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Ethylene Glycol Co-Solvent Enables Stable Aqueous
Ammonium-Ion Batteries with Diluted Electrolyte

Huifang Fei, Fuhua Yang,* Zenonas Jusys, Stefano Passerini, and Alberto Varzi*

Aqueous ammonium-ion batteries (AAIBs) are considered as one of the most
promising technologies for large scale energy storage applications, due to
their intrinsic safety, environmental friendliness and low cost. Nevertheless,
the practical application of AAIBs is impeded by hydrogen evolution
reaction (HER) occurring in diluted aqueous electrolyte. Highly concentrated
electrolytes can improve electrochemical stability but lead to higher costs and
increased hydrolysis of NH4

+. In this work ethylene glycol (EG) is proposed as
co-solvent, which can act as H-bond modulating agent, to increase the stability
of AAIBs with diluted electrolytes. The perturbation of water H-bond network
regulated by EG is proved by spectroscopic methods, while the suppressed
HER is confirmed by differential electrochemical mass spectrometry (DEMS)
results. As a result, full cells with 3,4,9,10-perylenebis(dicarboximide) (PTCDI)
anode and FeFe(CN)6 (FeHCF) cathode and EG-added electrolyte exhibit
stable cycling performance with capacity retention of 77% after 1950 cycles.

1. Introduction

Aqueous batteries are emerging as potential low-cost alterna-
tive to the state-of-the-art lithium-ion systems for energy storage
applications at various scales (e.g., house-, industry- and grid-
scale), in which the top priority is reducing manufacturing and
operating costs rather than maximizing volumetric and gravi-
metric energy. In fact, the aqueous electrolyte provides intrin-
sic advantages such as high safety, low-cost and environmental
friendliness.[1] Multiple aqueous battery chemistries based on
both metallic (Li+, Na+, K+, Zn2+, and Al3+, et ct.).[1,2] and non-
metallic ion carriers (H+ and NH4

+).[3] have been demonstrated.
Research on ammonium-ion batteries has recently gained
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momentum, mostly motivated by the low
molar mass (18 g mol−1) and small hydrated
ion size (3.31 Å) of NH4

+, which promise
fast electrode kinetics and ion transport
in the electrolyte.[3b,4] Analogously to other
aqueous batteries, however, widening the
electrochemical stability window (ESW) of
the electrolyte is needed to maximize en-
ergy density and cycle life.[5] The Hydro-
gen Evolution Reaction (HER), resulting
from reduction of water at the negative
electrode, is one of the main challenges,
limiting the choice of electrode materi-
als and leading to inferior electrochem-
ical performance and short cycle life.[6]

Identifying the correct electrolyte for-
mulation is a key step toward suppress-
ing HER and boosting the AAIBs perfor-
mance. Using concentrated electrolytic so-
lutions such as water-in-salt electrolytes

(WiSE) represents one of the most effective strategies to min-
imize HER.[6a,7] In such electrolyte systems, the high salt con-
centration helps disrupting the H-bond network of water and the
majority of water molecules in WiSE are confined in the hydra-
tion shell of the cation[8] and, therefore, less free-water is avail-
able. Since proton diffusion occurs between neighboring water
molecules via the Grothus mechanism,[9] such limited amount
of free water and larger separation between neighboring water
molecules leads to an electrolyte with extended stability win-
dow. Jin et al. reported a 5.8 m (NH4)2SO4 electrolyte provid-
ing an ESW of 2.39 V, which is largely improved compared to
the 1.34 V of its diluted counterpart.[6a] The AAIB full cell fea-
turing ammonium copper hexacyanoferrate and PTCDI as cath-
ode and anode, respectively, presented remarkable cycling per-
formance in such a concentrated electrolyte. To further increase
salt concentration, highly soluble salts were also studied such
as NH4Ac and NH4OTf.[7b,10] However, in 25 m NH4Ac severe
NH4

+ hydrolysis was found to worsen the cathodic stability of
the electrolyte.[7b] Similarly, 25 m NH4OTf has a pH lower than
1 m NH4OTf (3.35 and 5.73, respectively) ascribed to the NH4

