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ABSTRACT: Iron is a promising, earth-abundant material for future
energy applications. In this study, we use a neutron diffractometer to
investigate the properties of an iron electrode in an alkaline
environment. As neutrons penetrate deeply into materials, neutron
scattering gives us a unique insight into what is happening inside the
electrode. We made our measurements while the electrode was charging
or discharging. Our key questions are: Which phases occur for the first
and second discharge plateaus? And why are iron electrodes less
responsive at higher discharge rates? We conclude that metallic iron and
iron hydroxide form the redox pair for the first discharge plateau. For
the second discharge plateau, we found a phase similar to feroxyhyte but
with symmetrical and equally spaced arrangement of hydrogen atoms.
The data suggest that no other iron oxide or iron (oxy)hydroxide formed. Remarkable findings include the following: (1) substantial
amounts of iron hydroxide are always present inside the electrode. (2) Passivation is mostly caused by iron hydroxide that is unable
to recharge. (3) Iron fractions change as expected, while iron hydroxide fractions are delayed, resulting in substantial amounts of
amorphous, undetectable iron phases. About 40% of the participating iron of the first plateau and about 55% of the participating iron
for the second plateau are undetectable. (4) Massive and unexpected precipitation of iron hydroxide occurs in the transition from
discharging to charging. (2), (3), and (4) together cause accumulation of iron hydroxide inside the electrode.

■ INTRODUCTION

The development and implementation of renewable electricity
generation increasingly ask for electrochemical energy storage
and conversion based on earth-abundant materials. Iron is a
low-cost and earth-abundant material, which can be used for
energy storage and conversion. Here, we use a neutron
diffractometer to study an iron electrode in operando.
As an energy storage material, iron works as a negative

electrode. At high pH, metallic iron and iron hydroxide can be
in a reversible phase equilibrium at a potential that is slightly
more negative than the potential of the reversible hydrogen
electrode. The nickel−iron battery as invented by Jungner and
Edison combines iron anodes with nickel cathodes. When such
batteries are overcharged, they electrolyze the water in the
electrolyte to form hydrogen and oxygen. In a battolyser,1,2 the
hydrogen is collected, combining the storage and conversion
function in one device. Replacing the positive nickel electrode
with a reversible oxygen electrode creates the iron−air battery.
Recently, there has been a renewed interest in iron−air
batteries as they promise high energy density combined with a
reduced nickel content.3−6 Iron electrodes have recently been
proposed as means to decouple oxygen and hydrogen
generation.7−10 To do so, the iron electrode is located in
between the cathode and the anode to delay hydrogen
generation. The resulting system can release its stored energy

electrically or as hydrogen. This versatility makes iron
electrodes promising for future energy applications.
Iron electrodes have two discharge plateaus. The first

plateau is the two-electron transition from Fe0 to Fe2+. The
second plateau is the one-electron transition from Fe2+ to Fe3+.
Battery operation is usually restricted to the first plateau due to
the limited reversibility of the second plateau. The first plateau
is a dissolution−precipitation reaction. The dissolution process
is strongly dependent on pH, potential, and temperature.11,12

Reaction (1) (−0.88 V relative to standard hydrogen electrode,
SHE) provides the overall reaction scheme for the first plateau.
Reaction 1 is composed of the reaction steps for dissolution
(2) and precipitation (3)

+ +− + −FFe 2OH Fe (OH) 2e0 2
2 (1)

+ [ ] + +− + − −FFe 3OH HFe O H O 2e0 2
2 2 (2)

[ ] + ++ − + −FHFe O H O Fe (OH) OH2
2 2

2
2 (3)
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The dissolution process (2) can be further split into13

+ +− −FFe OH Fe (OH) e0 0
ads (4a)

+ [ ] +− −FFe (OH) OH Fe (OH) e0
ads

0
2 ads (4b)

[ ] + [ ] +− + −FFe (OH) OH HFe O H O0
2 ads

2
2 2 (4c)

Note that reactions 3 and 4c are not electrochemical reactions
but regular chemical reactions with pH- and temperature-
dependent equilibria.
Some of these iron species are soluble. For Fe2+, this is

HFeO2
− (hydrated as Fe(OH)3

−). Soluble Fe3+ is FeO2
−

(hydrated as Fe(OH)4
−). Fe2+ and Fe3+ are in equilibrium in

highly alkaline solutions. During battery operation, the
dissolution from Fe to Fe2+ is likely the rate-limiting step for
discharging. Equilibration between soluble Fe2+ and Fe3+

species appears to be fast.14

Recent work15 suggests an oxidation path from iron to
magnetite (Fe3O4) via a soluble intermediate. In this case,
reaction 3 would be replaced by reaction 5. The net overall
reaction then becomes reaction (6) (−0.91 V vs SHE)

+ → + +− + −3HFeO H Fe O 2H O 2e2 3 4 2 (5)

+ → + +− −3Fe 8OH Fe O 4H O 8e3 4 2 (6)

Such a more direct oxidation from iron to magnetite, without
the intermediate iron hydroxide, is also observed for systems
with nanosized iron particles.16 Thermodynamically, both
reactions are possible. The equilibrium potential for the
reactions from iron to iron hydroxide and from iron to
magnetite is close to each other.17 Dehydrated iron
compounds are slightly more stable than hydrated compounds.
Iron hydroxide can be oxidized to magnetite according to the
Schikorr reaction 7. This reaction is slow at room temperature
but faster at higher temperatures18

→ + +3Fe(OH) Fe O 2H O H2 3 4 2 2 (7)

Metallic iron is not stable under highly alkaline conditions. The
corrosion process produces hydrogen through reaction 8

+ → +Fe 2H O Fe(OH) H2 2 2 (8)

