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Polyethylene glycol (PEG) is considered an electrolyte additive to
improve the performance of aqueous batteries. Here, we report
that PEG enhances the Coulombic efficiency (CE) of an Fe metal
anode (FeMA) in aqueous FeCl, electrolytes but surprisingly lowers
the CE of Zn metal anode (ZMA) in concentrated ZnCl, electrolytes.
We observed that the PEG addition raises the corrosion potential
of FeMA but decreases that for ZMA. The femtosecond stimulated
Raman spectroscopy (FSRS) and synchrotron small-angle X-ray
scattering (SAXS) results reveal that PEG solvates Fe?* rather than
Zn?* in the chloride-rich environments.

Transitioning from fossil fuels to renewable energy sources
necessitates the installation of grid energy storage to levelize
intermittent power generation cycles.»2 For storage batteries,
energy density is no longer the foremost concern. This opens
the door to alternative devices, including aqueous metal
batteries, which are promising due to their attributes of greater
safety, low cost, and smaller environmental impacts.3~> Among
these batteries, Zn metal batteries (ZMBs) have received much
attention and are poised for commercial applications in the near
future,* and Fe-ion batteries (FelBs) are seeing increasing
efforts, relishing the ultimate sustainability of iron metal and its
minimal cost.® However, the cycle life of these aqueous metal
batteries is often challenged by the limited reversibility of their
metal anodes. The primary contributor to their irreversibility is
the hydrogen evolution reaction (HER), a parasitic reaction
between metal anodes as a reductant and water in aqueous
electrolytes as an oxidant, resulting in a low Coulombic
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efficiency (CE) during the plating-stripping cycles.”

To mitigate HER, various strategies have been proposed.
Kinetically, the corrosion of metal anodes can be slowed down
by growing a solid electrolyte interphase (SEl) layer that
passivates the metal surface.®® Thermodynamically, different
lattice planes of metal anodes can exhibit varying corrosion
resistance, and plating a more stable lattice can be induced
epitaxially.’®11 |n addition, HER relates to the solvation
structures of electrolytes, and highly concentrated electrolytes
have delivered enhanced performance.’? On the other hand,
electrolyte additives are known capable of modulating the
solvation structures of electrolytes. Polyethylene glycol (PEG) is
cost-effective and environmentally friendly, making it a
practical choice of additive/co-solvent. Pioneering studies have
demonstrated that PEG added to the aqueous electrolytes can
effectively suppress HER and promote uniform plating of the Zn
metal anode (ZMA).1314 However, it remains elusive how the
PEG interacts with ZnZ* and FeZ*, comparatively, in the presence
of high concentrations of chlorides, regarding the impacts on
the reversibility of their metal anodes.

Herein, we investigate the impacts of PEG 200—where 200
denotes its average molar mass—on the performance of FeCl,
and ZnCl, electrolytes, where PEG 200 is miscible with these
electrolytes due to its relatively low molar mass. We report that
adding PEG causes the opposite effects: improving the CE for
the Fe metal anode (FeMA) but lowering the CE of the ZMA in
their concentrated chloride electrolytes. Interestingly, the
addition of PEG shifts the corrosion potentials of FeMA and ZMA
in opposite directions: higher for the FeMA, but lower for the
ZMA. This disparity was elucidated by our results of the
structure-sensitive ground-state femtosecond stimulated
Raman spectroscopy (GS-FSRS) and synchrotron small-angle X-
ray scattering (SAXS), which revealed that PEG
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Fig. 1. The electrochemical performance of the FeMA at a
current density of 1 mA cm2, with each plating and stripping
process lasting for 1 hour. (a) GCD profiles of the 10t cycle. (b)
CE tests for 5FC and 5FC20PEG. (c) GCD profiles for 5FC20PEG
to determine the average CE at a current density of 1 mA cm2.
(d) GC profiles with an argon carrier gas. Tafel plots of three-
electrode Swagelok cells with an Ag/AgCl reference electrode,
scanned at 10 mV min!: (e) Fe foil (500 um) serves as both the
working and counter electrode. (f) Zn foil (250 um) as both the
working and counter electrode.

chains are able to solvate Fe2* but not Zn?*. With additional tests
of other transition metal-ion electrolytes, it is evident that the
ability of the metal salts to form chloro-complexes regulates
interactions between PEG molecules and transition metal-ions,
thus their resulting changes of electrochemical reversibility
upon adding PEG.

First, we evaluated the reversibility of FeMA in different
concentrations of aqueous FeCl,. We found that 5 m FeCl,
delivers a superior CEto 1, 2, 3, and 4 m over 50 cycles (Fig. S1a),
and concentrations beyond 5 m FeCl, approach the solubility
limit, thus not being considered. Galvanostatic charge-
discharge (GCD) potential profiles reveal that the overpotential
decreases as concentration increases until 3 m (Fig. S1b). We
selected 5 m FeCl, as the base electrolyte (5FC) and screened
the CE by varying the amounts of PEG added to this electrolyte.
We prepared electrolytes with 0, 5, 10, 20, 50, and 100 wt% PEG
added, denoted as 5FC, 5FC5PEG, 5FC10PEG, 5FC20PEG,
5FC50PEG, and 5FC100PEG, respectively. Herein, the wt% of
PEG refers to the mass ratio of PEG versus all water in the
electrolytes, including that from the hydrated salt.