+

hydrolysis. Such a low pH is deleterious for the cycling stability
of AAIBs.[4b,10] Furthermore, WiSE suffer from practical draw-
backs such as high viscosity, higher cost, and, potentially, risk
of salt precipitation.[11] Another major strategy to suppress HER
involves the use of electrolyte additives.[12] These are expected
to form H-bonds with water molecules to interrupt the contin-
uous H-bond network of water.[13] For example, water decompo-
sition was inhibited via the H-bond network modulation induced
adding 5 m sucrose in 2 m NH4OTf electrolyte.[10] Nevertheless,
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Figure 1. Physical characterizations of the aqueous-EG hybrid electrolytes with varying water:EG volume ratio. a) FTIR and b) Raman spectra of the
electrolytes, including pure water and EG as reference. c) Differential Scanning Calorimetry (DSC) curves highlighting the melting behavior of the
different electrolytes upon heating. d) Ionic conductivity of the electrolytes in the −30 to 40 °C temperature range.

the additive led to a decrease of ionic conductivity of the elec-
trolyte from 68.7 to 3.1 mS cm−1. More efficient strategies need to
be developed in order to improve the electrolyte stability without
excessively sacrificing other important properties such as ionic
conductivity.

Ethylene glycol (EG) as H-bond modulator and/or antifreeze
agent has been already studied in aqueous metallic ion batteries
(e.g., Zn2+ and Li+).[14] However, no systematic study has been
performed so far about the impact of EG in ammonium-ion bat-
tery electrolytes. Therefore, in this work we explore EG as co-
solvent to disrupt the H-bond network in diluted ammonium ac-
etate electrolytes with the aim of minimizing HER and improv-
ing AAIBs performance. The physico-chemical properties and
HER behavior of the electrolytes with various EG volume ratios
were systematically investigated. Notably, full ammonium-ion
cells composed of FeHCF cathode and PTCDI anode with opti-
mized electrolyte (H2O:EG= 5:5, volume ratio) showed improved
electrochemical performance due to the inhibited side reactions
such as i) HER, ii) Al corrosion and iii) dissolution of FeHCF.

2. Results and Discussion

To investigate the impact of EG on the physico-chemical prop-
erties of ammonium acetate electrolytes, a series of hybrid elec-
trolytes was prepared, where the EG volume ratio was increased
from 0% to 10%, 30%, 50%, and 70%. The samples were labeled
as H2O, 9W1E, 7W3E, 5W5E, and 3W7E, respectively. The con-
centration of the ammonium acetate was maintained constant

at 1 mol kg−1 (1 m), considering the total solvent mass, i.e., wa-
ter and EG. Fourier Transform Infrared spectroscopy (FTIR) and
Raman spectroscopy were employed to study the H-bond net-
work evolution upon addition of EG in the aqueous electrolytes.
As evidenced by the FTIR spectra shown in Figure 1a, the OH
stretching vibration (3000–3500 cm−1) undergoes an evident red
shift while the OH bending (1600–1700 cm−1) vibration shows a
blue shift with the increase of EG content, indicating interaction
between EG and water molecules, in agreement with previous
reports.[15] Figure 1b presents the Raman spectra of various elec-
trolytes and solvents in the range of 2500–4000 cm−1. The O─H
stretching feature is located between 3000 and 3750 cm−1. The
small bump of H2O and H2O/1 m NH4Ac at high wavenum-
ber (enlarged graph) is ascribed to the O─H stretching vibra-
tion of free water (Raman peaks located at 3627 cm−1).[16] The
bump became smaller to disappeared when increasing the EG
volume ratio from 10% (9W1E) to 70% (3W7E), suggesting that
the fraction of free O–H is reduced with the addition of EG. The
H-bond network was further studied by deconvoluting the O─H
stretching band of water molecules into three peaks, as shown
in Figure S1 (Supporting Information). The three peaks are re-
lated to strong, weak, and non-H-bonds of water in different elec-
trolytes and their ratio was also calculated.[17] The peak related
to non-H-bonds decreased with increasing EG, while the one re-
lated to weak H-bonds showed the opposite trend. Notably, non-
H-bonds disappeared when the EG volume ratio exceeded 30%.
Moreover, the strong H-bonds kept decreasing as EG volume
ratio increased. To gain further information on hydrogen bonds,
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the OH signal in the 1H nuclear magnetic resonance (NMR) spec-
tra of the solvents and electrolytes were collected. As shown in
Figure S2 (Supporting Information), the protons in pure water
resonate at ≈3.45 ppm, while the water protons have a downfield
shift of ca. 3.50 ppm in H2O/1 m NH4Ac. This result shows that
the electron density of 1H from H2O decreases after dissolving
NH4Ac, which indicates the interaction of protons in NH4

+ with
the O atom of H2O.[15a,17] As the EG increases from 10% to 70%,
the chemical shift of 1H from H2O in the hybrid electrolytes con-
tinually moves to lower field with a larger 𝜎 and the peaks become
broader. The larger 𝜎 may result from the interactions between
protons of OH in EG and O from water, further confirming the
perturbation of the H-bond network by EG addition. Additionally,
the broader peaks are attributed to disorder and residual dipole
coupling of different species, which are merged.[18] The 1H res-
onances from OH in pure EG is at 4.44 ppm.