Iron hydroxide can be oxidized to any iron oxide or
(oxy)hydroxide, except γ-FeOOH. All other iron oxide/
(oxy)hydroxides should be evaluated as possible reaction
products of the second discharge plateau. The structure of
Fe(OH)2 is stable until the Fe3+ content reaches 10% of the
total iron content. In strongly alkaline solutions, like our
electrolyte, Fe(OH)2 is oxidized to Fe(OH)3 first and then
dehydrated to FeOOH.19 The second discharge reaction can
be written as reaction (9) (−0.56 V relative to SHE),20

considering iron hydroxide and iron oxyhydroxide

+ + ++ − + −FFe (OH) OH Fe OOH H O e2
2

3
2 (9)

δ-FeOOH and/or Fe3O4 are the discharge products most
commonly identified for the second discharge plateau. Higher
temperatures and continuous cycling favor the formation of
Fe3O4. Moreover, Fe3O4 is always found when the electrolyte
contains LiOH, a common electrolyte additive.21−23 In situ
Mössbauer spectroscopy supports this finding, Fe3O4 is the
discharge product of the second discharge plateau in an
electrolyte-containing lithium hydroxide, whereas pure KOH
electrolyte leads to the formation of β-FeOOH.24 A recent in
situ X-ray diffraction (XRD) study links the presence of δ-

FeOOH to the oxidation of iron hydroxide but points out that
δ-FeOOH is only an intermediate toward the formation of
Fe3O4 upon dehydration, and Fe3O4 is identified as the main
product of the second discharge step.15 Here, electrodes were
prepared with and without the BiS2 additive. Interestingly, iron
hydroxide and δ-FeOOH were only detected with samples
containing BiS2. Otherwise, only Fe3O4 was detected as the
crystalline phase for the first and second discharge plateaus.
According to the authors, iron hydroxide may be present, but
undetectable, in an amorphous phase. Additionally, γ-Fe2O3
was recently identified by Raman spectroscopy as the discharge
product of the second discharge stage where it forms large
crystals.25 Note that γ-Fe2O3 (maghemite) and Fe3O4
(magnetite) are isostructural and can hardly be distinguished
in XRD patterns.
The operating conditions (e.g., charge/discharge rates) and/

or additives determine which discharge products are
formed.15,22 To exclude these effects, we study the iron−
water system without any additives to either electrode or
electrolyte. Our electrolyte was a 25% KOH solution by
weight, and our electrodes were made of pure, sintered iron. In
this study, we conducted neutron diffraction measurements
while the electrode was charging, overcharging (electrolyzing),
or discharging. This allowed us to observe the different
crystallographic phases that are present. Hydrogen causes
incoherent neutron scattering increasing the background signal
level. This allows us to see the hydrogen and electrolyte
contents inside the sample. As neutrons penetrate deeply into
materials, neutron scattering gives us a unique insight into
what is occurring inside of the electrode, rather than on the
surface.

■ EXPERIMENTAL SECTION
Electrode Production. In this study, sintered iron

electrodes are investigated. The production is based on the
process as described by Falk and Salkind.26 This is the classical
route for the production of iron oxides for pocket electrodes.
The synthesis starts with iron(II) sulfate heptahydrate (VWR
Chemicals, ≥98%, GPR Rectapur). First, the iron sulfate was
dried to monohydrate at 100 °C. Then, the powder was
oxidized to hematite (Fe2O3) at 800 °C. Energy-dispersive X-
ray spectroscopy (EDX) was used to confirm that no sulfur
remained after oxidation. Reduction took place in a flow-
through reactor at 550 °C with hydrogen as the reducing
agent. This temperature avoids sintering of the reduced iron
powder during this stage of synthesis. The sintering threshold
temperature, or Tammann temperature, of a solid is roughly
half the melting temperature in K. For iron, this is 906 K (633
°C).27 The reactor was left to cool to room temperature in a
reducing Ar/H2 atmosphere. After cooling, the reactor was
moved into an argon-filled glovebox. The reduced iron was
carefully ground inside a glovebox. The resulting powder was
pressed into tube shapes at a pressure of 300 kg/cm2. These
tube sections were sintered at 750 °C under an Ar/H2
atmosphere. Reduced iron powders and iron electrodes
remained inside the argon-filled glovebox where possible to
limit oxidation. The active electrode material was only exposed
to air during pressing and cell assembly. Exposure to air causes
the formation of a passivation layer on the surface of the
electrode. This passivation layer was removed electrochemi-
cally.
In total, 12 electrode sections were produced with the

following dimensions: total weight: 6.58 g Fe, average porosity:
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64.3%, average inner diameter: 3.23 mm, average outer
diameter: 7.53 mm, and total height: 64.5 mm. These
dimensions were chosen to maximize the iron content inside
the sample holder for neutron diffraction experiments. A
porosity of 64.3% should provide a stable iron electrode with a
reasonable material utilization. Higher porosities may yield a
higher material utilization, but a higher conversion may cause
disintegration of the sintered iron body together with a loss of
essential electrical conductivity.6 Figure S1 of the Supporting
Information (SI) provides additional characterization for the
iron powder.
Electrodes produced in this way work right away as they

consist of porous iron. Initial charging of about 15 min is
sufficient to remove the passivation layer from the surface. The
electrode can then be discharged.
Cell Assembly. To assemble the cell, the 12-tube sections

were mounted in a quartz tube sample holder. The nickel-wire
counter electrode, necessary for cell operations during the
diffraction measurements, was placed in the center of the tube
sections.
In the headspace above the iron electrode, an Hg/HgO

reference electrode was inserted. This electrode provided the
voltage reference for the measurement of the iron electrode
potential. The headspace remained outside of the neutron
beam. Figure 1 shows the used setup during preliminary
testing. The inset shows one of the tube sections after pressing.
Figure S2 shows additional pictures of the setup that was used.
Initial considerations led to the conclusion that water (H2O)

