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effect was demonstrated in aqueous lithium batteries using low
molecular weight polyethylene glycol (PEG) as a cosolvent to
disrupt water’s intermolecular bonding and increase its
electrochemical stability window.15 Since then, this strategy,
termed “molecular crowding” has been successfully employed
for Zn metal using a variety of crowding agents.16−23 In this
work, we explore the usefulness of this approach for Fe metal
anodes and study its effect on Fe nucleation and growth. We
use the inexpensive PEG-400 as a cosolvent to water in slightly
acidic electrolyte with iron(II) trifluoromethanesulfonate
(Fe(OTf)2) salt. The electrolyte is characterized to understand
the effect of PEG on the bonding environment within the Fe-
based electrolytes, and we evaluate the performance of a series
of PEG-400 electrolytes in half- and symmetric cells. We
measure the hydrogen generated after 10 cycles and find that
PEG-400 suppresses the HER, leading to increased plating/
stripping efficiency for the Fe metal anode and more compact
Fe nucleation and growth.

To understand the effect of PEG (molecular weight ∼400 g/
mol) as an electrolyte component for aqueous Fe electrolytes,
we mixed four solutions of deionized water and PEG-400 with
the following amounts of PEG by mass: 0%, 50%, 60%, and
70%. These ratios were selected to explore a balance between
high cation mobility in water and potential benefits imparted
by PEG. To each solution was added Fe(OTf)2 to make a
concentration of 1 molality each. This salt is chosen for its
considerable solubility in PEG/H2O and possibility to
contribute to an OTf− derived solid electrolyte interphase.24

Using Fourier transform infrared (FT-IR) spectroscopy, we
first observed how bond strengths change with the addition of
PEG. Figure 1a depicts the absorption peak of the O−H
stretching in water. As the PEG content increases from 0 to
70%, we observe a blueshift in the absorption peak (from
∼3358 cm−1 to ∼3400 cm−1 with 0 to 70% PEG respectively),
suggesting that the covalent O−H (H2O) bond is strengthened

with the increase in PEG content.15 The same effect is
observed in Figure 1b, in which water’s O−H bending peak
without PEG is at ∼1635 cm−1 and shifts to 1646 cm−1 with
70% PEG. As expected, increasing PEG content gives higher
peak intensity at 2879 cm−1, which corresponds to the C−H
stretching of PEG and at 1456 cm−1, which corresponds to the
C−H bending,15 whereas the 0% PEG electrolyte does not
have peaks at these wavenumbers.

Raman spectroscopy also supports the FT-IR result: within
the O−H (H2O) stretching band between 3100 and 3700
cm−1, there is a gradual blueshift as PEG content increases,
associated with the disruption of the intermolecular H-bond
network and strengthening of O−H bonding within individual
water molecules (Figure 1c).21 The region at ∼2700 to 3000
cm−1 corresponds to the symmetric C−H stretching vibration
of PEG which increases in intensity as PEG content increases.
Interestingly, when compared to neat PEG-400 without any
salt or water added (Supplementary Figure 1), the PEG
electrolytes exhibit a significant increase in the relative
intensity of the peak at ∼2922 cm−1 vs the peak at ∼2886
cm−1.This has been previously observed in PEG/water
solutions and may be attributed to hydrogen bonding solvent
interactions affecting a CH2 stretching mode or a Fermi
resonance.25

We can also use Raman spectroscopy to explore the effect of
the solvents on the Fe salt. We observe the symmetric angle
deformation of CF3 (δs(CF3)) in the OTf− anion at ∼762
cm−1 (Figure 1d).26 This region gives us information about
anion coordination. The solid Fe(OTf)2 salt yields the highest
wavenumber δs(CF3) band, which exhibits a red shift when
dissolved in water. As PEG is added, the δs(CF3) band shifts to
even lower wavenumbers. This red shift suggests an increase in
OTf−/PEG interactions as OTf−/H2O interactions are
reduced.27,28 We observe the same effect in the Raman spectra

Figure 1. Properties of aqueous Fe electrolytes. For 1 m Fe(OTf)2 with varying PEG composition (0%, 50%, 60%, and 70% PEG by mass of
solvent, remainder is water): a) FT-IR absorption peak of O−H stretching of water; b) FT-IR absorption peak of O−H bending of water; c)
Raman spectra of O−H stretching in water; d) Raman spectra of δs(CF3) band from OTf− anion; e) Raman spectra of δas(CF3) band from
OTf− anion; f) ionic conductivity of the four electrolyte systems.
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of the −CF3 asymmetric deformation mode (δas(CF3)) (Figure
1e).

