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Abstract

We present a practical case study standardizing experimental protocols between collaborators
with the goal of understanding erous iron (Fe?") chemistry and improving the iron deposition
reaction for energy-efficient, electrochemical iron production. The study of iron reactions can be
difficult, as aqueoushiron eleetrolytes exhibit complex behaviors that can lead to differing
interpretation of ostensibly similar experiments. The question we want to answer: are we studying
the same chemistry? Our protocols address inherent challenges such as the tendency for Fe*" to
spontaneously‘oxidize to ferric iron (Fe’") and the production of hydrogen at the potentials of
interest. Our \standardized protocol, executed by four collaborators in different labs and
institutions, yields high-reproducibility results, and identified glassy carbon electrode surface
quality.and. Fe*"/impurities in the salt as key factors with outsized effects on cyclic voltammetry
measurements. The process of developing the protocols helped to troubleshoot underlying issues
that ereated poorer reversibility and reproducibility. This study highlights the fact that even

nominally straightforward electrochemical systems can yield vastly different outcomes due to
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small differences in experimental preparation and serves as a useful example f tin,
transparent and achievable standards for the generation of reliable datasets that can u
and shared.

https://mc04.manuscriptcentral.com/ecsa-ecs

Page 2 of 27



Page 3 of 27

oNOYTULT D WN =

ECS Advances

Introduction

The production of 1.9 billion tons of steel per year accounts for 7% of.global energy
consumption, which is a reflection steel’s ubiquity and critical role in the construction of buildings
and equipment.! The chief technology used to manufacture iron from raw matetials invelves
reducing the iron ore using coke as a reductant in a high-temperature environment (1600 °C).?
Other than incremental improvements in efficiency and yield, the technology has remained
essentially constant for over 600 years. Fundamentally new approaches, such.as electrochemical
methods, are required to enable this process to consume less energy:while reducing iron from ore
to a usable, purified metallic form. However, the study of iron reactions.can be difficult, as aqueous
iron electrolytes exhibit complex behaviors that can lead to differing interpretation of ostensibly
similar experiments across the scientific community.

The fundamental electrochemical reduction of Fe*.to Fe” happens as follows:

Fe?* 4 2e~ — Fe® (E°<-0.44V vs. SHE) Equation 1

Where V vs. SHE is the potential versus the standard hydrogen electrode (SHE). The aqueous
system presents unique challenges, such as the tendeney for Fe?* to spontaneously oxidize to Fe**,
iron metal’s tendency to evolve Ha at Fe2' reduétion potentials, and solubility limits at higher pH.>
Compared to other fields in electrochemistry, such as batteries or solar cells, there is less precedent
for studying iron reduction.* Previouis. work has been done in the context of engineering bath
formulations for specialty electroplating applications or for developing iron redox flow batteries,
which utilize the Fe?* to F¢PreqpCMiPhs a means of storing electricity.>>"'* Many prior studies
concerning corrosion. characterize the galvanic oxidation of Fe? to Fe?" at open circuit voltage or
low overpotentials; however, they omit many important aspects relevant to the reduction of iron,
even in cyclic voltammetry(CV) studies that probe potentials below the plating potential of iron.'*
17 Our work studying. the/chemistry of high-overpotential reduction of iron explores new and
unique aspects of the‘underlying chemistry; with it comes new and unexpected challenges to
understanding and,eontextualizing differences observed.

There. have been many efforts to standardize or create best practices in the field of
electrochemistry as a whole; researchers have tried many different methods to extrapolate the
reported results on some basis of ground truth and carry forward recommendations for how to

improve research in the field.'® The field of electrocatalysis has endeavored to standardize
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experimental protocols and data reporting.'®2° Such efforts are detailed and focus on best practices
of quantifying a material’s activity — how to clean the cell, what kind of water to use; what kind of
reference electrode to use, or how to study the specific reactions of interest:>'?? In other studies,
multiple scientists screen a large array of materials such that general trends can be identified
without the confusion of different institutions or scientists.?’ “Round robins” have also been
conducted seeking to compare results between groups — a device with an identical design is tested
between multiple labs or the same device itself is passed between labs:***** The development and
widespread commercialization of batteries, in particular lithium ion systen%, has necessitated the
standardization of protocols and reporting procedures as the technology.has matured and enabled
meta-analysis of performance metrics.”>?’ As efforts proceed to enable predictive analysis of
lifetime and cell failure for enhanced safety and expedited materials qualification, reliable
standardized protocols are gaining importance in the battery space as well.?3! In particular, the
use of advanced artificial intelligence and machine learninggalgorithms necessitates a baseline
element of comparability. The field of all-selid-state battery research has also acknowledged the
challenge of reproducibility and standardizatien, with even small differences in the cell assembly
and data reporting protocols creating a-large impact on the observed performance.?