Differential Scanning Calorimetry (DSC) was also carried out
to further verify the perturbation of the H-bond network by EG
addition (Figure 1c). The melting temperature (Tm) of the elec-
trolytes was obtained by tracking the heat flow upon heating up
from to −100 to 40 °C. As expected, Tm decreased as the volume
ratio increased from 0% to 30%. For EG volume ratios higher
than 50% no melting point could be observed, indicating the out-
standing freezing resistance of the EG-rich electrolytes. In fact,
EG is notoriously used as anti-freezing agent and deicer.[19] From
the above-mentioned measurements, it can be concluded that
introducing EG into aqueous 1 m NH4Ac electrolytes the wa-
ter H-bond network is largely disrupted, resulting on a much
wider liquid phase temperature range. To understand the impact
on ionic transport, the ionic conductivity of the electrolytes was
determined as function of temperature (see Figure 1d). For bet-
ter comparison, the values obtained at 20 °C are summarized
in Figure S3 (Supporting Information). The ionic conductivity
decreased from 57.9 to 9.1 mS cm−1 when increasing the EG
volume ratio from 0 (H2O/1 m NH4Ac) to 70% (3W7E), while
the water-free EG/1 m NH4Ac electrolyte showed negligible con-
ductivity of only 3.4 × 10−4 mS cm−1. At lower temperatures,
H2O/1 m NH4Ac suffers from a sudden conductivity drop below
−10 °C, which agrees with the DSC results. Although the val-
ues for all samples decreased below 0 °C, the 9W1E and 3W7E
still provided a remarkable conductivity of 12.0 and 6.5 mS cm−1,
respectively, at −20 °C. Moreover, the addition of EG substan-
tially reduced the volatility of the electrolyte, also acting as an
anti-freezing agent at sub-zero temperatures (see the abrupt de-
crease in conductivity at low temperatures for the EG-free elec-
trolyte, Figure 1d). As shown in Figure S4 (Supporting Informa-
tion), after 7 days storage in open glass vials at 20 ± 2 °C the
weight retention of 5W5E/1 m NH4Ac (67%) was even superior
to that of the highly concentrated H2O/10 m NH4Ac electrolyte
(61%). The bare diluted H2O/1 m NH4Ac electrolyte evaporated
almost entirely as only 21% of the original mass remained after
one week.

To examine the ESW of the electrolytes, linear sweep voltam-
metry (LSV) was performed as presented in Figure 2a. The ESW
could be substantially expanded by EG addition. For example, the
ESW of H2O/1 m NH4Ac is only 1.80 V while it is significantly
extended to 2.45 V in case of 5W5E/1 m NH4Ac and 3W7E/1 m
NH4Ac (considering 10 μA cm−2 as the current density threshold
for decomposition). As it is clearly noticed, only a minor improve-

ment is observed in terms of anodic stability. In fact, the enlarged
ESW mainly arises from the enhanced cathodic stability resulting
from the suppression of HER.

To further investigate this aspect, differential electrochemi-
cal mass spectrometry (DEMS) measurements were performed
on selected electrolyte compositions, i.e., H2O/1 m NH4Ac and
5W5E/1 m NH4Ac. The latter was chosen as the optimum compo-
sition considering the absence of freezing point down to−100 °C,
acceptable conductivity and large ESW. An Al-sputtered fluori-
nated ethylene-propylene (FEP) membrane was directly used as
working electrode, with the non-sputtered side facing the mass
spectrometer chamber, thus allowing the online detection of the
gases evolving from the working electrode.[20] H2 gas release was
detected during the cathodic scan of the CV measurements per-
formed in the voltage windows of −1.7–−0.3 V for H2O/1 m
NH4Ac and −1.8–−0.3 V for 5W5E/1 m NH4Ac (Figure 2b). At
the same potential of −1.5 V versus Ag/AgCl the signal associ-
ated with H2 gas evolution in the H2O/1 m NH4Ac (0.46 nA) is
much stronger than that in 5W5E/1 m NH4Ac (0.17 nA), con-
firming the largely suppressed HER in the latter electrolyte.

