(2) 54.23 141.31 30.45 4.64
2 -1.37 40 177 -1.62(11) -2.40(6) 46.01 103.98 40.10 259
2 -1.37 20 72 -1.55(6) -2.28(3) 44.88 124.67 62.87 1.98

C 2 -1.37 10 37 -1.47(3) -2.21(8) 47.33 127.91 87.71 1.46
2 -0.77 80 463 -1.92(2) -2.83(8) 40.67 70.28 24,79 2.83
2 -0.77 40 357 -1.75(9) -2.62(13) 43,38 48.61 28.24 572
22 -0.77 20 147 -1.57(5) -2.34(11) 43,38 59.03 44.00 1.34
% 20573, 10 81 -1.57(2) -2.36(1) 4338 53.56 59.28 0.90
0.25 -0.59 80 2314 -1.67(4) -2.49(7) 413 1.43 1.39 1.03
0.25 -0.59 40 1160 -1.69(3) -2.52(3) 5.78 1.99 1.96 1.02
0.25 -0.59 20 552 -1.27(2) -1.88(7) 8.67 3.14 2.84 1.11
0.25 -0.59 10 455 -1.70(3) -2.53(4) 5.33 117 3.13 0.38
0.25 -0.84 80 1220 -1.53(3) -2.27(2) 5.78 3.79 1.91 1.99

D 0.25 -0.84 40 472 -1.06(1) -1.59(4) 10.40 8.82 3.07 2.87
0.25 -0.84 20 255 -0.99(2) -1.48(3) 11.55 9.06 417 2.17
0.25 -0.84 10 149 -0.95(8) -1.38(7) 17.75 11.99 5.47 2.19
0.25 -1.09 80 877 -1.21(2) -1.77(4) 8.67 7.91 2.25 S5l
0.25 -1.09 40 553 -1.17(2) -1.78(4) 7.54 5.46 2.84 1.92
0.25 -1.09 20 220 -1.03(4) -1.54(2) 11.55 10.54 4.50 234
0.25 -1.09 10 144 -0.98(4) -1.45(2) 10.65 7.44 5.56 1.34
2 -0.62 80 566 -3.90(4) -5.77(4) 1.58 223 22.42 0.10
2 -0.62 80 570 -3.18(6) -4.73(8) 1.24 1.74 22.34 0.08
2 -0.62 40 272 -3.28(3) -4.89(9) 1.74 2.55 32.35 0.08
2 -0.62 20 154 -2.51(5) -3.74(6) 1.08 1.41 42,99 0.03
2 -0.62 10 80 -2.90(3) -4,31(4) 12.62 15.70 59.50 0.26

E 2 -0.87 80 322 -3.56(4) -5.27(9) 1.93 4.79 29.74 0.16
2 -0.87 40 162 -3.54(1) -5.27(4) 1.60 3.96 41.90 0.09
2 -0.87 20 104 -3.60(2) -5.37(4) 1.82 3.53 52.44 0.07
2 -0.87 10 55 -3.67(2) -5.48(8) 1.15 211 72.00 0.03
2 -1.12 80 286 -3.65(5) -5.43(6) 1.73 4.85 31.54 0.15
2 -1.12 40 140 -3.68(5) -5.51(14) 2.04 5.84 45.12 0.13
2 -1.12 20 60 -2.76(6) -4.12(3) 2.88 9.61 68.76 0.14
2 -1.12 10 35 -1.70(2) -2.54(2) 4.08 11.70 89.79 013
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Table 1 (continued)