Establishing rigorous experimental benchmarks is critical for advancing electrochemical
research, especially in the context of team- or center-based programs where multiple groups
working on the same problem réquire a.common language to contextualize their results against
one another to collectively ma]Q progress. In all electrochemical systems, differences in the
materials history, electrode sufface quality, the presence of trace electrolyte impurities, cell
cleanliness, and othérncidentals’of the measurement can produce different results that are
extrinsic to the “true” properties and performance of a given system. The origins of these
differences are lost once the results are distilled down to a single figure of merit that is
quantitatively€ompared-to its peers, leading to uncertainty throughout the literature about what
truly constitutes.an advance.?*3* Our persisting question is: are we measuring the same chemistry?
In the context of advancing the industrial-scale electrification of the iron smelting process, a
baseline  set of /expectations helps us move beyond the routine challenges associated with
electrochemiical experiments toward learning new information about the fundamental chemistry of

iron.
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In this work we create a forward-looking set of standardized protocols and data‘cellection
methods to create a baseline standard of comparison between the data gathered by different groups
in the Center for Steel Electrification by Electrosynthesis (C-STEEL). To ensure that sesults bear
valuable comparisons in collaborations between institutions, we standardized our, protocels and
devised baseline studies to understand the underlying systematic and unavéidable errors inherent
in salt impurities, instrumentation, electrode preparations, and experimental execution, to name
several examples. The protocol development process, which utilizedstheraqueous electrolyte 0.1
M FeSOs as a baseline system, uncovered a surprisingly complex interplay\between electrode and
electrolyte chemistry that highlights the numerous inherent challenges associated with producing
reliable and reproducible results, even for a nominally “simple” system. We identify glassy carbon
(GC) electrode surface quality and Fe** impurities in the saltias key factors with outsized effects
on the voltammetry. The process of developing the protocols also helped to troubleshoot
underlying experimental setup issues that created poorer reversibility and reproducibility. Overall,
this work provides a detailed resource for iron electrochemistry researchers throughout the
community developing technology in industrial metal production, long duration energy storage,

and beyond.

Benchmarking Protocols

To ensure similar results across multiple labs using a variety of different equipment when
studying iron electrochemistry; we develop standard protocols for electrolyte preparation and a
baseline electrochemical analysis for both the Fe?* to Fe” metal oxidation/reduction reaction and
the Fe** to Fe*" oxidation/reduetion reactions. The experiments defined below use commonly
available reagents and should\not take more than one day to complete. We chose FeSOa because it
is a commonly used iron reagent, and it is inexpensive and non-toxic. The concentration we chose
does not necessitate the use of a supporting electrolyte, which may introduce additional complexity
as has been observed in multi-cation systems.*> At pH 2, the Fe?" to Fe® and the Fe** to Fe*"
reactions occur at potentials that are insensitive to small changes in pH, and they do not form less
solublesiron hydroxide species. For all experiments, iR drop compensation must be performed to
accurately deconvolute ohmic, kinetic, and transport overpotentials. There are many methods of
iR compensation (e.g., static, current interrupt, etc...), and resistances that derive from extrinsic

factorsyy (e.g., cell geometry, electrode surface layers, bubble formation, etc...) may be
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mischaracterized as solution iR drop. It is difficult to rigorously control for all of these factors
across institutions, and for this reason we recommend a static iR compensation method (90% of
full compensation). In our experience, this yields a stable and reprodugible electrochemical
response that is sensitive to many of the extrinsic factors above and will more elearly indicate
issues with the experimental setup. In addition to the detailed descriptions below, we also include
a short experimental checklist in the Supporting Information summarizing typical steps for
completing these benchmarking experiments.

We define two electrochemical protocols to serve as experimental benalmarks, whose details
are summarized in Table 1. The Ferro/Ferri (FF) Protocol entails a potentiostatic scan between 0.2
and 1.3 V vs. SHE at scan rates varying from 10-200 mV-s¥)The Fe* to Fe** oxidation reaction
is well characterized and there are many examples of voltammetry, kinetic, and transport analysis
in the literature.*3° The Fe?" to Fe** oxidation reactioft happens at 0.77 V vs. SHE, and the results
should typically be quasi- or completely reversible for:low scan rates and uniform current
distributions.*

The Ferro/Metal (FM) Deposition Protocol.concerns the main reaction of interest for iron metal
production: Fe** to Fe’. We opt to specify peak current densities rather than potential scan windows
— the experimenter will more effectivelyibe able to diagnose a problem (i.e. a faulty reference
electrode) if the experimenter léarns the potential at which the reaction actually occurs rather than
seeing the absence of current at@ pre-defined potential window. This is a particularly important
consideration when moving bey(Qd this standardization protocol, as changes in electrolyte/ligand
chemistry can induce significant shifts in the iron reduction potential that may be misinterpreted
as poor performance‘ifa fixed potential window is always used. As the specific capacitance is an
inherent property of the electrode, it can be used as a means of assessing how much the surface of
the electrode changes between scans, and to understand if the iron is mostly or only partially
removed during oxidation: Capacitive sweeps should be performed between iron deposition scans
and compared to tabulated values of GC specific capacitance.*' The capacitive scans can be
validated to make sure that the specific capacitance values obtained are of the correct order of

magnitude.
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Table 1. Benchmarking procedure details.