should be used for the tests rather than heavy water (D2O).
Deuterium hardly causes any incoherent scattering. This would
reduce the background intensity. Normally, hydrogen does
cause a substantial background. This allowed us to investigate
the hydrogen-related densities inside the system by analyzing
variations of the background signal during operations. Previous
experience in hydrogen storage materials also indicates that
protonated samples still give good signal-to-noise ratios in
modern diffractometers.28 The use of H2O left us enough
diffraction signal intensity above background to be able to
identify the phases quantitatively.
When a cell is discharged to the first discharge plateau for

the first time, it shows a higher capacity than on subsequent
discharges. In this study, we found about 0.40 Ah/gFe for the
first discharge. Subsequent cycles yield lower capacities of
about 0.15 Ah/g. To condition the electrode before measure-
ment, it was cycled eight times and then fully charged. Prior to
measurement, the electrode was set on an additional floating
charge (30 mA) for 24 h.
The sintered iron electrode we produced was discharged to a

capacity of 0.21 Ah/gFe to study the first discharge plateau. To
study the second discharge plateau, it was discharged to a
capacity of 0.42 Ah/gFe. Geometric factors play an important
role in determining material utilization. Thinner electrodes
have advantages and show a higher utilization (see e.g., ref 6).
For a proper comparison of geometric factors like thickness,
counter electrode position, and current density, information
about the electrode and electrolyte additives needs to be
reported and considered.5 Here, we produced a pure iron
electrode with a tubular shape and a wall thickness of 2.15 mm,
with neither electrode additives nor electrolyte additives, and a
Ni-wire counter electrode in the center. The volumetric energy
density for the first discharge plateau results in 0.59 Ah/cm3

excluding the space for the counter electrode and to 0.48 Ah/
cm3 including that space.

In Operando Neutron Diffraction. In operando neutron
diffraction data was collected with the Pearl instrument at the
Reactor Institute Delft.29 This instrument uses thermal
neutrons. A monochromator allows the selection of four
different wavelengths of neutrons. For this study, we used a
wavelength of 1.667 Å. The setup has a fixed multipixel
detector with a 2ΘM range of 150° over 1408 pixels. The
recording time of each neutron diffraction pattern was set to 15
min. Two hundred and forty-seven diffractograms were
collected in three sessions: (1) patterns 0−167, (2) patterns
192−266, and (3) patterns 281−284.
This study contains four electrochemical cycles of

discharging and then recharging. In the first two cycles, we
investigate the phase changes for the first iron discharge
plateau. In the first cycle, we used a moderate discharge rate of
200 mA. In the second cycle, we used a 50% higher discharge
rate of 300 mA. Sluggish discharge characteristics are a
downside of iron electrodes. In cycles 3 and 4, we investigate
the phase changes for extended discharging. Our aim is to
identify the iron phase of the second iron discharge plateau.
Session one consists of

• Cycle 1: discharge to 0.214 Ah/gFe at a rate of 200 mA
with a subsequent recharge

• Cycle 2: discharge to 0.192 Ah/gFe at a rate of 300 mA
with a subsequent recharge

Figure 1. Preliminary testing of the electrode. The setup comprises
the tubular iron electrode, the centered nickel counter electrode, and
a Hg/HgO reference electrode, which senses the headspace. A
capillary in the back connects the headspace with the bottom of the
cell to provide the electrolyte. Inset: one tube section after pressing.
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• Cycle 3: discharge to 0.320 Ah/gFe at rates of 200 mA
first, later 100 mA with a partial subsequent recharge.
Session 2 consists of:

• Cycle 4: discharge from 0.156 to 0.423 Ah/gFe executed
with decreasing rates from 200 mA through 150 mA to
finally 100 mA with a partial recharge to 0.262 Ah/gFe

The third session consists of the recharge for cycle 4 from
0.406 to 0.454 Ah/gFe. All (re)charges were programmed to
slightly overcharge the electrode at a rate of 300 mA. A charge
rate of 300 mA is equivalent to 46.6 mA/gFe or to a current
density of 46.3 mA/cm2 at the inner circumference of the iron
electrode. The corresponding current density at the outer
circumference of the counter electrode is twice as high (92.6
mA/cm2). Table S1 of the SI provides the executed
electrochemical program. Figure S3 shows the neutron
diffraction pattern together with the observed electrochemical
data. (Re)charging includes (1) a phase transition and (2) a
hydrogen production period at the iron electrode and oxygen
production at the counter electrode (Ni-wire). During
discharging, the iron electrode is oxidized, while the nickel
counter electrode now produces hydrogen. Equations 10−127
provide the overall system equations for the first discharge
plateau of iron and the nickel-wire counter electrode. The half-
reactions for discharging (10, Ecell = −0.05 V), recharging (11,
Ecell = 1.28 V), and overcharging (12, E0 = 1.23 V) combined
give the cell reactions

+ → +Fe 2H O Fe(OH) H2 2 2 (10)

→ + +2Fe(OH) 2Fe 2H O O2 2 2 (11)

→ +2H O 2H O2 2 2 (12)

Galvanostatic electrochemical experiments were executed with
a Parstat MC 2000A Module. The test currents were
programmed on this module. A voltmeter was used to measure
the cell voltage. A second voltmeter was used to measure the
voltage of the iron electrode relative to the voltage of a Hg/
HgO reference electrode.
Data Processing. This study uses the GSAS-II software

package for data processing.30 For the determination of the
unit cell parameters, three consecutive patterns were combined
to improve counting statistics. These unit cell parameters were
then used to calculate the phase fraction of the individual
patterns.
It is common practice to fit phase fraction and the histogram

scale factor to reach unity within one data set. Here, we follow
a different approach. We fixed the histogram scale factors for
all patterns. This approach allows us to track the crystalline
phase fractions during an operation and to estimate how much
iron-containing material is missing. For other sample
parameters, the Pearl setup can be characterized as a
Debye−Scherrer-type diffractometer.
Parameters for instrumental resolution were used as

determined in ref 29. Initial tests indicated that the fitting
quality did not improve upon fitting the instrumental
parameters (U, V, and W for Gaussian and X and Y for the
Lorentzian part). As these parameters remained close to the
instrumental line shape, no further broadening was assumed.
Background Measurement. The individual components,

sample holder, electrolyte, and counter electrode, contribute to
the background in distinct ways. The quartz (SiO2) sample
holder contributes the “wavy” shape to the background signal.
The pattern of the amorphous quartz has three broad peaks, at

2Θ positions 24, 44, and 88°, as shown in Figure 2. We
modeled the background shape by inserting these three peaks
into the background function of GSAS-II software.