These FT-IR and Raman results are promising for achieving
HER suppression. The strengthening of the O−H bonds in
water should require a higher driving force for the HER, thus
making Fe plating relatively more favorable. A drawback to this
approach, however, is that PEG-400 is a viscous liquid, and
increasing PEG content decreases the ionic conductivity of the
electrolyte (Figure 1f). With 0% PEG, the ionic conductivity of
the 1 mol of Fe(OTf)2 electrolyte is 65 mS cm−1. From 50 to
60 to 70% PEG, this value drops to 10, 5, and 2 mS cm−1

respectively. The ionic conductivity is negatively correlated to
the viscosity, which increases with PEG content (Supple-
mentary Figure 2). Thus, there is a trade-off between O−H
bond strength and ionic conductivity for this electrolyte
system.

Despite the reduced conductivity, the evidence of water’s
intramolecular O−H bond strengthening is encouraging for
the Fe metal anode performance. First, we used the 60% PEG
system to confirm that PEG does not alter the acidic
electrolyte’s Fe plating/stripping mechanism. We assembled
three Fe||Cu half-cells and used X-ray diffraction (XRD) to
measure the Cu electrodes from each cell. In the first cell, we
plated 0.4 mAh Fe cm−2 onto the Cu substrate. In the second
cell, we plated the same capacity and stripped to 0.5 V, and in
the third cell, we plated, stripped, and then plated 0.4 mAh
cm−2 again (Supplementary Figure 3). We can clearly observe

the emergence of Fe metal peaks on the Cu foil after each
plating and their near disappearance after stripping, confirming
that the plating/stripping reaction is occurring in the PEG
electrolyte. With XRD, we also confirm Fe metal plating in the
0% PEG electrolyte (Supplementary Figure 4).

To understand how these electrolytes affect the efficiency of
the Fe2+/Fe redox reaction, we assembled Fe||Cu half-cells with
each of the four electrolyte solutions. As depicted in Figure 2a,
the 0% PEG electrolyte yields the lowest first cycle Coulombic
efficiency (CE) of 40%, while the 60% PEG system exhibits the
highest first cycle CE of 68%. The 70% PEG electrolyte
reaches a 60.1% initial CE, which is just below that of the 50%
PEG system, which delivers 64.5% initial CE. Notably, the 0%
PEG electrolyte has the lowest plating overpotential on the
first cycle (Figure 2b) likely due to its highest ionic
conductivity, whereas increasing PEG content increases the
overpotential as ionic conductivity is decreased. Interestingly,
the 0% PEG has a first cycle stripping potential similar to that
of the 70% PEG electrolyte.

After the first cycle, the plating overpotentials decrease in all
systems, and the CEs rise. Additional plateaus appear in the
stripping profile of 0% PEG as shown in Figure 2c for cycle 10.
These plateaus may be from contact issues, soft shorting, or
side reactions, as supported by its unphysical >100% CE29 first
observed at cycle 33 and the unstable voltage profiles, also
shown for cycle 50 (Figure 2d). Meanwhile, the PEG-based
electrolytes exhibit more stable voltage profiles and CE values.