Electrolyte 0.1 M FeSO, adjusted to pH 2 with H,SOa.

Working Electrode  Glassy Carbon

Counter Electrode Iron

Perform FM Deposition Protocol before FF Protocol.

Change electrodes between Protocols.

Scan between 0.2 V vs. SHE and 1.3 V vs. SHE at200, 150, 100, 50, 25,
10 mV -s”!. Agitate solution between scans. Use first scan.

e Scan from 0.2 V vs. SHE to potentials that yield 1, 10;and25 mA -cm™

Ferro/Ferri (FF)
Oxidation and
Reduction Protocol

Ferro/Metal (FM) current densities. Find closest match to currént densities by trial and
Iron Deposition and error.
Stripping e  Perform capacitive scans between iron deposition scans. Monitor change

in specific capacitance as indicator of surface quality.

Setting tolerances depends on the goals of the research andithe resources available to pursue
them, and our goal is to establish a set of baselines.and recommendations for reproducible iron
electrochemistry; our methodology can be applied more broadly to any other reaction where it is
difficult to get consistent results. In addition te standardizing protocols, we developed an easy and
affordable experiment which yielded consistent results to test a participating group’s experimental
apparatus. The purpose of this study/is'tostest the effectiveness of the standardized protocols. In
comparing the results, they serve as a troubleshooting tool to understand the circumstances that
could adversely impact results and cause confusion between collaborators.

Table 2 discusses remedies/to commen solution/cell preparation and data gathering pitfalls,

and the specific experimental'considerations that were standardized are discussed in detail below:

Table 2. Summary of standardized solution and cell preparation procedures.

PITFALL REMEDY
¢ 99% min salt purity. Avoid Pb, Mn, Cu impurities.

Electrochemical e For chemistry change or iron residue accumulation, clean
o experiments are sensitive cell with strong acid, rinse and boil 3-5x in ultrapure water.
o to impurities. e  Prior to each experiment, rinse, boil, rinse in ultrapure water.
;‘ e  Use ultrapure water to make electrolyte.
=]
E e  Check salt for signs of oxidation. Pretreat solution to reduce
3 Fe*" if necessary. Store salts in inert atmosphere.
% e In a sufficiently pure solution, ratio of steady-state oxidation
2 Fe*" spontaneously and reduction current should be at least 1000:1.
8 oxidizes to Fe*". e  Fresh solution every day.

e Inert gas purge for 40 min
1: Water prior to solution prep.
2: Electrolyte solution prior to and during experiment.

https://mc04.manuscriptcentral.com/ecsa-ecs
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pH adjust concentrated solutions prior to salt addition.

Solution resistance (IR)

Perform current interrupt (CI) method, use static
compensation at 90% of measured value.

Spontaneous degradation
of working/counter
electrode in solution.

Hold WE at fixed potential (0.0 V vs. SHE) during
immersion in electrolyte.

Cycle in 2M H»SO; for 20 cycles between 0.2 and:2.2 V vs

Reference electrode
drifts/ages.

=) Resistive layer on glassy SHE at 100 mV-s™'. Referred to below as electrode “polish
02 carbon electrodes. "
Nz cycle.
P >
S e  Use glassy carbon as the electrode — the bare surface is not a
= § Bubbles surface favorable to hydrogen production, Otherwise,
= bubbles are unavoidable. Remove bubbles prior to each
scan.
=) Plating of ions changes o .
§ % concentration. e Iron CE (299.9%) purity.
53
Sz Iron CE d
(5]
5 Frgi durir;l;}é;sﬁnge e Separate WE and/CE withyporous glass frit.
Reference electrode may . .
. A e Separate WE and RE with salt bridge or use leakless RE.
@  contaminate experiment.
g &
£ o Collaborators use
&:3 ©  different reference e Re-reference potentials to SHE when reporting.
S £ electrodes.
-
=

Verify RE potential against SHE periodically. Buy fresh RE.

Electrolyte Preparation

"Discovered only after several failed éxperiment attempts.