After final charging, the iron electrode was removed. This
left the sample holder with the counter electrode and
electrolyte (60% filled). The diffraction pattern of this
background sample was measured. The overall intensity
increases, relative to the measurement of the quartz tube
alone. The shape and the wavy pattern of the quartz are still
recognizable. Additional reflection peaks from the nickel
counter electrode are clearly visible. This background signal
is present in all measurements. All additional peaks observed in
measurements with the iron electrode present would then be
caused by the electrode under investigation.

Characterization of the Second Fe Discharge Phase.
Iron (α-Fe) has a body-centered cubic (BCC, space group
Im3̅m, a = 2.866 Å) unit cell containing two Fe atoms. Nickel
has a face-centered cubic (FCC, space group Fm3̅m, a = 3.526
Å) unit cell containing four Ni atoms per unit cell. Iron
hydroxide has a hexagonal unit cell with the space group P3̅m1
containing one Fe atom per unit cell. Here, refinement makes
use of the CIF file number COD ID 9002261 from the
Crystallography Open Database (COD).31−36 This file is based
on neutron powder diffraction data collected at 300 K to study
the nuclear and magnetic structures of iron hydroxide.37

The diffraction patterns of the most charged and the most
discharged states, after subtraction of the background, are
combined in Figure 3. We observed, as expected, a decrease in
the diffraction intensities for iron in the discharged state.
Remarkably, we found substantial and equal intensities for iron
hydroxide in both states. Additional reflections, indicated with
blue arrows, appear on deep discharging.
From the known iron oxides and (oxy)hydroxides (α-, β-, γ-,

δ-FeOOH, α-, γ-, ε-Fe2O3, Fe3O4, FeO, and Fe(OH)3), only
the formation of δ-FeOOH was detectable during the second
plateau discharging. So, we focused our further work on δ-
FeOOH (for simulations of the diffraction patterns of iron
oxides and (oxy)hydroxides, see SI, Figure S4 and Table S2).
Other authors identified various other iron oxides/(oxy)-
hydroxides with their measurements.15,23−25,38−44 However, as
many analytical methods require dry samples, it is entirely
conceivable that some of these substances only precipitate, or
even form, when drying the material. Additionally, the
presence of additives affects the product that forms.

Figure 2. Intensities measured for a quartz tube (black line) and the
quartz sample holder filled with 60% electrolyte (25 wt % KOH
solution) together with the Ni-wire counter electrode (red line).

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://doi.org/10.1021/acs.jpcc.1c03263
J. Phys. Chem. C 2021, 125, 16391−16402

16394

https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.1c03263/suppl_file/jp1c03263_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.1c03263/suppl_file/jp1c03263_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.1c03263/suppl_file/jp1c03263_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c03263?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c03263?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c03263?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c03263?fig=fig2&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.1c03263?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


δ-FeOOH is a synthetic material. The related natural
compound, feroxyhyte, is also named δ′-FeOOH. They consist
of a hexagonal unit cell, where the oxygen is in a similar
position as in Fe(OH)2. However, iron and hydrogen have
additional allowed positions, doubling the number of sites in a
doubled number of layers in the crystal (see Figure 4). The

Fe3+ cations are distributed in an ordered manner in the
synthetic compound. In the natural compound, Fe3+ is
randomly distributed. Feroxyhyte has a slightly larger unit
cell (c dimensions 0.456 nm vs 0.449 nm).45

To perform Rietveld refinement on neutron diffraction data,
we use a symmetrical hexagonal unit (P3̅m1) with a random
distribution of the Fe ions in the octahedral sites.46 When we
investigated distorted oxygen lattices,47 the position of the
oxygen atom always converged toward symmetric spacing
between the oxygen layers. When we studied displacement of
the Fe ions from their octahedral site,48 the ions also
converged toward the center of the octahedron from their
distorted position upon refinement. Little is known about the
position of the hydrogen atom in the structure. The authors of
the CIF file COD ID 100876247 suggest that its position is
0.120 nm above the oxygen atom in the direction of the C-axis.
This leads to asymmetry in the structure, as only one layer of
oxygen atoms is filled with hydrogen atoms, while the next
layer is empty. The 0.120 nm O−H distance is unusually big,
and the distance in a hydroxide ion is generally close to 0.096
nm (e.g., Fe(OH)2: 0.094 nm). Symmetrical arrangement of

the hydrogen atoms in the suggested position inside the unit
cell improved the fitting quality. Placing the hydrogen atoms
closer to the oxygen atom at a distance of 0.096 nm or putting
the hydrogen atoms into the tetrahedral positions worsened
the fitting quality. Interestingly, distributing the hydrogen
atoms symmetrically and equally between the tetrahedral sites
and sites at a distance of 0.096 nm to the oxygen atom
provided the same fit quality as the symmetrically rearranged
hydrogen position mentioned above. Figure 5 provides the

final fit for the most discharged stage (averaged data from
patterns 240−242), with unweighted phase residuals RF of
1.560% for iron, 1.972% for iron hydroxide, and 3.571% for δ-
FeOOH. For this δ-FeOOH, the refinement yielded a
characteristic crystal size of 23 nm with a microstrain of
42 000.
Note that we focused on minimizing the unweighted phase

