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G R A P H I C A L A B S T R A C T
� The effect of anions of zinc salts in
aqueous electrolytes on the longevity of
a p-dopable polymer was investigated.

� The volume change of the polymer
electrode induces mechanical fracture,
leading to its capacity loss.

� Anions with lower solvation degree
induce less volume change, thus yielding
long-term cycling.
A R T I C L E I N F O
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Redox polymers are a class of high-capacity, low-cost electrode materials for electrochemical energy storage, but
the mechanisms governing their cycling stability are not well understood. Here we investigate the effect of anions
on the longevity of a p-dopable polymer through comparing two aqueous zinc-based electrolytes. Galvanostatic
cycling studies reveal the polymer has better capacity retention in the presence of triflate anions than that with
sulfate anions. Based on electrode microstructural analysis and evolution profiles of the cell stacking pressure, the
origin of capacity decay is ascribed to mechanical fractures induced by volume change of the polymer active
materials during repeated cycling. The volume change of the polymer with the triflate anion is 61% less than that
with the sulfate anion, resulting in fewer cracks in the electrodes. The difference is related to the different anion
solvation structures—the triflate anion has fewer solvated water molecules compared with the sulfate anion,
leading to smaller volume expansion. This work highlights that anions with low solvation degree are preferable
for long-term cycling.
1. Introduction

The global need for energy storage is prompting the development of
low-cost, long-lasting energy storage devices [1,2]. Considering the sheer
scale of the demand, it is critical to use energy storage materials that are
made of earth-abundant elements and can be synthesized with
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environmentally friendly chemistries [3–5]. Among the various candi-
dates, redox polymers composed of abundant elements (C, H, and O) and
manufactured using low-carbon-emission processes have demonstrated
unique advantages in terms of sustainability [1,3,6–9]. Interestingly, the
storage capability of redox polymers is not constrained by the type of
counter-ion. To balance the charge, anions, cations, or both can be
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utilized, allowing redox polymers to be used in a variety of applications,
such as multivalent and dual-ion batteries and supercapacitors [4,10,11].

Cycle life is a key figure of merit for any battery technology. Redox
polymers typically show better longevity than small molecule-based
organic electrodes, because the former dissolve less readily in liquid
electrolytes [6]. While a few studies have recognized the effect of elec-
trolytes on the cycle life of redox polymer electrodes, a mechanistic un-
derstanding is still lacking. For example, Luo et al. investigated the anion
effect on the redox potential and cycling stability of Zn-organic radical
batteries, but the detailed mechanism was not explored [12]. Xie et al.
observed a similar trend of electrolyte-dependent longevity for a new
redox polymer, poly(2,3-dithiino-1,4-benzoquinone), but again, the
origin of the anion effect was not discussed [13]. A fundamental un-
derstanding is therefore required to correlate the charge storage mech-
anism and cycle life of polymer batteries.

Previously, using electrochemical quartz crystal microbalance with
dissipation monitoring (EQCM-D) and in situ Fourier transform infrared
spectroscopy (FTIR), we discovered mixed Zn2þ cation and anion storage
in a quinone polymer [14]. Recently, Nimkar et al. reported an EQCM-D
study of polyimides and highlighted the pronounced effect of water
co-insertion with cations [15]. Both studies shed light on the reaction
mechanism, but neither work established the correlation between
mechanism and cycle life performance.

In this work, we investigate the effects of anions on the cycle life of a
p-dopable polymer, poly(benzoquinonyl sulfide) (PBQS). When using
Zn(CF3SO3)2-based electrolyte, PBQS shows better capacity retention
compared with ZnSO4-based electrolyte. Based on analysis of the elec-
trode’s microstructure and evolution profiles of the cell stacking pres-
sure, we identify mechanical fracture of the electrodes as the origin of
capacity decay in redox polymer electrodes. The electrode with
Zn(CF3SO3)2-based electrolyte shows 61% less volume change and fewer
cracks than those using the ZnSO4-based electrolyte. In situ FTIR studies
further reveal that the degree of volume change correlates to the anion
solvation structures. Although PBQS shows a mixed electrochemical
storage mechanism involving both Zn2þ and the anion within the
respective voltage range, we show that the anion plays the dominant role
in the cycle life of the PBQS-Zn battery.