CV measurements with similar testing conditions as in DEMS
measurements (from 0.3 to −1.8 V, 0.5 mV s−1) were conducted
in typical three-electrode (Swagelok-type) cells and, afterwards,
the SEM micrographs and EDX mapping were carried out to ex-
amine the morphology of the current collector (see Figure 2c,d).
The surface of the Al electrode tested in 5W5E/1 m NH4Ac shows
nearly the same flat and uniform morphology as the bare foil (see
Figure S5a,b, Supporting Information). On the other hand, the
sample cycled in H2O/1 m NH4Ac displays a very rough and ir-
regular surface with clear signs of corrosion (Figure 2c). The Al
corrosion is most certainly caused by the local pH increase result-
ing from H2 evolution. The SEM images of Al foils at lower mag-
nification are shown to demonstrate the homogeneous morphol-
ogy over a larger area (see Figure S5c,d, Supporting Information).
In summary, besides the direct advantage of a largely improved
cathodic stability, the addition of EG also helps suppressing Al
corrosion due to the decreased rate of hydrogen evolution.[21]

In view of employing this electrolyte in a full ammonium-
ion cell, half-cell measurements of anode and cathode materi-
als were first performed in H2O/1 m NH4Ac and 5W5E/1 m
NH4Ac electrolytes in three-electrode cells. Commercially avail-
able PTCDI was employed as anode material. As shown by the
CV in Figure 3a, two pairs of main redox peaks are observed dur-
ing the insertion/de-insertion of NH4

+, which are associated with
the enolation of carbonyl groups in the PTCDI structure.[22] It
should be noted that the redox peaks in H2O/1 m NH4Ac are
narrower and more intense than those recorded in 5W5E/1 m
NH4Ac, which can be explained by the faster kinetics in H2O/1
m NH4Ac electrolyte as a result of its higher ionic conductivity.
An obvious redox potential was observed as well, both in the first
and the following cycle (see Figure S6a, Supporting Information).
To rule out any artefact arising from the leakless Ag/AgCl ref-
erence electrode, the measurements were repeated using an ac-
tivated carbon (AC) quasi reference.[23] As evident from Figure
S6b (Supporting Information), the redox peaks shift could still
be observed. Therefore, such downshift upon EG addition is not
caused by the experimental setup, but it may rather be ascribed to
the different NH4

+ activity in the two electrolytes.[1a] Afterwards,
the rate performance of PTCDI in the same electrolytes was
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Figure 2. a) ESW of various electrolytes determined by LSV. b) Potentiodynamic DEMS measurements (scan rate: 0.5 mV s−1) on a sputtered Al working
electrode in H2O/1 m NH4Ac and 5W5E/1 m NH4Ac electrolytes: i) cyclic voltammetry (CV) curves and ii) selected ion (H2) current. Scanning electron
microscope (SEM) images (upper left panels) and energy dispersive X-ray (EDX) mapping of Al foils after CV measurements between 0.3 and −1.8 V
for two cycles at a scan rate of 0.5 mV s−1 in c) H2O/1 m NH4Ac and d) 5W5E/1 m NH4Ac.

evaluated, as shown in Figure 3b,c. It must be said that the capac-
ity delivered by the PTCDI electrode in H2O/1 m NH4Ac is always
higher than that in 5W5E/1 m NH4Ac. However, interestingly,
the discharge/charge profiles in H2O/1 m NH4Ac show larger
polarization than those in 5W5E/1 m NH4Ac when increasing
the current density from 120 to 600 mA g−1. For a more intuitive
comparison of the polarization under each current in two elec-
trolytes, differential capacity curves of PTCDI half-cell under dif-
ferent current densities are plotted in Figure S7 (Supporting In-
formation). As it can clearly be seen, the potential of the lowest re-
dox peak in H2O/1 m NH4Ac shifted from −0.76 V (120 mA g−1)
to −0.87 V (600 mA g−1) while that in 5W5E/1 m NH4Ac shifted