fraction with fitting due to the background. The data residuals
wR result in 0.910% on 1366 observations, and χ2 = 1.6.
Iron hydroxide and iron oxyhydroxide have the same space

group, no. 164, with a different a dimension and a similar c
dimension. However, the transition is more than a simple
(de)protonation with additional iron and hydrogen layers
occurring with partial occupation. This changes the interlayer
spacing between Fe-layers and H-layers from one c-axis length
to half of that and also causes fractional occupation of the sites.
This has a large effect on the (001) diffraction peak at the 2Θ
position 20° when comparing Fe(OH)2 and FeOOH. For the
Fe(OH)2 pattern at this position, no large change is observed
when comparing the most charged and the most discharged
measurements (see Figure 4). As can be observed in SI, Figure
S5 for the FeOOH phase, this peak disappears due to the
shorter c/2 repetition of the partially occupied iron and
hydrogen layers. Not only is hydrogen extracted during the
transition but apparently also Fe ions and the remaining
hydrogen shift in the unit cell. The oxygen atoms remain
relatively unaffected. Such a relocation of transition-metal ions
within the unit cell upon ions being removed from the
structure is reminiscent of what happens to the Ni and Mn ion
redistribution within the unit cell of ordered LiNi0.5Mn1.5O4

Figure 3. Top: intensities measured for the most charged pattern
(284) and the most discharged pattern (242) with the background
subtracted. Blue arrows indicate reflections belonging to the second
Fe plateau. Orange arrows indicate varying intensities for iron. Ni is
not indicated. Bottom: magnification for a 2Θ range from 35 to 7°.

Figure 4. Left: the Fe(OH)2 structure (purple: Fe, red: O, white: H).
The layers between the oxygen atoms are alternatively filled with iron
and hydrogen atoms. Right: δ-FeOOH structure with additional Fe
and H sites that are partially occupied.

Figure 5. Top: observed intensities for the combined, most
discharged pattern, 240−242 (obs), together with calculated
intensities (calc), background (bkg), and difference (diff) curve.
Bottom: difference curve divided by the estimated standard deviation
for the data points (GSAS-II output).
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upon lithium insertion into the structure; apparently, such
mobility and transition-metal valence changes can induce such
mobility.49 A deconvolution of the pattern shown in Figure 5
into the individual contributions of the present phases is added
to the SI, Figure S5. The derived structural parameters of all
refined phases are listed in Table S3 of the SI.
Data Interpretation. The iron electrode contains 6.58 g

(0.118 mol) of Fe. One Ah of charge is equivalent to 0.0373
moles of electrons. Assuming that 100% of the iron is available
for a lossless two-electron process, this results in a theoretical
capacity of 6.33 Ah. So, a hypothetical two-electron exchange
process at a (dis)charging rate of 100 mA for an hour results in
a fractional change of 0.0158 or 1.58% of the iron atoms in the
electrode. Table 1 shows the theoretical fractional changes for
the applied rates for one-, two-, and three-electron exchange
processes.

Each diffraction pattern was corrected for the efficiency of
the 1408 pixels of the detector. The intensity of each of the
collected patterns was corrected for the variation in neutron
beam intensity over the 70 h instrumental time.

Compared to hydrogen, the elements iron, oxygen, and
potassium have a negligible incoherent scattering length
contributing to the background. So, changes in background
levels reflect the hydrogen content of the sample and
electrolyte in the beam. Gas bubbles replacing liquid
electrolytes are to be expected. The electrolyte has a hydrogen
content of 0.108 mol H/cm3, iron hydroxide has 0.0756 mol
H/cm3, and the same sample converted completely to Fe and
the electrolyte inside the created free space has 0.079 mol H/
cm3. Consequently, the hydrogen content should hardly
change during a steady first plateau transition if the gas
content in the electrolyte is stable; however, it is known that
gas evolution occurs readily during charging. This can alter the
condensed (solid or liquid) hydrogen density in the beam. For
calculations concerning the hydrogen content, see SI (Tables
S4−S6).

First-Principles Calculations on δ-FeOOH. The nuclear
density distribution in time of the ions in the various FeOOH
structures, as well as their ground-state energies, was modeled
using density functional theory (DFT) in the generalized
gradient approximation (GGA), as implemented in the VASP
plane-wave pseudopotential code.50 Molecular dynamics was
used at different decreasing temperatures to reach a starting
structure that was subsequently minimized in a minimum
energy calculation. Typically, a 2 × 2 × 2 (8-unit cells)
primitive cell having 32 atoms was applied starting from several
initial structures: (a) δ-FeOOH, with the appropriate
randomized occupation of sites to fill the different planes for
Fe and H with an average composition; and (b) a structure
derived from Fe(OH)2 with a composition corresponding to

Table 1. Expected Fractions of Affected Iron Atoms as a
Function of the Inserted Charge and Fe Valence Change

electron exchange/charge rate (mAh) 1e−/Fe 2e−/Fe 3e−/Fe

100 0.0317 0.0158 0.0106
150 0.0475 0.0237 0.0158
200 0.0633 0.0317 0.0211
300 0.095 0.0475 0.0317

Figure 6. Detector counts, derived normalized molar iron fractions from the neutron diffraction pattern for Fe, Fe(OH)2, and FeOOH with their
sum, the voltage of iron electrode relative to the Hg/HgO reference electrode, and applied current. The red dotted lines indicate the linear fits
depicted in SI Results Tables S6−S10. Note: the vertical gray dotted lines depict the rest periods between different experimental stages; the
horizontal dashed lines depict the Fe2+(OH)2/Fe