2. Materials and methods

2.1. Materials

Zinc trifluoromethanesulfonate (Zn(CF3SO3)2, 98%) and deuterium
oxide (D2O, 99.9 at% D) were purchased from Millipore Sigma. Zinc
sulfate heptahydrate (ZnSO4⋅7H2O, > 99%) and zinc foil (99.9%) were
obtained from Fisher Scientific. Glass fiber (150 μm) and polypropylene
separator (20 μm, model 3501, Celgard) were obtained from Whatman
and Celgard, respectively. Ketjenblack carbon (AkzoNobel) and poly-
tetrafluoroethylene (PTFE, MTI) were used during electrode fabrication.
All reagents were used as received from industrial vendors.

2.2. Electrochemical measurement

PBQS was synthesized following a method reported in the literature
[16]. To prepare composite electrodes, PBQS, Ketjenblack carbon (KB),
and PTFE were mixed in a mass ratio of 7:2:1 with the aid of ethanol.
Freestanding electrodes were then cut into small pieces and dried at 80
�C under vacuum for 12 h. The areal loading of the active material was
~2 mg cm�2 unless otherwise indicated. The electrochemical perfor-
mance of the composite electrodes was evaluated in 2032 coin-type cells
using glass fiber as the separator, zinc foil as the anode, and 1M ZnSO4 or
1 M Zn(CF3SO3)2 aqueous solutions as the electrolytes. Electrochemical
characterizations were performed with a potentiostat (VMP3, Biologic).
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2.3. In situ monitoring of stacking pressure

The stacking pressure’s evolution during electrochemical tests was
monitored in a PEEK split cell, illustrated in Fig. 2a. Cell components
were sandwiched between two titanium rods serving as current collec-
tors. Two rigid stainless-steel plates were used to maintain a constant gap
in the cell, with an initial stacking pressure of 6 psi. A force sensor
(AT8103, AUTODA) was placed between the titanium rod and the
stainless-steel plate. The force sensor had a sensitivity limit of 0.015 N,
which corresponded to ~0.02 psi when the electrode area was consid-
ered. The loading of PBQS was increased to 10 mg cm�2 in these tests.
During cell assemblage, 200 μL of electrolyte was added and a poly-
propylene separator (20 μm) was used to minimize volume change from
the separator. In the split cell setup used here for pressure monitoring,
the seal applied by vacuum grease was not meant to be perfect, and we
didn’t observe gas buildup due to H2 generation as we would usually
observe in the case of coin cells, where better sealing is expected. The
possible reason is that the generated H2 gas easily escaped from the gaps
in the split cells. The cells were cycled in the voltage range of 0.5–1.6 V at
a current density of 40 mA g�1 (0.2 C).

2.4. In situ FTIR measurement

In situ FTIR spectroscopy was performed using a spectrometer
(Nicolet iS5, Thermo Scientific) with an attenuated total reflection
accessory. The mass ratio of the composite electrode was changed to
8:1:1 to improve the signals for PBQS. Fig. S1 shows the schematics of the
set-up. The electrode was pressed against a diamond window, followed
by stainless-steel mesh serving as the current collector, glass fiber as the
separator, and zinc foil as the anode. To avoid complications from
overlapping absorption bands of O–H and C––O, D2O was used as the
electrolyte solvent. The cell was tested under a current of 400 mA g�1,
with FTIR spectra collected every minute. To visualize the evolution of
the FTIR spectra, the absorbances were plotted against time as two-
dimensional color maps. To evaluate the correlation between FTIR sig-
nals, the correlation coefficient (r) between two data sets (x and y) was
calculated using Eq. (1) [17]:

r¼
Pðx� xÞðy� yÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP ðx� xÞ2 P ðy� yÞ2

q (1)

where x and y are the mean values. A correlation coefficient close to 1
indicates x and y have a strong correlation, whereas a correlation coef-
ficient close to 0 means x and y have a weak or no correlation.

2.5. Microstructural analysis of composite cathodes

Cross-sections of PBQS electrodes were prepared using an argon-ion
beam cross-section polisher (IB-19520CCP, JEOL). The cycled elec-
trodes were washed with deionized water and ethanol to remove residual
electrolyte and dried at room temperature under vacuum overnight. To
minimize artifacts and prevent heat damage, an accelerating voltage of 4
kV and a milling rate ~25 μm h�1 were used, and samples were cooled
with liquid nitrogen during the milling process.