Figure 2. Electrochemical performance of Fe metal anode with varying PEG content in the electrolyte. a) Coulombic efficiency of Fe||Cu
coin cells with 0%, 50%, 60%, and 70% PEG by mass of electrolyte solvent. A dashed line is drawn at 100% CE for clarity. Corresponding
voltage profiles of the Fe||Cu coin cells for the b) first, c) tenth, and d) fiftieth cycle. e) Coulombic efficiency of Fe||Cu pouch cells with 0%
and 60% PEG. f) Voltage vs time profile of Fe||Fe coin cells with 0% and 60% PEG electrolyte and one glass fiber (GF/A) separator per cell
to accelerate failure.
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The 60% PEG is the first to reach >90% CE at cycle 18, at
which point the 70%, 50%, and 0% electrolytes have a CE of
82.7%, 82.1%, and 76% CE respectively. Overall, 60% PEG
gives the highest average CE with stable voltage profiles,
implying that its solvent ratio best optimizes the trade-off
between efficiency and overpotential increases. Because the
60% PEG electrolyte appears to be the most promising, we
focus on comparing this system to the control 0% PEG
electrolyte for the remainder of the study.

The Fe||Cu coin cells utilize stainless steel metal casings,
which may provide more active sites for the HER. To better
understand the effect of the electrolyte on Fe plating without
metal casings, we assembled pouch cells with the 60% PEG
and the control 0% PEG electrolytes. As shown in Figure 2e
and Supplementary Figure 5, we find that the 60% PEG
performs similarly in the pouch half cell compared to the coin
cell. The first cycle CE in the pouch is 68.45% compared to
68% in the coin cell. The control pouch falls to 23.3% first
cycle CE compared with 40% in the coin cell. The overall trend
of higher CE in the 60% PEG system is maintained, suggesting
that the Fe anode (rather than the stainless steel alone) serves
as active sites for the HER that contributes to lower CE in the
0% PEG system.

Next, we assembled Fe||Fe symmetric coin cells. Instead of
using 2 GF/A glass fiber separators as done to this point, we
used just 1 separator to accelerate the failure of the cells. We
find that at 0.2 mA cm−2 and 0.2 mAh cm−2, the 0% PEG cell
begins to soft-short after only 20 h and can no longer run after
24 h (Figure 2f). The 60% cell lasts over twice as long, running
smoothly for 48 h. When two separators are used, the 60%
PEG electrolyte runs without shorting for at least 900 h
(Supplementary Figure 6). We note that in the PEG system, an
additional plateau develops at −0.2 V with cycling (Supple-
mentary Figure 7). Two plateaus have been previously
observed during metal plating in water/PEG systems,30 and
future work should focus on understanding the aging of the Fe
anode in such systems.

While CE values and the corresponding voltage profiles give
us an initial understanding of Fe anode efficiency, we can
directly measure the hydrogen generation that occurs during
Fe plating and stripping by using gas chromatography (GC).
We fabricated Fe||Cu half cells in sealed GC vials, which we
cycled for 10 plating and stripping cycles with the same current
parameters as used previously (0.2 mA cm−2, 0.2 mAh cm−2)
(Figure 3a). After cycling, we extracted the gas and analyzed it
by using GC-mass spectrometry (Figure 3b). On average, the
0% PEG system generated 0.112 mmol of H2 gas during the

Figure 3. H2 evolution and species solvation in 0% and 60% PEG electrolyte. a) Fe||Cu half-cells made in GC vials and sealed to keep all
gases in, followed by 10 cycles of Fe plating and stripping, before gas analysis via GC-MS. b) H2 (mmol) measured by GC-MS from vial cells
after cycling in the 0% and 60% PEG electrolytes. Coordination number distribution functions calculated from MD simulations for c) 1 m
Fe(OTf)2 in 0% PEG/100% H2O and d) 1 m Fe(OTf)2 in 60% PEG/40% H2O. e) Prevalence of H2O solvation for the 0% and 60%
electrolytes; the percentages indicate the percent of H2O in system that solvates the electrolyte component indicated in the legend.
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ten cycles, whereas the 60% PEG system averaged 0.0124
mmol, representing a nearly 10x reduction in hydrogen
evolution when 60% PEG is introduced. Thus, we confirm
that PEG suppresses the HER, thereby minimizing the side
reactions and allowing higher efficiency Fe plating. This result
is consistent with the FT-IR and Raman data, which suggested
that the PEG electrolytes would have higher HER over-
potential due to the increased O−H bond strength of water
(imparted by the PEG).