A S

Knowing the concentration and purity of the salts and solvent are critical to studying
electrochemical phenomena, In C-STEEL we are primarily concerned with the Fe** to Fe’reaction,
and therefore we focus out protocol development on electrolytes utilizing Fe?" salts, rather than
Fe’". Fe?*" spontaneously oxidizes to Fe*" in the presence of oxygen, even in salts from high quality
supplierssSome batehes of salt from the same supplier can contain more Fe** than others. Fe** will
also form.in solutions as they age and contact air. For this reason, an inert gas must be sparged into
the‘water prior to electrolyte preparation and into the electrolyte during the experiment. To ensure
that the concentration of Fe** is well known, we recommend using a fresh solution every day,

although solutions with well-controlled atmosphere may last multiple days. Because of the
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tendency of Fe*" to precipitate spontaneously in solutions of pH > 2, concentrated solutionsishould
be pH adjusted before the Fe salt is added. Although other assays exist involving chelating agents
and UV-vis,*** to determine Fe** contamination, in the spirit of simplicitysand aceessibility, we
opted not to develop this type of protocol in this work.

The wide range of concentrations that groups may be testing also make'it important to define
tolerances to impurities, as we must know which impurities are the most likely tovinterfere with
the experimental results for a given electrolyte. Researchers investigating high-concentration
solutions, who may consume > 1 kg of salt, must also be able to purchase a?fordable feedstock for
their experiments — to do that, they must know which impurities will have a deleterious effect on
their results. The main impurities to avoid are lead (Pb), manganese (Mn), and copper (Cu) because
of their ubiquity and tendency to react in the standard petential windows where iron will react or
co-deposit.** In recognition of the significant role imputities can play in defining electrochemical
response, we also standardized cell cleaning protocols to set a baseline expectation for cell
cleanliness as well as a ceiling for cleanliness — acid cleaning the cell should be done regularly and

whenever electrolyte chemistry changes.

Electrode Selection

Because iron reduction (E°==0.44 V vs. SHE) occurs at a potential that is more negative than
hydrogen evolution reaction (HER) (E®=.0.0 V vs. SHE), we selected glassy carbon (GC) working
electrodes (WEs); GC is not catantic for HER, instead inducing a large overpotential that avoids
significant HER prior to the initiation of Fe metal deposition. By contrast, metallic substrates can
significantly catalyzé'HER and.influence the nucleation and growth of Fe deposits, perturbing or
obscuring important.features of the Fe electrochemistry we seek to understand. GC has other
advantages, in that it minimizes phenomena, such as ion specific adsorption and underpotential
deposition, that occurron metallic substrates and may artificially influence the intrinsic iron
electrodeposition behavior we seek to study.

Polishing GC surfaces with a 1 um polish is required to remove any residual metal/impurities
present from previous electrochemical experiments. More extensive polishing with finer polishing
media is aCceptable, but our results suggest this is not necessary. As described below, the
mechanical polishing and solvent cleaning regimen does not reliably remove resistive layers on

thessurface. Several electrochemical protocols have been developed for cleaning of polishing
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impurities from glassy carbon electrodes.*>* Given the choice of FeSO4 as a benchmarking
electrolyte in this work, we adopted a procedure that involves cycling the electrode in2.0 M H2SO4
to avoid any cross-contamination from other anion species (see Experimental Methods and Table
2 for details). To preserve the WE electrode surface quality before the experiment, it.shouldideally
be held at a fixed potential (0.0 V vs. SHE) during immersion to avoid ¢hanges in the surface
caused by spontaneous adsorption or chemical reaction (e.g., electrode/oxidation), which are not
well controlled when immersing at open circuit potential (OCP).

Regardless of WE, however, the production of hydrogen bubbles duﬁng iron deposition is
unavoidable. Depending on the electrode apparatus being used by theflab (rotating cylinder,
rotating disc, stagnant disk, etc.) the bubbles may or may not.be able to detach from the surface
throughout the course of the experiment. It is imperative throughout the course of the work to
understand the effect of hydrogen bubbles on data noise, oxidation waves, and change in pH of the
electrolyte as the experiment runs. Prior work shows that small bubbles with only one small point
of contact on an electrode exert a negligible effect on the available electrochemical area,
concentration overpotential, and activation overpotential, even if there are several of them.*’ In
this case the main effect from bubblesiis an increase in the apparent solution iR drop. If this exerts
a large effect on successive scans, it can'be mitigated the periodic removal of bubbles from the
surface (e.g., via agitation or rotation, if possible), or by modifying the iR compensation settings
(if agitation is not possible). Ifithe bubbles accumulate to the point of completely preventing
contact between the WE and the Qectrolyte, the potentiostat feedback system can overcompensate
with the CE and ruin the solution and the WE. This can happen if multiple smaller bubbles coalesce
to completely block the electrodesurface from the solution. For this reason, bubbles should be
removed from the eleetrode by agitation, if at all possible, prior to each experimental run.