from −0.90 V to −0.96 V versus Ag/AgCl. In addition, the H2O/1
m NH4Ac experienced very fast capacity decay and poor Coulom-
bic efficiency (CE), which are likely linked to HER and corrosion
issues previously discussed. In contrast, the electrochemical sta-
bility of PTCDI was vastly improved in 5W5E/1 m NH4Ac, as
shown by the long-term galvanostatic charge-discharge (GCD)
measurements at the current density of 600 mA g−1 (shown in
Figure 3d). The PTCDI electrode in 5W5E/1 m NH4Ac electrolyte
maintained 64% of the initial capacity after 5000 cycles, com-
pared to only 29% in case of H2O/1 m NH4Ac. More importantly,
the half-cell in 5W5E/1 m NH4Ac electrolyte displayed a largely
enhanced CE (99.0% compared to 88.7% in H2O/1 m NH4Ac).
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Figure 3. Electrochemical characterization of PTCDI. a) CV curves of PTCDI anode of the first cycle in different electrolytes. GCD curves of PTCDI anode
in b) H2O/1 m NH4Ac and c) 5W5E/1 m NH4Ac electrolyte at different current densities. d) Cycling stability of PTCDI anode in H2O/1 m NH4Ac and
5W5E/1 m NH4Ac electrolytes at a current density of 600 mA g−1.

According to previous reports, the capacity fading observed in the
initial cycles may result from the slight dissolution of the PTCDI
material as well as the side reactions (H2 evolution, Al2O3 reduc-
tion and Al corrosion) occurring at negative potentials.[10] In the
case of H2O/1 m NH4Ac, this results on the redox process at most
negative potential to be gradually lost in the initial 500 cycles. In
fact, as shown in Figure S8 (Supporting Information), the corre-
sponding plateau shifts outside of the negative cut-off limit due
to the increased polarization. On the contrary, the PTCDI elec-
trode maintains the same electrochemical signature in 5W5E/1
m NH4Ac while the polarization surprisingly decreases. In this
case, the capacity loss is less pronounced and associated only with
the shortening of the low potential plateau. This means that less
time is spent at lower potentials where parasitic reactions occur,
thus leading to an increased CE.[24]

To further confirm the stability of the selected electrolytes dur-
ing half-cell cycling and explore the reason behind the better
performance of PTCDI electrode in 5W5E/1 m NH4Ac, DEMS
measurements were again performed, with Al-sputtered FEP
membrane or PTCDI coated on Al-sputtered FEP membrane
as working electrodes in the voltage windows of −1.0–0.3 V.
Figure S9 (Supporting Information) displays the CVs employing
Al-sputtered FEP membrane as working electrode and selected
ion (H2) current traces. The detected H2 gas evolution was nearly
negligible in both electrolytes, while the current response of the
first cathodic scan in H2O/1 m NH4Ac was substantially larger
which may be attributed to the reduction of the native Al2O3 layer
present on the Al-sputtered membrane. Additionally, the current

response in H2O/1 m NH4Ac electrolyte during anodic scan was
more intensive in all scans, suggesting the Al corrosion. After-
wards, PTCDI coated on Al-sputtered FEP membrane was em-
ployed as working electrodes in DEMS cell (see Figure 4). The
H2 gas evolution in this case was observed at an earlier onset
compared to Figure 2, suggesting that the electrode components
(conductive carbon and PTCDI active material) play a role in this
process. In our specific case, the mass loading of the electrodes
was slightly different (0.44 mg in H2O/1 m NH4Ac and 0.90 mg
in 5W5E/1 m NH4Ac). To take this aspect into account, the nor-
malized ion current is considered. Nevertheless, it is quite evi-
dent that the H2 evolution in H2O/1 m NH4Ac is much more
pronounced, particularly in the first cycle.

With regards to the cathode material, FeHCF was synthe-
sized according to a simple co-precipitation method previously
reported in literature.[25] The X-ray diffraction (XRD) pattern
shown in Figure S10a (Supporting Information) confirms the
highly crystalline face-centered cubic structure typical of FeHCF.
The morphological characterization of the FeHCF powder (seen
in Figure S10b, Supporting Information) by SEM imaging re-
veals well-defined sub-micron particles. FeHCF is an ideal elec-
trode material being low-cost and eco-friendly. However, Fe dis-
solves in aqueous electrolyte during charge/discharge, resulting
in poor electrode’s cycling stability.[25,26] CV measurements were
conducted in the potential window comprised between −0.3 and
0.6 V (vs Ag/AgCl) as shown in Figure 5a. The redox peaks in
H2O/1 m NH4Ac and 5W5E/1 m NH4Ac are located at 0.32/0.13
and 0.37/0.08 V, respectively. In 5W5E/1 m NH4Ac electrolyte
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Figure 4. Potentiodynamic DEMS measurements (scan rate: 0.5 mV s−1) on a PTCDI coated sputtered-Al working electrode in a) H2O/1 m NH4Ac and
b) 5W5E/1 m NH4Ac electrolytes in the voltage windows of −1.0–0.3 V: i) CV curves and ii) selected ion (H2) current.