Scanning electron microscope (SEM) measurements were conducted
using an FEI XL-30 FEG at 5 kV. Image segmentation was carried out with
ImageJ software using the threshold method. PBQS particles were
identified and segmented by threshold values before the original gray-
scale image was converted to binary. The areas of each particle were then
counted by the software. The areas of particles before and after cycling
were compared using a t-test with a significance value of p < 0.05.
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3. Results and discussion

To study the effect of anions on the cycling performance of polymer
electrodes, PBQS-Zn cells were assembled and separately tested in 1 M
ZnSO4 and Zn(CF3SO3)2 electrolytes. Figs. 1a and b shows selected
voltage profiles under a current density of 400 mA g�1. Both cells
delivered an initial discharge capacity of ~230 mAh g�1. Little change in
the shape of the voltage profiles over cycles indicated a reversible charge
storage process. The cell tested in 1 M Zn(CF3SO3)2 electrolyte showed a
better discharge capacity retention of 78% after 200 cycles compared
with in ZnSO4-based electrolyte (63%, Fig. 1c). A comparable difference
in capacity retention was maintained when cells were tested at different
rates (Fig. S2).

To investigate the origin of capacity decay, cycled electrodes were
polished to expose their cross-sections for SEM imaging. In the pristine
electrode (Fig. 1d), micron-sized PBQS particles were embedded in a
porous network of carbon and binder. Analysis of its segmented binary
image (Fig. 1e) showed the average domain size of the PBQS particles to
be 1.23 μm2 (Table S1). More than 70% of the total domain area was
composed of particles smaller than 5 μm2 (Fig. 1f). After 100 cycles in 1
M ZnSO4 electrolyte, apparent cracks were observed (Fig. 1g), especially
along the edge of larger PBQS particles; the cracks were attributed to
Fig. 1. Electrochemical performance and microstructural analysis. Voltage profile
Zn(CF3SO3)2 electrolytes. (c) Capacity retention for 200 cycles. Cross-sectional SEM im
(d–f) in the pristine state, (g–i) after 100 cycles in 1 M ZnSO4, and (j–l) after 100 c
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repeated expansion�contraction during the electrochemical process. The
formation of these gaps led to the loss of electric contact between redox
active particles and the carbon network, explaining the capacity decay
during cycling. Analysis of the electrode microstructure (Fig. 1h) showed
the polymer had an average particle domain of 2.04 μm2, which was 65%
larger than in the pristine sample (Table S1). The difference in domain
area is statistically significant, as verified by a t-test (Supporting Infor-
mation) [18]. After cycling in ZnSO4, the area fraction for particles < 1
μm2 was smaller than in pristine PBQS, while the value for particles> 11
μm2 was much larger. There are two possible reasons for the particle
domain increase: (i) polymer conformation expansion due to repeated
ion insertion–extraction, and (ii) salts and solvent molecules becoming
trapped in the polymer matrix [19–21]. Since any neutral species were
removed by washing and drying the electrodes before polishing, the
particle domain increase was a result of repeated ion storage. In contrast,
the electrode cycled in 1 M Zn(CF3SO3)2 electrolyte had a moderate
PBQS domain size of 1.52 μm2 (Figs. 1j–l), which was an increase from
the pristine PBQS particles (Fig. 1f) but much smaller than that of PBQS
cycled in 1 M ZnSO4 electrolyte. More importantly, no obvious cracks
were observed on the electrode cross-section, and the particles and car-
bon were in good contact, which explained the better capacity retention
obtained in the Zn(CF3SO3)2 electrolyte. These observations suggest
s of selected cycles for PBQS-Zn cells tested in (a) 1 M ZnSO4 and (b) 1 M
ages, segmented binary images, and area fraction distributions of PBQS particles

ycles in 1 M Zn(CF3SO3)2.
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crack formation was the root cause of the capacity decay, driven by the
particle volume change during cycling. The choice of anion species
resulted in different degrees of particle size change, as PBQS tested in the
Zn(CF3SO3)2 electrolyte showed a smaller size increase, leading to better
cell performance.