In order to avoid unintended reactions at the WE due to crossover, the WE and the counter
electrode (CE)must be separated by a barrier such as a porous glass frit. This frit will enable ionic
connection but/hinder concentration driven ion diffusion between the two electrodes if
uncontrolled Fe** forms spontaneously at the CE when the WE is polarized to reducing potentials.
Althoughiit is possible to use materials other than iron as CE when a frit is in place, rates of Fe*"
formation will be significant and electrolyte concentration changes may take place, which are
difficult.te’account for and may result in poor reproducibility. For these reasons, the CE should

ideally be pure iron (>99.9%) to attempt to maintain a constant concentration of Fe?" in solution,
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as well as minimize the formation of Fe*". With an iron CE, each ion plated from solution will
ideally result in an ion that is donated to the solution by the CE. When using an iron CE, the surface
should be cleaned prior to the experiment by abrasion or by dipping in acid togeveal a fresh surface.

Reference electrodes (REs), commonly consisting of Ag/AgCl, generally have porous solution
compartments which can emit Ag” or CI ions into the solution. To preserve the purity of the
electrolyte, we recommend a salt bridge and Luggin capillary to’ prevent RE ions from
contaminating the electrolyte and to enable effective iR drop compensation, respectively. Another
possible remedy for this problem is the use of a leakless RE or a sulfate})ased RE. We do not
standardize the RE used, but we recommend that potentials be re-referenced to the SHE when they
are shared to reduce any confusion created by different potential referencing schemes. The RE can
become inaccurate as it ages, and so it should be periodically checked against a known potential

(e.g. HER).

Results and Discussion

Ferro/Ferri Protocol

The results of the FF Protocol are summarized in Figure 1. Four collaborators from three
groups across two separate institutions performed the experiments. Collaborators B and D are from
the same group. Tabular data comtaining the forward sweep peak current densities and their
corresponding potentials can bé found innTable S1. Due to the hysteretic nature of CV data, the
exercise of comparing two' voltammograms is not trivial. The data presented represent
characteristic CV responses obtained by the individual researchers in their specific electrochemical
setups. The results are similar by inspection, and the discrepancies between the results can only be
ascertained by examining, the numerical data and the numerical analysis in Table 3 and Figure 2.
To evaluate the similarity of the data, the following figures of merit were evaluated: peak current
density, peak potential, and the separation between the peak potential for the oxidation and
reduction reactions, otherwise known as AE,.

For every figure of merit evaluated, there was generally one outlier. The peak potentials for
collaboratots. B<D are very similar and closely grouped, while collaborator A’s peak potentials
generally lie outside of the 99% confidence interval. Collaborator A’s AE;, values were also notably
higher than collaborators B-D. Regarding the peak current densities, collaborator C’s peak current

densities were notably higher than collaborators A, B, and D, which is likely correlated with
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collaborator C’s low (and more reversible) AE, values. The discrepancies between peak eurrent
density and AEp tend to increase with higher scan rates.

Collaborators B and D, who were from the same group, had similar peak potential, peak current
density, and AE,. This suggests that the use of identical equipment and identical ehemicalsiin an
identical location affects the results — hypothetically, if collaborators A‘and C used the same
equipment and chemicals as collaborators B and D, their results would have been within the same
range of tolerance. For this reason, the spread of results between collaborators A-D show the
hypothetical spread of results if the same protocol is followed, whereag the range of results
between collaborators B and D show the hypothetical spread of results if the same materials and
same protocol are used.

To gain further understanding of this reaction, we first use Randles-Sevéik (RS) analysis to
evaluate the diffusion coefficients from our CV measurements. Although the RS analysis assumes
that the voltammetry is reversible, which, as discussed below,ais not necessarily the case for these
results, it still provides a reasonable assessment of how comparable the measured CVs are with
each other by way of comparing the calculated diffusion coefficients. Any inherent irreversibility
manifests in RS analysis as a peak potential dependance on scan rate during voltammetry. The RS
equation outlines the dependence of the eurrent density on the square root of the potential scan
rate:

3 1 1

ip = (2.69y% 105)nzD%C;v2 Equation 2
Where ip is the peak current dens}y of the scan, n is the number of electrons transferred (n=1), A
is the electrode area, Dr is the.diffusion coefficient, C:" is the concentration of Fe?* in the bulk, and
v is the scan rate. A best-fit line of the peak current density analysis can be used with Equation 2
to calculate a diffusion coefficient, which can be compared between groups and compared to
literature values..Figure S1'and Table 3 shows the RS analysis applied to the entire range of scan
rates, which yields diffusivity values that are close to each other and to literature values. Tabulated
diffusivityvaluesforFe’" (7.2 x 10% cm? s™!) obtained by the Nernst-Einstein relation extrapolated
to infinite dilution are higher but within a similar order of magnitude.*® Other reported diffusivity
valties for Fe** obtained by Levich analysis at finite concentrations are lower (6.1 x 10 cm? s71;%
3.9%10°cm?s1;°04.7 x 10%cm? s71;°") and closer to the values we report in this work. However,

at higher scan rates there are clear deviations from linearity; for this reason, we chose to employ a
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hybrid analysis. Figure 2A and shows the same RS analysis applied to only the low scan rates (10-
50 mV-s!) the results of this fitting which likewise yield diffusivity values that are slightly eloser

to literature values than those determined from fitting of the full range of scan rates.