Figure 5. Electrochemical characterization of FeHCF. a) CV curves of FeHCF cathode in different electrolytes. GCD curves of FeHCF cathode in b) H2O/1
m NH4Ac and c) 5W5E/1 m NH4Ac electrolyte at different current densities. d) Cycling stability of FeHCF cathode in H2O/1 m NH4Ac and 5W5E/1 m
NH4Ac electrolytes at a current density of 300 mA g−1.
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Figure 6. Electrochemical performance of PTCDI||FeHCF full ammonium-ion cells at different working temperatures. a) GCD profiles of PTCDI||FeHCF
full cell with 5W5E/1 m NH4Ac electrolyte, together with individual potential profiles of anode and cathode. b) Long-term cycling performance of
PTCDI||FeHCF full cells in different electrolytes at 20 °C with current density of 240 mA g−1. c) Rate capability test of PTCDI//FeHCF full cell in 5W5E/1
m NH4Ac electrolyte at −20 °C. d) Long-term cycling performance of PTCDI||FeHCF full cells in 5W5E/1 m NH4Ac electrolyte at −20 °C with current
density of 240 mA g−1.

the FeHCF electrode shows larger polarization due to the lower
ionic conductivity. However, the specific discharge capacities of
FeHCF in 5W5E/1 m NH4Ac are comparable to that in H2O/1
m NH4Ac, as shown by the potential profiles recorded under
different current densities (60, 120, 180, 240 and 360 mA g−1)
reported in Figure 5b,c. In terms of long-term cycling stability,
as shown in Figure 5d, 5W5E/1 m NH4Ac largely outperforms
H2O/1 m NH4Ac. The FeHCF cathode cycled in H2O/1 m NH4Ac
suffers from rapid capacity decay with only 30% of the initial ca-
pacity maintained after 1200 cycles (see Figure S11, Supporting
Information). In comparison, the capacity retention in 5W5E/1
m NH4Ac is 81% after 1200 cycles, demonstrating promising cy-
cling stability. As previously mentioned, Fe dissolution is a com-
mon issue of FeHCF. To probe this aspect, FeHCF electrodes
were immersed into vials containing 1 mL electrolyte for 3 days,
as shown in Figure S12 (Supporting Information). The standard
aqueous electrolyte without EG exhibited a marked yellowish col-
oration, suggesting the presence of dissolved Fe3+. Differently,
the 5W5E/1 m NH4Ac electrolyte appeared only slightly colored,
implying the suppressed iron dissolution.

Finally, PTCDI||FeHCF full cells were assembled to demon-
strate the feasible application of the hybrid electrolyte in a com-
plete device. Before assembly the full cell, the FeHCF cath-
ode was first discharged in a separate half-cell to −0.4 V (vs
Ag/AgCl) for the pre-insertion of ammonium ions (current den-
sity:30 mA g−1). The typical voltage profile of pre-ammoniation
step in half-cell is shown in Figure S13 (Supporting Information).
Figure 6a displays the first two charge/discharge profiles of the
full cell within a voltage range of 0–1.6 V, as well as the individ-
ual potential profiles of anode and cathode. As it can be seen, the