3+OOH and the Fe0/Fe2+(OH)2 equilibrium potentials.
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FeOOH (so one H removed) and lattice parameters of the δ-
FeOOH.
The resulting structures are consistent with the δ-FeOOH

structure, in that they have additional H planes compared to
Fe(OH)2, but only the structure resulting from an initial δ-
FeOOH has the additional Fe plane positions. The positions of
Fe and O were stable during lengthy MD simulations at 600 K
and during subsequent minimization. The energies of the
models are remarkably close to each other. The more random
δ-FeOOH structure is only 4.8 kJ/mol lower in energy. This
small difference, approximately two times kBT, may explain a
low driving force for crystallization into the δ-FeOOH form,
where Fe and H form additional different planes when
transforming between a H-extracted Fe(OH0.5)2 and FeOOH,
going in either direction.
It appears from these calculations that δ-FeOOH can indeed

be formed in a solid-state reaction in which Fe(OH)2 is
dehydrogenated according to reaction 9 and where the
Fe3+(OH0.5)2 subsequently partially transforms to an amor-
phous Fe3+OOH and more crystalline δ-Fe3+OOH. The
driving force to crystallize δ-FeOOH is low, which apparently
makes the characteristic diffraction peak of (001) of Fe(OH)2
easily disappear. Further factors leading to apparent amorph-
ization could be the layer thickness of the materials formed
upon (de-)intercalation of H; nanoscopic layer thicknesses will
deform the lattice by strains in view of the different a and c
parameters of the otherwise isomorphic phases.51

■ RESULTS AND DISCUSSION
Figure 6 depicts the parameters extracted from the neutron
diffraction Rietveld refinements. The top inset shows the total
detector counts as a fraction of the highest detector count we
measured. The insets in the center show, in the descending
order, the total amount of Fe and the calculated molar
fractions for Fe, Fe(OH)2, and FeOOH. The detector counts
and the weight fractions are normalized to the maximum
detector counts (pattern 146) and the maximum total Fe
contents (pattern 89), respectively. The bottom−middle inset
shows the iron electrode potential relative to the Hg/HgO
reference electrode. The bottom inset depicts the cycle number
and the programmed current to indicate the mode of operation
(charging or discharging). A detailed analysis of the results is
added to the SI, clustered into (1) start of discharging from a
charged electrode, (2) steady-state discharging at the first
plateau, (3) charging a discharged electrode from the first
discharge plateau, and (4) the second iron discharge plateau.
The following text presents and discusses the main results.
The processed results show a variation of the molar iron

content between 40 and 70% for the iron metal phase and
between 20 and 41% for the iron hydroxide phase. FeOOH is
present from pattern 120 to 150 and from pattern 200 to 260
and reaches a molar content of 24%.
The high content of iron hydroxide is the first remarkable

finding from the current work. Before testing, the cell was fully
charged, followed by a floating charge for 24 h. Even so, at the
start of testing, the fraction of iron hydroxide was still at 24%.
So, a large fraction of the iron mass remained inactive as iron
hydroxide. The literature20,25 suggests that the passivation of
iron limits the material utilization. Our data suggests that the
iron electrode passivation is mostly a result of Fe(OH)2 that
cannot be reduced by recharging.
Figure 7 shows the derived iron content in a stacked graph

with Fe(OH)2, δ-FeOOH, amorphous iron phases, and

metallic iron from top to bottom. We consider parts of Fe2+/
Fe3+ (oxy)hydroxides as amorphous iron-containing phases,
not Fe0. About 40% of the total iron content participates in the
observed phase transitions, 20% remains inactive as iron
hydroxide, and 40% remains inactive as iron. It was expected
that a substantial fraction of the iron will remain inactive as
iron is necessary to provide a stable physical structure and
electrical conductivity. The sum of the detectable iron phases
(metallic iron, Fe(OH)2, and δ-FeOOH) varies upon
operation and is assumed to be 100% at the observed
maximum of the molar amounts of iron in the combined phase
fractions. The subtraction of the iron in the combined
crystalline phase fractions yields the fraction of the iron that
is present in an amorphous phase. Note that it cannot be
excluded that there is more amorphous material that never
crystallizes. The top of Figure 7 shows the ratio of the
calculated amorphous iron phase to the participating,
detectable iron content. For the first plateau operation (cycles
1 and 2), the amorphous iron content shows maxima of 40% at
the end of the discharge. For the second plateau operation
(cycles 3 and 4), when δ-FeOOH disappears during
recharging, the maxima were found around the 55% point.
The high content of amorphous iron, at 22% of the sample
(=0.4*0.55), is the second remarkable finding from the current
work.
The increase and decrease of crystalline iron show a steep

change in the transition period immediately after rest. A third
of the reduction of detectable iron phases occurs in this period.
This is followed by a steady rate of change for two-third of the
reduction of detectable iron phases. Figure 8 shows the
progress in molar amounts of iron phases during discharging of
cycles 1−3 (first plateau only). Metallic iron shows steady
changes in the fractional iron content that are close to the
expected changes for a two-electron exchange process. The
fractional changes in iron hydroxide are delayed (∼35%)
relative to the expected changes.
The discharge of C2 (1.5 times higher discharge rate than

C1 and C3; delay of iron hydroxide formation with ∼40%
slightly higher) follows the pattern of C1 and C3. However,
the same amount of undetectable amorphous iron phases

Figure 7. Top: ratio of amorphous iron (Fe2+/Fe3+) phases to the
participating iron. Bottom: stacked and normalized iron distribution:
from top to bottom: Fe(OH)2, δ-FeOOH, amorphous iron phases,
and metallic iron.
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(0.012 mol) forms after 10% or less charge is withdrawn (at
0.045 mol e− rather than at 0.05 mol e−).
Figure 9 shows the variation of metallic iron (Fe), iron(II)

hydroxide, and detectable iron during charging. The amounts

of metallic iron and detectable iron phases increase with
charging. The ratio of both at the end of charging exceeds 50%,
supporting the finding that a substantial amount of iron phases
must be present in the amorphous form when discharged to
the first plateau. This amorphous iron phase is then reduced
back to metallic iron upon charging, as is iron hydroxide. The
delayed reduction of iron hydroxide alone cannot provide
enough iron to cause the observed increase in metallic iron.