Table 3. Ferro/Ferri Protocol - Fe(II) to Fe(IIT) conversion analysis. Randles-Sevé&ik model used forllow scan rates 10-50 mV-s™!
and Nicholson-Shain used for high scan rates 100-200 mV-s™!. The resulting diffusivity values are in goodagreement.

Model Scan Rate A B C D
mV-s! 10 cm? - §7!
Randles-Seveik o
(all Scan Rates) 10-200 2.04 2.07 3.03 2.53
Randles-Seveik 10-50 2.75 3.15 312 3.89
Nicholson-Shain 100-200 3.03 2.96 3.87 4.57

Above 50 mV s’! there is significant peak potefitial dependence on scan rate, indicating
deviations from ideally reversible behavior. Using tabulated values for the diffusivity and the rate

constant we can estimate the Nicholson y parameter:1%->2

(e |
P = oS Equation 3
Where Do is the Fe** diffusivity, Dr is the.Fe’" diffusivity, k° is the rate constant, fis the Faraday
constant divided by the ideal gas constant and the temperature, and v is the scan rate. For the
purposes of this analysis, we assume a=.0.5. Using the y parameter, the FF protocol results should
have some quasi-reversible rate d{pendence. Due to the quasi-reversible nature of the reaction, we
can additionally use the method of Nicholson and Shain (NS),*%3-* which makes it possible to
calculate a diffusionycoefficient from a scan-rate dependent reaction displaying irreversible

kinetics. The NS method ineludes the dependence of the electrochemical response on the charge

transfer coefficient, o:

1
1

Pz 13 1 .
ip = —0.4958 ()’ @2DZC;v2 Equation 3
This hybrid RS and NS analysis (Figure 2), yielded consistent results between institutions, with
predicted\diffusion coefficients between 2.5 and 5 x 10° cm? s for the oxidation wave.
Collaborators C and D, who had the lowest AE, values, had higher discrepancies between the

predicted diffusivities by the RS and NS methods.
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We note that poor current distribution can also create peak potential dependence on the scan
rate, and it can be a confounding factor in the accurate quantification of the dependence of peak
current on scan rate as it makes a reaction appear more irreversible. Uniformity can be assessed
by calculating the Wagner number (Wa) for a disk electrode, assuming Tafel kineties, via equation

4 below.

Wa = XL Equation 4

nFaigygr

The Wagner number is a dimensionless quantity which relates kinetic los§es to ohmic losses where
k is the ionic conductivity of the electrolyte, R is the universal gas eonstant, 7 is temperature, F is
Faraday’s constant, a is the charge transfer coefficient for'the reaction in question, iavg is the
average current density at the working electrode and 7(1s the radius of the working electrode.
Generally, a Wagner number larger than 5 indicates a ufiiform current distribution.’” It is important
to note that the Wagner number is a function of the electrodegradius and a given electrolyte may
exhibit uniform current distribution for ene group but not another if using different sized
electrodes. Peak current density increases at higher sweep rates which results in a lower Wagner
number and less uniform current distribution. This 1s a possible explanation for the observed
irreversibility at higher sweep rates across all groups. In general, the observed deviations from

ideally reversible behavior for the Fe?"**

couple are surprising and their origin is unclear at this
time. Additional investigation int6 the precise mechanisms resulting in the non-ideally reversible
behavior of this nominally outerisphere reaction are outside the scope of this study but are of
significant fundamental interest:

Overall, the FF ptotocol, combined with the RS and NS analysis, made it possible to validate
the electrolyte preparation and experimental apparatus — it proved to be the most useful exercise
of this benchmarking effort; as it informed us that we needed to take extra measures to clean the
surface of ourrelectrode.prior to each experiment. This protocol is also useful to check if an
electrode surface’is fouled, as this will influence the apparent reversibility of the couple even if iR
drop is fully compensated. Since the iron systems are reasonably well understood, we can also
determine, if current distribution is uniform for a given electrode. Given the qualitative and
quantitativessimilarities between the RS analysis, NS analysis, and the other figures of merit for

the FEprotocol, we can assert with a high degree of confidence that we are evaluating the same

process and can make direct, apples-to-apples comparisons between our results. To return to our

https://mc04.manuscriptcentral.com/ecsa-ecs
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question: are we measuring the same chemistry? The results of the FF protocol indicate that the

answer is yes.