voltage profile is largely dominated by the characteristic electro-
chemical signature of the PTCDI anode, which is also the limit-
ing electrode. Long-term cycling performance at 240 mA g−1 in
different electrolytes are compared in Figure 6b. The full cell in
the hybrid 5W5E/1 m NH4Ac electrolyte showed an initial dis-
charge capacity of 95 mAh g−1 based on PTCDI mass, and 77%
of this capacity is still retained after 1950 cycles with an aver-
age CE of 99.3%. However, the full cell with standard H2O/1 m
NH4Ac electrolyte experienced continuous capacity decay, failing
after 1230 cycles. The voltage profiles of selected cycles displayed
in Figure S14a,b (Supporting Information) provide valuable in-
formation on the reasons behind capacity fading. As it can be
clearly seen, in both cases the rapid capacity loss observed in the
first cycles arises from the loss of the high voltage plateau, which
corresponds to the low potential plateau of PTCDI. Afterwards,
while 5W5E/1 m NH4Ac allows for a stabilization of the capac-
ity, the performance of the cell with H2O/1 m NH4Ac gradually
decayed due to the more severe side reactions and dissolution of
the cathode materials. The cell failure after 1230 cycles may be
caused by a combination of electrolyte drying out, Al corrosion
and Fe dissolution from the cathode.

Unexpectedly, the capacity delivered in the high voltage plateau
was partially recovered upon cycling in 5W5E/1 m NH4Ac
(Figure S14c, Supporting Information). Presently we do not have
a reasonable explanation for this phenomenon, which will have to
be investigated in more details in the future. Rate capability tests
were also performed in full cell configuration at room temper-
ature, as shown in Figure S15 (Supporting Information). When
increasing the current density from 120 to 600 mA g−1, the dis-
charge capacity dropped only slightly from 73 to 66 mAh g−1,
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testifying the good rate capability of the full cell with the hybrid
electrolyte.

The anti-freezing property of the EG containing electrolyte
(previously demonstrated by DSC) suggest that cells with
5W5E/1 m NH4Ac may operate in extremely low temperature en-
vironments. Therefore, the full cell rate performance was evalu-
ated at −20 °C as displayed in Figure 6c. The discharge capacity at
a current density of 120 mA g−1 was 61 mAh g−1, corresponding
to 64% of the room-temperature performance. A high reversible
capacity of 47 mAh g−1 is also achieved at a relatively high cur-
rent density of 480 mA g−1. Additionally, the AAIB with 5W5E/1
m NH4Ac electrolyte presented a cycling stability over 2300 cy-
cles with capacity retention of 66% and average CE of 99.7% (see
Figure 6d). Overall, the EG-added electrolyte endows the full cell
very encouraging cycling stability because of suppressed side re-
actions at room temperature as well as at −20 °C.

3. Conclusion

In this work, EG is employed as co-solvent to disrupt the H-bond
network in diluted aqueous electrolytes for ammonium-ion bat-
teries. It is demonstrated that, by suppressing HER, the ESW of
the electrolyte can be expanded up to 2.45 V. Additionally, further
side reactions such as corrosion of the Al current collector and ac-
tive material dissolution are substantially inhibited. Ultimately,
EG-containing electrolytes enable superior electrochemical per-
formance of FeHCF||PTCDI full cells, both at room temperature
and, most remarkably, at −20 °C.

4. Experimental Section
Materials and Electrolytes: The electrolyte concentration was either 1 m

NH4Ac (VWR chemicals, ACS, Reag. Ph. Eur.), or 10 m NH4Ac. Different
water (Milli-Q) to EG (VWR chemicals, Reag. Ph. Eur.) volume ratios were
studied, referred as 9W1E, 7W3E, 5W5E, and 7W3E. Commercial PTCDI
powder was supplied by Alfa Aesar. FeHCF cathode material was synthe-
sized by a co-precipitation method according to previous literature.[25]

First, 1.646 g of K3Fe(CN)6 (Sigma Aldrich) were dissolved in 50 mL Milli-
Q water and 1.622 g of anhydrous FeCl3 (VWR chemicals) were dissolved
in 100 mL water. Then, the K3Fe(CN)6 solution was added to the FeCl3
solution drop by drop, while stirring. The green solution was kept stirring
for 6 h at room temperature until the product precipitated. Finally, the re-
sulting green powder was centrifuged, washed three times with water and
dried 50 °C at in vacuum overnight for further use.