Experiment [FeCl,]  Plating Charge Time 5%Fe 55Fe Fe deposition  Calculated Calculated Plating current/
set overpotential passed (s) (%o Wrt (%o wrt reaction plating current Cottrell limit Cottrell current
V) (C) starting starting efficiency (mA) (mA)
solution)” solution)” (%)
0.25 -0.54 80 2216 -2.97(9) -4.38(9) 237 0.85 1.42 0.60
0.25 -0.59 80 2820 -3.19(4) -4.73(19) 2.37 0.67 1.26 0.53
0.25 -1.24 80 914 -1.51(12) -2.26(16) 17.35 15.19 2.21 6.89
0.25 -0.94 80 811 -1.50(6) -2.24(5) 1.48 1.46 2.34 0.62
0.25 -1.09 80 694 -1.50(5) -2.22(7) 17.35 20.00 2158 7.90
0.25 -0.74 80 1230 -2.65(8) -3.85(12) 0.98 0.63 1.90 0.33
B 2 -0.47 80 884 -4.65(3) -6.92(14) 1.86 1.68 17.94 0.09
2 -0.37 80 1596 -4.81(7) -7.19(10) 1.86 0.93 13.35 0.07
2 -0.27 80 4504 -4.63(12) -6.89(26) 2.98 0.53 {35 0.07
2 -0.57 80 593 -4.55(4) -6.74(17) 5.97 8.05 2191 0.37
2 -0.67 80 512 -4.30(5) -6.27(19) 13.02 20.34 23.58 0.86
2 -0.77 80 363 -2.41(6) -3.61(9) 2.60 5.74 28.00 0.20
0.25 -1.44 20 169 -1.11(7) -1.71(9) 10.41 1237 5.13 240
0.25 -0.74 20 501 -1.94(12) -2.86(20) 4.34 1.73 2.98 0.58
0.25 -1.24 20 235 -1.63(12) -2.44(8) 8.68 7.38 435 1.70
0.25 -1.34 20 206 -1.36(8) -2.04(20) 8.68 8.44 4.65 1.81
G 0.25 -0.64 20 721 -1.90(6) -2.81(14) 347 0.96 2.48 0.39
0.25 -0.59 20 516 -2.33(10) -3.35(20) 2.78 1.08 2.94 0.37
0.25 -0.44 20 1208 -1.51(13) -2.20(11) 1.04 0.17 1.92 0.09
0.25 -0.34 20 1843 -2.79(6) -4.17(21) 0.58 0.06 1.55 0.04
0.25 -1.09 20 142 -0.64(5) -1.10(10) 23.14 32,59 5.60 5.82
0.25 -1.09 44 340 -0.78(5) -1.30(6) 23.66 30.62 3.62 8.47
0.25 -1.09 92 782 -0.91(7) -1.46(36) 22.63 26.63 2.38 11.17
0.25 -1.09 131 1400 -1.03(11) -1.75(10) 26.49 2479 1.78 13.91
H 0.25 -1.09 44 455 -0.99(5) -1.41(48) 14.20 13.73 3.13 4.39
0.25 -1.09 nfa 1700 -0.98(16) -1.61(16) nfa 122.49 1.62 nfa
0.25 -1.09 44 38 -0.78(48) -1.18(10) 23.66 274.00 10.82 25.33
0.25 -1.09 44 841 -0.66(12) -1.10(28) 5.63 72ER) 2.30 1.28

dcalculated with respect to starting solution, referenced to standard reduction potential adjusted to Fe concentration using Nernst's law.

btwo-sigma errors are reported.
Cefficiency calculated by...
dRatio of the observed average current/Cottrell average current.

The Fe isotopic compositions of plating experiments were
determined by sample-standard comparisons using a multi-collector
inductively-coupled plasma source mass spectrometer (MC-ICPMS)
(ThermoFinnigan Neptune) at UCLA. Solutions were found to be
effectively pure; trace amounts of >2Cr, the most abundant Cr isotope
(>83%), were negligible; there was no measurable mass interference
at mass 54 (e.g., background >2Cr signals of 5 mV corresponding to a
0.1 mV >*Cr background signal compared with sample >*Fe signals of
several volts). Peak heights for sample and standard were matched to
minimize background effects. The required dilutions for each Fe
sample were recorded to provide estimates of the amount of Fe
electroplated in each experiment. Mass interferences from ArO™,
ArOH™ and ArN™ were resolved from the >6Fe, °’Fe and >*Fe peaks by
operating at a mass resolving power of ~12,000 (corresponding to a
flat-top peak mass resolution of 4000). Each solution was analyzed 5
to 6 times. All isotope measurements and their two-sigma error bars
are reported in reference to the isotopic composition of the stock
solutions. We report >Fe/>*Fe and >’Fe/>*Fe of reactant and product Fe
as the per mil deviations from isotope ratio of the starting material
using the 6 notation where:

56

5°°Fe = ((SﬁFe/MFe)sample/( Fe/54Fe) *1000

Starting solulion) —1 )

and

5°"Fe = ((""Fe/ *Fe)sample/ (" Fe/**Fe) )—1)*1000.

Starting solution

Mean values for 8°°Fe and their corresponding two-sigma error
bars are reported in Table 1.

4. Results and discussion

In all cases, the light isotopes of iron are preferentially electro-
plated, with observed fractionations varying up to 6°°Fe=—4.8
(40.02) %.. A three-isotope plot (Fig. 2) shows that the data fall on a
mass-dependent fractionation line. A weighted linear fit to the data
provides a 3 slope of 0.671(4-0.004) (For fitting procedures see Young
et al. (2002)). This value is in excellent agreement with an earlier 8
measurement of 0.672 (0.003) (Kavner et al., 2005), and is consistent
with a kinetic fractionation process involving unsolvated or singly-
solvated Fe™2 (inset, Fig. 2).

Fig. 1 shows that the experimental currents cluster around
the calculated Cottrell currents for mass-transport limited electro-
plating, with some falling above the Cottrell threshold, and some
falling below. Since the Cottrell current is dependent on solution
concentration, data for the concentrated (2 M) starting solutions and
dilute (0.25 M) starting solutions are labeled separately. We observe
that in the experiments with the more concentrated solutions, more of
the results are below the mass-transport limiting current. Fig. 1 also
shows that estimated electroplating currents for the experiments
were highly variable over several orders of magnitude. This variability
was mostly by design—the electrodeposition rate is an activated
process exponentially dependent on the applied voltage, which was
varied in these experiments, as shown in Fig. 3. Fig. 3 also shows that
even at a single overpotential, the estimated deposition rates vary
over several orders of magnitude. This is likely due to a combination of
factors, especially the large degree of uncertainty in estimating the
iron deposition rate, variations in electrodeposition efficiency (with
respect to hydrogen evolution) from experiment to experiment, and
variability in starting solution concentrations.
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The relationship between the experimental current and the
calculated Cottrell current enables the data to be sorted into two
regimes. Fig. 4 shows the measured isotope fractionation as a function
of the ratio of the estimated electroplating current to the calculated
Cottrell current for each plating experiment. When this ratio is much
greater than 1, the plating kinetics are likely to be limited by mass
transport to the electrode. When the ratio is much less than 1, the
overall plating kinetics are governed by electrode processes. Close to 1,
mass transport and electrode processes likely compete to govern the
overall kinetics. Fig. 4 shows that the fractionation—although
scattered—shows different trends within each regime. In the next
paragraphs, we consider each regime separately.
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Fig. 3. Estimated deposition rate as a function of applied overpotential in the elec-
troplating experiments.