Interestingly, the amount of iron hydroxide first increases
upon recharging before it starts decreasing. Figure 9 indicates a
one-electron process for the increase in the iron hydroxide
phase. We speculate that amorphous iron is present as Fe(II)
and Fe(III) and that the unexpected steep increase of the iron
hydroxide phase during recharging is caused by the reduction
of amorphous iron(III) to crystalline iron(II) hydroxide at a
higher rate than the reduction of Fe(II) hydroxide to the Fe
metal. It is likely that an increased discharge rate (C2) causes a
larger fraction of (amorphous) Fe(III) since the sloppy kinetics
of the iron electrode cannot keep up. The increase in the iron
hydroxide fraction in the transition following the discharge at
higher rates is about 40% higher than in the previous
transition, 4.8% compared to 3.4% (see Figure S7). The
increased amorphous Fe(III) content would cause more
crystalline iron hydroxide formation from the amorphous
Fe(III) phase.
Both the delayed rates for iron hydroxide and the iron

hydroxide formation at the start of the charging period
contribute to an accumulation of iron hydroxide inside the
electrode. The iron hydroxide content increased from 24 to
27% after the first recharge and to 28% after the second
recharge. The initial discharge after production has a material
utilization of about 0.4 Ah/gFe. Subsequent discharges have a
utilization of about 0.15 Ah/gFe. This suggests that the first
discharge already causes accumulation within the electrode of
iron hydroxide, which cannot be fully reactivated. Discharging
to the second plateau may help in reactivating iron hydroxide.
The derived iron hydroxide content at the broad peaks before
and after the second plateau discharge shows a reduction of 2%
of the iron hydroxide content for the first shorter discharge and
a reduction of 4% for the second longer discharge. In addition,
the minimum iron hydroxide content at the charged state can
be found at the end of our experiments, even without
completed recharging.
We see a stable iron content in the different crystalline

phases when iron oxyhydroxide is present in detectable
amounts. When iron oxyhydroxide is no longer detectable,
the phase fraction from iron metal starts increasing. From this,
we conclude that no direct reduction from detected Fe3+OOH
to Fe0 occurs. Fe(OH)2 shows broad maxima in the detected
intensity before and after the transition to the second discharge
plateau (see Figures 6 and 10). This smooth transition suggests
a smooth solid-state reaction with Fe2+ going to Fe3+ by
dehydrogenation. Moreover, it suggests that the internal charge
rearrangement occurs, up to the stability limit of 10% Fe3+. At
higher Fe3+ saturation, change rates for Fe(OH)2 are
increasing, supporting this conclusion. The transition from
the second plateau discharging to charging shows an
immediate response to the current input, as can be seen
from the sharp peaks for both phases. Figure 10 shows the
further recharging of cycle 4.
FeOOH decreases faster than the increase seen in Fe(OH)2,

and the detectable crystalline iron content reaches a minimum
when FeOOH has vanished, as seen in pattern 257. Then,
surprisingly, both iron and iron hydroxide phases increase
simultaneously. So, the reduction of amorphous Fe2+ to Fe0

again takes place alongside the reduction of amorphous Fe3+ to
Fe2+(OH)2. Notably, during patterns 258 and 262, we have
close to perfect agreement between the measured fractional
change and electrochemical charge input when assigning 66%
of the charge, which contributes to the formation of Fe0 in a
two-electron process and 29% of the charge to the formation of

Figure 8. Progress in detector counts and molar iron amount during
the discharging of cycle 1 (C1, measurements 3−30), cycle 2 (C2,
measurements 53−69), and cycle 3 (C3, only the first plateau,
measurements 92−120) vs inserted electrons. Top: detector counts;
middle: decreasing the iron amount and increasing the iron hydroxide
amount; and bottom: variation in the detectable molar iron amount.
Gray dotted lines indicate the expected molar changes for a one-,
two-, and three-electron process.

Figure 9. Detector counts and amount of iron phases during the
charging of cycle 1 (C1, measurements 32−51) and cycle 2 (C2,
measurements 71−90) vs inserted electrons. Top: detector counts;
middle: increasing the metallic iron amount and decreasing the iron
hydroxide amount; and bottom: variation in the detectable molar iron
amount. Gray dotted lines indicate the expected molar changes for a
one-, two-, and three-electron process.
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Fe2+(OH)2 in a one-electron process. So here, amorphous iron
phases are not produced but only consumed to serve the
formation of the detected crystalline phases.
Figure 11 depicts a contour plot of all recorded neutron

diffraction patterns. This plot shows that reflections indicate

constant lattice parameters while the patterns vary in intensity.
Changing intensities reflect the varying observable phase
contents, as described earlier. In Figure 11, the incoherent
background can be seen between the horizontal lines of the
coherent reflections.
The background counts are linked to incoherent scattering

caused by the hydrogen content inside the cell. Variations
correspond with the electrolyte content as the electrolyte has
the highest volumetric hydrogen density. Most significant
variations are recognizable in the transition zones from
charging to discharging and vice versa.
In our point of view, two mechanisms cause background

variation: (1) gas production/accumulation/release and (2)
material precipitation/dissolution; both result in changes of the
electrolyte content.
The first mechanism can be observed, e.g., when the system

is at rest. The space between the iron electrode and counter
electrode is filled with gas bubbles and/or electrolyte. During
an operation, the gas leaves the system via this gap. At rest, no
gas is produced and the gap is refilled with the electrolyte.
Because of this, the maxima in the total detector counts at rest
are visible in their pattern (increased electrolyte background).
When the cell is turned on again, these maxima vanish (gas
replaces some electrolyte). Furthermore, hydrogen gas
production also inside the electrode is indicated by the
decrease in detector counts at the end of the charging step
patterns 47−51 and 87−90. Note that the hydrogen evolution
potential is that close to the Fe0/Fe2+ equilibrium potential
that the overpotential makes that hydrogen evolution can
occur already from the start of charging. Here, steadily
increasing (1) porosity, due to phase changes, (2) metallic iron
content, and (3) cell voltage would favor hydrogen production

Figure 10. Progress in detector counts and amount of iron phases
during recharging of cycle 4 (starting from the second discharge
plateau, measurements 244−266 and 281−284) vs inserted electrons.
Top: detector counts; middle: increasing the metallic iron amount,
decreasing the iron oxyhydroxide amount, and first increasing and
later decreasing the iron hydroxide amount; and bottom: variation in
the amount of detectable iron phases. Blue and green dotted lines
indicate the interpolated Fe and Fe(OH)2 amounts, and gray dotted
lines indicate the expected molar changes for a one-, two-, and three-
electron process.