Characterizations Method: The physical properties of the various elec-
trolytes were studied by multiple techniques. IR spectra of the electrolytes
and solvents were acquired by means of a MAGNA FTIR-750-Nicolet spec-
trometer. Raman spectra of various electrolytes and solvents were ob-
tained via a Renishaw InVia confocal Raman microscope with a 532 nm
excitation laser. NMR (1H NMR) spectroscopy measurements at room
temperature were performed using a Bruker Avance. The ionic conduc-
tivity of the electrolytes was determined in sealed glass cells with two plat-
inum electrodes (cell constant of 1.0 ± 0.1 cm), which were connected to
a Bio-Logic conductivity meter. The temperature was varied by means of a
Peltier stage from −30 to 40 °C with a step size of 10 °C. DSC experiments
were conducted via a TA Instruments Q2000 analyzer with a temperature
range from −100 to 40 °C. The electrolytes were first cooled down from 40
to −100 °C, and afterwards heated up to 40 °C at a rate of 5 °C min−1. The
morphology and compositions of commercial PTCDI powder, synthesized
FeHCF material and Al foils were characterized by SEM (ZEISS Crossbeam
XB340) equipped with an EDX detector. In addition, the crystallographic
properties of the electrode material were studied with a Bruker D8 Ad-

vance diffractometer. The solubility test of FeHCF in different electrolytes
was performed by immersing the FeHCF electrodes in 1 mL electrolyte
solution for 3 days.

Electrochemical Characterization: The electrochemical window of the
electrolytes was determined by LSV in three-electrodes Swagelok-type cells
at a scan rate of 1.0 mV s−1. Ti/Al disks with a diameter of 12 mm were
used as working electrode for the anodic/cathodic scan. AC pellets with
a diameter of 12 mm as counter electrode were homemade, composed
of 15% polytetrafluorethylen (60 wt% dispersion in H2O, Sigma–Aldrich)
and 85% AC (YP50 from Kuraray). Reference electrodes were either leak-
less Ag/AgCl electrode or AC pellets with a diameter of 8 mm. The elec-
trode compositions were: 70 wt% of active material (either FeHCF or
PTCDI), 20 wt% conducting carbon (Super C65) and 10 wt% PVDF binder.
The cathode materials were casted on Ti foils and anodes materials were
coated on Al foil. The assembled half cells were constituted of FeHCF or
PTCDI as working electrodes, AC pellets as counter electrode and Ag/AgCl
or AC pellets as reference electrodes. GCD measurements were carried
out on a battery tester (MACCOR, 4000). All CVs were performed using
a programmable potentiostat (VMP-3 Biologic Science) with a scan rate
of 0.5 mV s−1. Before assembling full cells, the FeHCF cathode was first
discharged to −0.4 V (vs Ag/AgCl) for the pre-insertion of ammonium
ions using a current density of 30 mA g−1 in half-cell. PTCDI//FeHCF full
cells were assembled in 2032-coin cell configuration for long-term stabil-
ity tests. A three-electrode cell setup (FeHCF as working electrode, PTCDI
as counter electrode and Ag/AgCl as reference electrode) was utilized to
acquire the charge–discharge profiles of the full cell and the individual elec-
trodes. In all three-electrode systems, the separators between the working
and counter electrode were GF/A (Whatman) and the separators for the
reference electrodes were GF/D (Whatman). All the cells were tested at
20 °C or −20 °C.

DEMS Measurements: For DEMS measurements, a leakless Ag/AgCl
was used as reference electrode and AC coated on both sides of Al foil
was utilized as counter electrode. The DEMS set-up was the same as re-
ported in ref.[20,27], with a quadrupole mass spectrometer (Pfeiffer Vac-
uum, QMS 422) and the potential control was achieved by an electrochem-
ical workstation (Pine Instruments, AFRDE 5). For obtaining the gas evo-
lution when determining the ESW of different electrolytes, 50 nm Al sput-
tered on a 50 μm thick FEP film (Bohlender, Bola) with a diameter of 12 mm
was used as the working electrode. It should be mentioned that the alu-
minum oxide could significantly suppress the HER.[28] In order to exclude
any influence from the surface layer, since it was not possible to entirely
define its properties when using sputtered Al, it was decided to use the
same working electrode in both electrolytes, i.e., H2O/1 m NH4Ac and
5W5E/1 m NH4Ac. In addition, cathodic scan was first carried out to elim-
inate the influence of such oxide on the potential shift, since it could be
partly reduced at low potentials. In addition, the PTCDI slurry was casted
on 50-nm thick Al foil sputtered on the FEP film, with a mass loading of
≈0.5–1.0 mg cm−2 and then dried at 80 °C. Afterwards, the working elec-
trodes with PTCDI material was cut into 12 mm disks. All the cell compo-
nents were assembled in a modified Swagelok T-cell body. The amount of
the electrolytes in DEMS measurements was ca. 0.5 mL for each measure-
ment.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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