2| J. Name., 2012, 00, 1-3

The GCD profiles of these electrolytes reveal the optimal CE
of iron plating and stripping for 5SFC20PEG (Fig. S2). However,
compared to 5FC, 5FC20PEG exhibited a greater extent of
potential hysteresis from 0.296 V and 0.382 V (Fig. 1a). This
suggests sluggish diffusion of Fe?* ions when PEG is present, as
evidenced by the comparison of the R values for both
electrolytes (Fig. S3).!> Despite the increased potential
hysteresis, 5SFC20PEG exhibits a higher CE than 5FC, from 75.7%
to 83.4% initially, and from 93.2% to 97.5% after 10 cycles (Fig.
1b). To assess the reversibility of the FeMA, we also measured
the average CE with the reservoir method,® where the CE
increases 92.9% for 5FC (Fig. S4) to 94.3% for 5FC20PEG under
the same conditions (Fig. 1c). Overpotential increases during
the individual plating process may relate to the increasing
nucleation activation energy during the progressive plating
process. This means the plated iron surface renders the
following iron plating more difficult (Fig. S5). We performed the
gas chromatography (GC) analysis during the plating and
stripping processes, and the results showed that 5FC produced
3.0 umol of Hy, in contrast to only 0.40 pumol for 5FC20PEG (Fig.
1d). These findings clearly indicate that the addition of PEG
suppresses the HER from FeMA, enhancing its performance.®

We also measured the average CE with varying amounts of
PEG in 30 m ZnCl,: 0, 50, 100, and 200 wt% versus water in the
electrolytes (designated as 30ZC, 30ZC50PEG, 30ZC100PEG, and
30ZC200PEG, respectively), following the reservoir method,
reported by Hoang et al.'” Unfortunately, the results indicate
that as the concentration of PEG increases, the CE decreased,
from 98.0% in 30ZC to 96.4% in 30ZC200PEG (Fig. S6).
Interestingly, during cycling, the 30ZC200PEG electrolyte still
produced less hydrogen gas, 0.057 umol, compared to the 30ZC
electrolyte, which generated 0.46 umol (Fig. S7). This suggests
that HER suppression does not always correspond to improved
reversibility of the transition metal anode.

We collected the Tafel plots for FeMA and ZMA in their
respective electrolytes and found that the exchange current
density decreases for both metal anodes with the addition of
PEG. Evidently, PEG slows down the plating/stripping kinetics by
increasing the electrolyte viscosity.'® Nevertheless, the changes
of the corrosion potential display the opposite trends for the
two metals. For the FeMA, the corrosion potential increases
from —0.58 V of 5FC to —0.54 V of 5FC20PEG; as for ZMA, the
corrosion potential decreases from —0.68 V of 30ZC to —0.74 V
of 30ZC200PEG (Fig. 1e and f). Thus, FeMA and ZMA become
more and less stable, respectively, with PEG added, consistent
with the CE results.

We consider that the corrosion potential is affected by the
solvation structures of the metal ions to be plated.’®>2! We
employed the GS-FSRS to study FeCl, electrolytes with varying
amounts of PEG. The peak at ~¥355 cm™ of the FSRS spectra is
attributed to the solvated ferrous ion, i.e., [Fe(OH,)¢]?*
initially.?> As the amount of PEG increases, this peak redshifts
with much higher intensity, indicating the altered coordination
environment of Fe?* ions with PEG participating in the solvation
shells of Fe?*. The postulation is supported by FSRS spectrum of
1 m FeCl, dissolved in pure PEG (Fig. 2a). Note that this
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Fig. 2. FSRS spectra for (a) FeCl, and (b) ZnCl, electrolytes with
varying amounts of PEG added. SAXS spectra for (c) FeCl, and
(d) ZnCl, electrolytes with varying amounts of PEG added.