Figure 11. Contour plot of observed neutron diffraction patterns, with as a reference at the top the observed potentials of the iron electrode relative
to the reference electrode (Hg/HgO) that result from the discharging, charging and waiting periods.
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and accumulation. However, the stable detector counts
depicted in Figure 9 indicate that in the period after the
transition until the end of charging no gas accumulates within
the electrode, so any produced gas can leave, keeping the
content nearly constant. After prolonged charging, the voltage
reaches a stable plateau, indicating that the inserted charge
contributes to only hydrogen production. This is further
supported by the fact that the increase in iron phase flattens
out and the decrease of the iron hydroxide phase stops. Gas
production is also likely to occur during the final measurement
session, patterns 281−284. In these measurements, the voltage
curve is already bent and close to stabilization. At this time, the
detector counts are decreasing while the amount of iron is still
increasing.
Gas may disappear from inside the electrode during the first

two discharges (since production ceases). Here, the detector
counts first increase as accumulated gas is released and then
stabilize (see Figure 8). Iron and iron hydroxide show here
steady gradients, suggesting no correlation between the
detector counts and the phase change rates. (A discussion of
a possible correlation between incoherent background affecting
the screening of the samples and observed diffraction
intensities is added in the SI.)
The second mechanism for changes in detector counts may

be the different hydrogen contents in the solid phase
precipitates. Metallic iron has no hydrogen content, and the
hydrogen content of iron(II) hydroxide is lower than that of
the electrolyte. At the start of the charging of C1 and C2 (see
Figure 9), a substantial amount of iron and iron hydroxide
forms. Also during recharging of C3 and C4, we observe a
simultaneous increase of these phases but with a wider spread.
The speed of change for the detector counts is correlated with
the speed of phase precipitation. This correlation supports the
idea that electrolyte displacement by changing precipitates
occurs.
In commercial nickel−iron batteries, it is common knowl-

edge that electrolyte levels increase during charging and
decease during discharging. This characteristic can be
explained by both mechanisms described, although the
Ni(OH)2 NiOOH phase changes may play a role.
A factor of importance appears to be the gas evolution that

interferes with the electrolyte content of the electrodes: the gas
inside the electrode may replace the electrolyte, reducing the
ionic conductivity, consistent with the observed increase in
overpotentials. Moreover, the process of iron hydroxide
reduction starts slowing down at the same time as the start
of decrease of the detector counts that indicates gas evolution.
This hydrogen can further hinder electrolyte access to any
remaining iron hydroxide inside the porous structure. This
would limit further Fe(OH)2 dissolution necessary for iron
hydroxide reduction.
Interestingly, the iron fraction increases while gas evolution

takes place, so amorphous iron hydroxide still has contact with
the electrolyte and can be reduced. It may be limited by poor
electrolyte access as well, as the soluble intermediate Fe species
requires the electrolyte, although these intermediates are
reported to disappear before hydrogen evolution starts.11,14

Changes in the neutron screening of the sample likely affect
the fractional changes in the transitions from discharging to
charging. This makes both rates appear faster than they are.
We observed high fractional changes of metallic iron in the
transition from charging to discharging. We relate this to the
start of the corrosion process of the iron electrode in the

waiting period before discharging. The corrosion process is
comparable to the discharge process and could provide
adsorbed hydroxyl groups. With available adsorbed hydroxyl
ions, fractional changes may occur at rates higher than those
expected at the start of discharging.
Iron hydroxide precipitation starts with a delay after some

iron is transformed into an amorphous state and iron
hydroxide reduction stops when the amorphous iron has
vanished. We speculate that the presence of amorphous phases
is essential for a proper operation of the electrode since
changes in the solid iron hydroxide phase only occur in the
presence of amorphous iron phases.

■ CONCLUSIONS
In this study, we use neutron diffraction combined with
Rietveld refinement to investigate the phase transitions of a
sintered iron electrode in operando. This technique enables us
to probe the bulk of the sample without interference.
Iron and iron(II) hydroxide are the phases forming the first

discharge plateau of the iron electrode. We found that a
substantial inactive amount of iron hydroxide is always present.
This finding indicates that the reduction from iron hydroxide
to iron needs to be improved for increased material utilization.
We ascertained that crystalline iron disappears and forms as
expected during an operation, while iron hydroxide reacts
slowly via an intermediate amorphous phase.
The structure of δ-FeOOH fits the phase occurring at the

second discharge plateau. This structure differs from that of δ-
FeOOH in that it has equal spacing between the oxygen layers
and symmetric distribution of the iron and hydrogen atoms.
We can confirm that iron is passivated when δ-FeOOH is
present and that no direct reduction from crystalline Fe3+ to
Fe0 occurs.
As much as 40% of the participating iron can be in an

amorphous Fe(II)/Fe(III)-containing phase. As such, it is
undetectable in the diffraction during the first plateau
operation. The amount of detectable crystalline iron phases
reaches an absolute minimum upon recharging when FeOOH
disappears and as much as 55% of the total participating iron
content is amorphous.
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