With evidence that PEG suppresses HER during Fe plating/
stripping, we next turn to molecular dynamic (MD)
simulations to further investigate how PEG affects Fe2+

solvation and the electrolytes’ intermolecular interactions.
Snapshots of the MD simulation in 0% and 60% PEG are
presented in Supplementary Figures 8a and 8b. We obtained
the radial distribution functions (Supplementary Figures 8c
and 8d) and coordination number distribution functions
(Figure 3c and Figure 3d) from these MD simulations. In
both electrolytes, Fe2+ is solvated by six H2O molecules on
average. Significant differences in the cation−anion pairing are
not observed between the 0% and 60% PEG cases. The
primary difference in Fe2+ solvation is that the 60% PEG
electrolyte introduces some PEG into the second solvation
shell, yet any effect on proton acidity in first shell H2O remains
unclear. Rather, the water molecules that solvate Fe2+ are
themselves less solvated by other water molecules in the 60%
PEG compared to in the 0% PEG electrolyte, which highlights
the effectiveness of PEG in disrupting H2O−H2O H-bonding.
In Li batteries, it is typically desired to have more anions in the
Li+ solvation shell to create a more robust, inorganic solid
electrolyte interphase (SEI),31−34 but the existence of an SEI
on Fe anodes is not well understood. Plus, more hydrated
cations might exhibit higher mobility compared to cations
solvated by bulky anions.23

The MD result gives us insight into the intermolecular
interactions of H2O molecules. We analyzed the environment
of H2O molecules in the 0% and 60% PEG electrolyte to reveal
the percentage of water molecules which solvate each
electrolyte species: other H2O molecules (i.e., free water),
Fe2+, OTf−, PEG, or some combination (Figure 3e). We find
that compared to 0% PEG, the 60% PEG system reduces the
prevalence of free water from 59.7% to a mere 8.6%. In the
60% PEG electrolyte, over 70% of H2O molecules are involved
with solvating PEG. These results suggest that PEG indeed
disrupts the H2O hydrogen-bonding network, which agrees
with the FT-IR and Raman results. This should increase the
O−H bond strength within water molecules and increase the
HER overpotential, as supported by the GC measurements. As
a result, the electrochemical performance is improved, as
discussed previously.

X-ray photoelectron spectroscopy (XPS) was employed to
examine possible differences between the Fe anode surfaces
after cycling in the 0% PEG and of the 60% PEG systems,
respectively. We measured samples of Fe plated onto Cu after
10.5 cycles in Fe||Cu half cells. In both systems, fluorine and
sulfur are detected on the Fe anode surface, suggesting some
decomposition of the OTf− anion is occurring which
contributes to an interphase on the Fe anode (Supplementary
Figure 9). However, no significant differences in elemental
ratios between the two systems were observed, suggesting that
the chemical makeup of any anode interphase is not a primary
contributor to the performance differences observed.

After realizing improved electrochemical performance and
suppressed HER, we suspect that 60% PEG may have a
significant effect on Fe metal nucleation and growth. To
investigate this question, we plated 5 μAh cm−2 Fe onto a lacey
carbon/Cu TEM grid in 0% and 60% PEG electrolyte. With
high resolution transmission electron microscopy (TEM), it is
difficult to observe clearly crystalline regions in the control 0%