When the estimated experimental current is above the Cottrell
current, the resultant observed isotope fractionation decreases weakly
with increasing rate (current), with measured 6°°Fe clustered about
values varying from — 1.5%. to — 1%.. As shown in Fig. 4, fractionation
factor measured for diffusion processes by Rodushkin et al. (2004) is
much lower than our observations in the mass-transport limited
regime, though diffusion processes may be helping to place a lower
bound on our observed fractionations.

To examine trends of fractionation in the non mass-transport-
limited regime, we plot isotope fractionation as a function of plating
rate only for the data where the plating current is less than 50% of the
Cottrell limiting current (Fig. 5). Given the order-of-magnitude level
of uncertainty in our estimated plating rate, with this data set we
cannot deconvolve possible effects of fractionation as a function of
time, voltage, current, or charge passed. However, the data suggest
that for the dilute starting solutions, fractionation is approximately
constant with plating rate, with values from —1.5% to — 2.75%..
Isotope fractionations from the more concentrated solutions are
significantly more varied, with the trend showing that the extent of
fractionation general increases as a function of plating rate. This result
is in agreement with the original study of Kavner et al. (2005). Indeed,
all of the data in that study were performed under conditions of low
current with respect to the Cottrell current (Table 1). The results in
Figs. 4 and 5 suggest that mass-transport limited kinetics is damping
down an isotope signature that would be much larger, in the extreme
of fast diffusion to an electrode. Although the data are consistent with
the hypothesis proposed in Kavner et al. (2005) and Kavner et al.
(2008) that rate-dependent isotope fractionation is expected in elec-
tron transfer conditions, this current data set is not able to explicitly
test this hypothesis.

Also plotted in Fig. 5 are the predicted equilibrium isotope
exchanges between different species in solution (e.g. Schauble et al.,
2001), which range from + 0.9 for equilibrium partitioning between
Fe™2[H,0]s and Femetal, to — 1.3 for Fe 72[Cl~ '] 4;~Fe metal to — 2.2 for
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Fig. 4. Plot of fractionation as a function of the ratio of the estimated iron electroplating current to the average diffusion-limiting current. The vertical dashed line separates mass-
transport limited regime (to the right of the plot) and the electron transfer limited regime (to the left). Thin horizontal dashed gray line shows the measured isotope fractionation

factor due to diffusion measured by Rodushkin et al. (2004).

Fe[Cl™ '4-Fe "™?[H,0]¢ equilibrium. An analysis of the starting solu-
tions using PHREEQ predicts that Fe "2[Cl~], compounds predomi-
nate in the concentrated 2 M solutions; while Fe™?[H,0]s dominates
in the 0.5, 0.25, and 0.125 solutions. Isotope fractionations due to
changes in speciation may occur as the electrode double layer is
approached. However, the data shown in Fig. 5 suggest that there is
no single equilibrium speciation isotope effect dominating the
observations. To fully test whether speciation changes are respon-
sible for the observed isotope signature, the data need to be tested
against a reservoir box-model that elucidates changes in chemical
speciation adjacent to an electrified interface, and calculates the
associated isotope effect.

5. Conclusions

Several conclusions are apparent from the data and analysis in
terms of mass-transport limited kinetics. First, diffusion-limited mass
transport is definitely playing a role at an electrode. Second, for the
experiments where we are confident that the currents are above the
limiting current, the isotope effects are smaller than when the
currents are low enough to be below the diffusion-limited regime.
Our observed fractionations in the diffusion-limited regime are
consistent with Rodushkin et al.'s measurements of Fe?™ ion isotope
separation during diffusion. We also note that the fractionations
observed during experiments not limited by diffusion are highly
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Black squares are from the 2 M stock solution and open circles are from the 0.25 M stock solution. 20 error bars often fall within marker size. Thick horizontal dashed lines show
calculated equilibrium fractionation factors between iron species in solution and the metal phase [Schauble et al., 2001].
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varied, and often significantly larger. These observations strongly
suggest that the electron transfer process itself is responsible for large
isotope separations, unrelated to the effects of diffusion. Finally, since
the data are quite scattered, the data show us that experiments
under well-controlled conditions—including temperature and mass
transport-are required in order to test the hypothesis of a voltage-
dependent fractionation effect due solely to processes at the electrode.
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