FeCl,/PEG solution appears light yellow rather than light green
of aqueous counterparts (Fig. S9).23 For the ZnCl, electrolytes,
the FSRS spectra exhibit no significant peak shift with increasing
amounts of PEG. The peaks at ~295 and 395 cm™,
corresponding to the [ZnCl,]?>~ and [Zn(OH,)e]?* complex ions,
respectively, do not exhibit noticeable shifts.?* Such results
suggest that PEG cannot replace either chloride or water in the
first coordination shells of Zn?*. Additionally, we observed that
the peak at ~240 cm™, associated with Zn-Cl polynuclear
aggregates, gradually diminishes as the PEG concentration
increases (Fig. 2b).2°> This suggests the dilution effect of PEG,
where the PEG chains help divide the large Zn-Cl polynuclear
aggregates into smaller ones but still cannot penetrate to the
first coordination shell. Therefore, if the additives do not
interact with transition metal ions directly, the corrosion
potential tends to decrease due to the shear concentration
reduction, as the additives dilute the electrolyte, according to
the Nernst equation.?° This is the case of PEG added to the 30
m ZnCl, electrolytes. However, for the case of PEG in the Fe?*
electrolytes, the PEG chains manage to replace some aqua
ligands of [Fe(OH,)¢]?*.2! Since the interactions between the
solvating PEG and Fe?* ions are spatially frustrated, the
desolvation energy penalty for Fe?* ions originated from
cleaving the bonds with PEG is reduced.?® This explains why the
corrosion potential tends to increase despite the decrease of
concentration of FeZ* for the FeCl, electrolytes.?’

Small angle X-ray scattering (SAXS) has been widely used to
study the solvation structures.?® As shown in Fig. 2c, the peak
A’s position is approximately 0.9 A for 5FC in water,
corresponding to a real space dgp,cing Of about 6.9 A (dspacing
=21/q).?° This distance agrees with the diameter of the cluster
of [Fe(OH,)s]** complex. Upon the addition of PEG, peak A shifts

This journal is © The Royal Society of Chemistry 20xx
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toward the low q region, which suggests an increase in the size
of the solvated ferrous ion. This size increase indicates a
transformation of [Fe(OH,)¢]?* to a larger Fe?* complex with PEG
in the solvation shell, partially replacing aqua ligand. This result
is in agreement with the FSRS data and electrochemical
performance. In addition, there is a weak peak located around
1.5 A in 5FC, which corresponds to the dspacing Of about 4.2 A
and can be attributed to the distance between two oxygen
atoms of [Fe(OH,)s]%*. However, in the 5FC with PEG/H20 mixed
solvent, the peak B comes not only from the oxygen correlation
within the cluster, but also from the PEG solvent itself (Fig. S10).
For the ZC samples, no such peaks can be observed in the
middle q to high g region. The only difference that can be
observed is from the low g region. With the addition of PEG,
large aggregates (larger than 200 nm) could be predicted from
the profiles.

We posit that the formation of halide-complex ions by Zn2*
hinders the interactions of Zn-ions with PEG. To test this
hypothesis, we analyzed Tafel plots of 2 m Zn(OTf), and 5 m
ZnBr, electrolytes, before and after adding 200 wt% PEG,
referred to as 2Z0, 2ZO200PEG, 5ZB, and 5ZB200PEG. In sharp
contrast, the corrosion potential of ZMA increases from —0.82 V
to —0.80 V with 200 wt% PEG in 2 m Zn(OTf), (Fig. S11a),
whereas, the corrosion potential of ZMA decreases from —0.86
V to —0.91 V after 200 wt% PEG was added in 5 m ZnBr, (Fig.
S11b). Note that ZnBr, forms metal halide complexes,3° while
Zn(OTf), does not. In both electrolytes, the exchange current
density decreases upon the addition of PEG.

We also investigated other transition metal chloride
electrolytes, including 5 m CuCl, and 5 m MnCl, electrolytes,
with the addition of 200 wt% PEG, denoted as 5CC, 5CC200PEG,
5MC, and 5MC200PEG, which exhibited similar disparities
(Table. S1).3%32To understand these differences, we considered
why they behave differently, regarding their coordination
environments (See more explanation and Table S2 in ESI). With
the addition of 200 wt% PEG, the corrosion potential of Cu
metal decreased from 0.23 V to 0.083 V in the PEG-diluted CuCl,
electrolyte (Fig. S11c), while in the MnCl, electrolyte, adding
200 wt% PEG caused the corrosion potential to increase from —
1.13 V to —1.07 V (Fig. S11d). The exchange current density
decreased in both electrolytes as well. We also observed HER
bubbling off the Mn free-standing film (Fig. S12), which may
explain the fluctuations observed in the Tafel plots of Mn metal
anode (Fig. S11d).33

In summary, our study shows that addition of PEG enhances
the reversibility of FeMA in an FeCl, electrolyte but
compromises that of ZMA in a concentrated ZnCl, electrolyte.
According to the Tafel plots, the addition of PEG raises the
corrosion potential for FeMA but decreases that for ZMA. The
disparity stems from the ability or inability of the transition
metal ions to form their halide complex ions, which regulates
whether metal-ions are allowed to interact with PEG chains.
When such metal-halide complex ions are formed, such as in
ZnCl,, PEG merely serves as a dilute rather than a solvent,
causing a decrease in corrosion potential and the compromised
reversibility with its addition. Conversely, when the electrolyte
cannot form these complex ions, as in FeCl,, PEG interacts
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directly with the transition metal ions, reduces the desolvation
penalty, and increases the corrosion potential, thereby
benefiting the reversibility of the metal electrodes. The results
offer valuable insights to promote the applications of aqueous
metal batteries.
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