Figure 4. Nucleation and growth of Fe. In the 0% PEG system: a) high resolution TEM of 5 μAh cm−2 Fe plated at 0.2 mA cm−2. b) Higher
magnification TEM revealing highly disordered crystalline regions. c) SEM of high surface area Fe after plating 3 mAh cm−2 at 0.2 mA cm−2.
In the 60% PEG system: d) high resolution TEM of 5 μAh cm−2 Fe plated at 0.2 mA cm−2. e) higher magnification TEM revealing highly
crystalline α-Fe nuclei. f) SEM of compact Fe after plating 3 mAh cm−2 at 0.2 mA cm−2 in the 60% PEG system.
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PEG electrolyte (Figure 4a). When we do locate crystalline
regions, they are highly defective and we were unable to assign
consistent �-spacings (Figure 4b). We also plated a relatively
high capacity of 3 mAh cm−2 Fe on Cu foil to observe the
growth morphology using scanning electron microscopy
(SEM). With energy dispersive X-ray spectroscopy (EDS)
(Supplementary Figure 10) combined with the evidence of Fe
plating from XRD, we find that Fe metal grows with high
surface area and sharp surfaces (Figure 4c). It appears that in
0% PEG electrolyte, Fe nucleation and growth is disrupted
which leads to defective and random morphology.

In contrast, after plating 5 μAh cm−2, the 60% PEG
electrolyte yields well-defined Fe nuclei of about 10 nm in
diameter (Figure 4d). We observe a hexagonal atomic
arrangement and �-spacing of 0.203 nm corresponding to
the 11̅0 plane down the 111 zone axis of Fe metal (Figure 4e).
When imaging a higher plating capacity of 3 mAh cm−2 with
SEM, we find that, compared to the 0% PEG electrolyte, the
60% PEG electrolyte yields larger Fe crystals with a smoother,
more compact Fe morphology (Figure 4f and Supplementary
Figure 11). XRD pole figure analysis of Fe plated on Cu (0.2
mA cm−2; 3 mAh Fe cm−2) reveals that the α-Fe (110) planes
in both systems grow preferentially from 0° (parallel) to about
45° relative to the Cu substrate (Supplementary Figure 12).
Notably, the PEG imparts a more uniform texture compared to
the control 0% PEG electrolyte. Overall, Fe nucleation and
growth is more crystalline and controlled in 60% PEG
electrolyte compared to that in the 0% PEG electrolyte.

The larger Fe particle size plated in the presence of PEG can
be understood in part by examining the difference between the
nucleation and growth overpotentials. As discussed by Pei et
al.,35 when nucleation overpotential is greater than growth
overpotential, instantaneous nucleation occurs followed by
particle growth via deposition onto existing nuclei. We
observed in the first plating of Fe onto Cu (Figure 2b) that
nucleation in 60% PEG occurred at −430 mV vs Fe2+/Fe, after
which the overpotential is largely decreasing and lowers to
−400 mV by the end of this first plating step. However, a
different trend is observed in the 0% PEG case. The
overpotential at nucleation appears around −335 mV, and
after an initial dip, the overpotential continues to climb past
the nucleation overpotential to −348 mV by the end of the
first plating. This trend suggests that nucleation in the system
without PEG is more progressive, which would lead to more
particles of a smaller size. With PEG, nucleation appears to be
more instantaneous, which helps explain the fewer but larger
particles observed in the 60% PEG electrolyte. In addition,
because PEG suppresses HER, Fe nucleation and growth may
proceed with less disruption from H2 bubble formation at the
anode/electrolyte interface. This effect can also contribute to
the more crystalline nuclei and larger particle sizes observed in
the PEG case. The compact, lower surface area morphology is
beneficial for higher energy density anodes and means fewer
sites for the HER, thus contributing to efficient Fe plating/
stripping.

In summary, we apply the molecular crowding strategy to Fe
metal anodes and find that adding PEG strengthens intra-
molecular O−H bonds of water, improves Fe anode efficiency,
suppresses HER, and enables more crystalline and compact Fe
nucleation and growth. This work demonstrates the effective-
ness of crowding agents in the electrolyte for Fe metal anodes
operating under a plating/stripping mechanism. Future efforts
should focus on fine-tuning the cosolvents for higher ionic

conductivity, which should allow for lower overpotentials and
better cation mobility. The effect of the electrolyte salt anion
on the Fe efficiency and morphology should also be explored.
Optimizing the chemistry of these electrolyte components will
allow for further improvement of the Fe metal anode
performance at a low cost.
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