Ferro/Metal Protocol

Results of the FM Protocol are summarized in Figure 3. The CVs are qualitatively similar by
inspection. Because the achievement of specific current densities during CV for metal deposition
processes is a trial-and-error process due to the stochastic nature of metal.nucleation and growth,
the goal was to achieve the 1, 10, and 25 mA-cm™ current densities as closay as possible. Tabular
data containing the current maxima and minima with their correspondingpotentials can be found
in Table S2. The specific capacitance values suggest that the surface remained consistent
throughout the duration of the scans for all collaborators (Figure S2). In general, the specific
capacitance decreased with successive scans, except for collaborator D who did not see a
monotonic decrease in specific capacitance with/successivesscans. Between collaborators, the
measured specific capacitance values are inudifferent orders of magnitude, which emphasizes that
even with the same notional electrode pteparation that the roughness and other surface
characteristics can be notably different.

The reduction sweep minima form distinct clusters because we intentionally set the current
density targets far apart. Some‘of the spread m the current density peaks is due to the trial-and-
error nature of hitting a particular current density target by specifying the minimum potential of
the sweep. The potential-current @nsity relationship becomes more uniform between collaborators
as the current density increases. Subtle differences between the electrode preparation or other
experimental conditions are less.apparent in the results at higher current densities.

In general, collaberators: B-D saw similar oxidation current density peaks and potentials within
current densities; collaborator A observed significantly higher oxidation current densities for the
25 mA-cm? current density. The oxidation peaks are less correlated with the magnitude of the
reduction peaks because of parasitic hydrogen evolution and differences in the absolute amount of
iron metal plated in'each CV. The deposit roughness can also influence the shape of the oxidation
wave, which can change with the current distribution and the electrode quality. The confidence
ellipses of the oxidation peaks (Figure 4D) overlap with each other, meaning that the different

experiments did not produce quantitatively distinct oxidation peaks. To return to our question: are
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we measuring the same chemistry? The similarities of the FM protocol suggest that we are

measuring the same chemistry.

Protocol Troubleshooting

The effort of trying to conduct the same experiment under the same conditions and comparing
results between groups yielded a quick and effective means of troubleshooting, experimental
problems, which ultimately improved the results of experiments outside of the benchmarking
scope. The most notable example: the first iterations of the experime\nt (before the H2SO4

23+ oxidation and

electrochemical post-polishing step was implemented, see Table 2),yielded Fe
reduction waves that were several hundred millivolts apart, indicating an extra resistance layer on
the electrode (Figures S3-S4). The CV results of an electrode that has not had the post-polish cycle
differ by electrode vendor. This result was corroborated with other work on iron redox flow
batteries, which proposes that glassy carbon can réquire asimilar post-polish process by cycling
the polished, clean glassy carbon electrode in 2.0 M sulfuric acid solution at 100 mV-s™! between
0 and 2 V for 10 consecutive cycles.’®*® This is surprising given that the oxidation of Fe?" to Fe*"
is canonically an outer-sphere reaction. Other, work on vanadium redox flow batteries has
confirmed that different surface treatments,yield different reaction kinetics.’® Measurement of the
surface chemistry of the electrode.after undergoing the post-polish cycle was outside the scope of
this work; the post-polish cycle may result in a different surface termination of the electrode or it
may simply oxidize off any adsorb\ed foulants, such as isopropyl alcohol used to clean the electrode
surface after mechanical polishing.Regardless of the mechanistic explanation, the post-polish
cycle yielded significantly more reversible oxidation and reduction waves closer to their standard
potentials as seen inFigure 1.

We determined that we needed to do an electrode post-polish cycle only after we produced data
with poor reversibilityy—we did not know at the beginning that we would need to activate the
glassy carbon eléctrode. The previous work on vanadium flow batteries demonstrates that not all
reaction$ have the same degree of sensitivity to surface chemistry, and that it must be evaluated on
a case-by=case basis.’® This further illustrates the value of this exercise in fine-tuning the
experimental setup to the reaction chemistry. Sourcing of the glassy carbon electrode can also
influenee.the formation of an inactive surface resistive layer — electrodes from the same supplier

showed similar surface resistive characteristics across institutions. The solution to the problem is
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ultimately the same — use an electrode post-polish cycling procedure, but the similarity of the
resistive layer based on electrode vendor and ability to reproduce across institutions was surprising
and helped us to diagnose issues with the experimental protocol. We alsosnote that\during this
exercise, comparison of results from the Randles-Sevéik and Nicholson-Shain.analysis highlighted
differences in the way that some calculations and unit conversions were made, such thatthey could
be quickly reconciled. The result was a high level of confidence in the validity of the results.

The benchmarking exercise also helped to quickly and effectively diagnose problems with
experimental setup, such as the physical separator between the working anﬁounter electrode, and
an aging reference electrode (Figure S5). The aging reference electrode.yielded potentials 0.2 V
lower than the results reported in Figure 3, which we were only able to ascertain by comparing to
the other collaborators’ results. In addition to the reference electrode, the benchmarking exercise
elucidated the effect of higher levels of Fe** impurities in the FeSOs4 salt. The systematic deviation
seen in the FM protocol results (Figure S6) includéd lower.overpotential deposition onset, and an
additional reduction feature that is significantly positive (0.4 V) of iron metal deposition. These
problems can be challenging to diagnose,and, require the exploration of time-consuming
hypotheticals, sometimes wasting weeks or months with detective work. In this case, purchasing
anew salt with reduced Fe*" impurities resolved the issue. We note that another possible mitigation
strategy for Fe** impurities ishbulk electrolysis, either in an RDE or flow cell setup, to
electrochemically reduce Fe*" tofe** prior to running the benchmarking protocol. RDE along with
Levich analysis can also assist in&uantifying Fe** concentration. Although not an explicit remedy,
UV-Vis spectroscopy can also bé used to assess whether a significant fraction of Fe** is present in

the electrolyte prior to.performing the benchmark tests.>*%

Limitations to Protocol Development

Finally, we mnote 'some limitations and opportunities for further development of these
benchmarking, ptotocols and standardized experimental results. The scope of our testing — 4
researchers over 3'independent laboratories and 2 institutions — is helpful for evaluating the extent
to which these protocols are reproducible against variability in setup, materials and other topics.
This said, even broader testing across a greater variation of electrochemical setups and materials
suppliers,would improve the statistical certainty with which we can confidently assert that the

29

results._here are representative of the “true” electrochemical response of aqueous FeSOs
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2+/3+ redox

electrolytes. Features such as the surprising sensitivity of the nominally outer sphere Fe
discussed above highlight that there is still much to be learned, even for this nominally “simple”
system. Furthermore, although our protocol specifies a number of standardized parameters and
expectations, we have not performed a systematic analysis of the relative impact of each parameter
on the resulting voltammetry. This would be valuable to understand if a given group 18 unable to
meet some of the specified criteria, so that the impact on reproducibility can be better quantified.
Ultimately, the standard we strive for is greater transparency — a meore eomplete description of
methods used and limitations to interpretation due to uncontrolled p?rameters in a given
experiment. Developing protocols such as these enable a consistent peint of reference against
which other work in the field can be contextualized in ordef te better understand what represents
real advances vs inconsistent methodology. We anticipate that.adoption of these procedures will

serve as an important first step towards developing a more uniform set of baselines to help

accelerate the development and deployment of iron-based eleetrodeposition technologies.

Conclusion

This work provides a helpful guide.for how to carry out Fe?* electrochemistry experiments. A
scheme for standardizing iron electrochemistry experiments has been described and tested. We
consider electrolyte and solution preparation; reference electrode selection; electrode selection and
preparation; cell geometry seléctionjnand the experimental protocol necessary to produce
reproducible results comparable\to other published and tabulated values. Common challenges,
such as bubble formation, Fe*" contamination, and electrode resistive layers are also addressed and
contextualized.

This methodology-has the utility of allowing for quick experimental setup troubleshooting. Its
application between different labs and institutions allows for the rapid development of best
practices by elucidating-tolerances to different incidental experimental conditions that would
otherwise be opaque to outside readers. The highest spreads in the data tended to be in the reduction
onset and oxidation onset overpotentials, and these are therefore the least universally reproducible.
The othericlear result is that the surface quality of the electrode has an oversized effect on the
reversibilityhof the reaction, and the presence of Fe** impurities can create early onset reduction
and increase the magnitude of the oxidation wave. This standardization approach has yielded data

that:show minor variations and the same overall result.
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Moving forward, these protocols provide a baseline standard enabling a group to reliablyreport
results and ensure that new phenomena derive from the specific chemistry under investigation and
not extrinsic factors relating to the electrochemical cell assembly or othemexperimental errors.
Although we focus on iron, the methodology reported can be extended beyondiiron intorether
electrodeposition systems by developing comparable control over ¢ell, setup/cleanliness,
electrolyte purity, and electrochemical methodology. We anticipate its ufility well beyond work in
C-STEEL, and we hope that our methodology and results will aid in the creation/of robust datasets
for fundamental studies of Fe?" electrochemistry that can enable new, predEtive understanding of

this technologically important redox couple.
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31 Figure 4. Superposition of deposition curves from Figure 3 with explicit current density maxima and minima. A 99%

32 confidence ellipse has been drawn around the points,to demonstrate how tightly correlated the results are. These

33 ellipses assume a standard normal distribution and were calculated using eigenvalues of the Pearson’s correlation to
set the radii.!
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