To investigate polymer volume change during the electrochemical
cycling process, PBQS electrodes were tested in split cells using zinc foils
as the anode (Figs. 2a and d). The distance between titanium rods was
fixed with stainless-steel plates and screws so that the electrode volume
expansion could be reflected by changes in the stacking pressure,
recorded by a force sensor. Considering the volume change of zinc metal
(3.4 � 10�4 cm3 with 2 mAh capacity) was negligible compared to the
volume of the PBQS electrode (~3 � 10�2 cm3), the change in stacking
pressure was mainly attributed to volume change in the PBQS cathode.
Fig. 2b shows the voltage profile (black line) and pressure change (blue
line) for a PBQS-Zn cell tested in 1 M ZnSO4 electrolyte. The cell deliv-
ered a reversible capacity of 220 mAh g�1 (Fig. S3a), agreeing with our
previous report [14]. The pressure gradually increased with cycling,
indicating a net expansion of the polymer volume after each cycle. This
phenomenon can be explained by solvents and salts becoming trapped in
the polymer matrix during the cycling process [19–21].

A closer look at the second cycle in Fig. 2b reveals that the polymer
electrode expanded during the discharge process as cell pressure
increased. Upon charging, the pressure increased first, then decreased,
suggesting multiple charge carriers participated in the reaction. Our
previous study revealed that PBQS shows mixed Zn2þ and anion storage
via its carbonyl and thioether groups, respectively [14]. The p-doping
process started at ~1.1 V and above, showing an additional voltage
plateau at ~1.4 V. Below 1.1 V, the charge storage was dominated by the
n-doping process (Fig. S4). During the p-doping of thioether groups, an-
ions diffused into the polymer matrix to compensate for the charge.
Therefore, the significant pressure increase during charging was caused
by an influx of SO4

2�. The pressure effect can be clearly seen by separating
the contributions from cation and anion, as presented in Fig. S5. Fig. 2c
shows the pressure variation in each cycle, with an average value of ~9
psi.

When 1 M Zn(CF3SO3)2 was used as the electrolyte, the cell delivered
a similar reversible capacity (Fig. S3b) and pressure profile (Fig. 2e), but
a reduced pressure variation of 3.5 psi on average (Fig. 2f), which was
61% less than in the sulfate-based electrolyte. The relatively larger
Fig. 2. In situ monitoring of stacking pressure. (a) Schematic illustration and (d) pho
evolution profiles in (b) 1 M ZnSO4 and (e) 1 M Zn(CF3SO3)2 electrolytes. The net p
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pressure change in the first cycle resulted from a greater pressure in-
crease in the discharge process due to Zn2þ influx. In later discharge
processes, a similar pressure increase was partially canceled out by anion
outflux, resulting in a relatively small volume change. These differences
in pressure change in the two electrolytes agree with cross-sectional
observations that sulfate induced a larger volume change in the poly-
mer particles.

To discover the reason for the difference in polymer volume change
with different anions, in situ FTIR studies were performed in both elec-
trolytes. FTIR spectra for PBQS-Zn cells with detailed signal assignments
are shown in Fig. S6 and Table S2, where the signals of S–O (SO4

2� or
CF3SO3

�), carbonyl groups (C––O and C–O), and solvent (O–D) can be
clearly distinguished. Fig. 3b shows the evolution of functional groups
over time (Fig. 3a) in 1 M ZnSO4 electrolyte. The periodic diminishment
and reappearance of C––O (~1631 cm�1) and C–O (~1400 cm�1) sug-
gest the carbonyl groups were the redox centers in the electrochemical
reaction. During the first charging of PBQS, the signal of SO4

2� (S–O,
~1100 cm�1) increased significantly, which agrees with the increase in
stacking pressure during the same stage (Fig. 2b), indicating volume
expansion was mainly caused by anion insertion. Moreover, the signal
from the solvent molecule (O–D, ~2300 cm�1) showed the same trend
with SO4

2� during the charging process. The correlation between S–O
and O–D bonds was quantitatively determined by analyzing their signal
changes, as shown in Fig. 3c. A correlation coefficient of 0.75 was ob-
tained, indicating a strong correlation between S–O and O–D [17].
Therefore, the SO4

2� anion was stored in its solvated form in the poly-
mer, resulting in significant electrode volume expansion.

The FTIR spectra collected in 1 M Zn(CF3SO3)2 electrolyte showed
similar trends in terms of the change in carbonyl groups during cycling
(Figs. 3d and e). However, while the strengthening and diminishment of
anion signals (S–O, ~1000 cm�1) is evident in Fig. 3f, the signal change
for the solvent (O–D) is not obvious. The correlation coefficient was
calculated to be 0.43, indicating the correlation between CF3SO3

� and
D2O was weaker, so the CF3SO3

� anion was less solvated than SO4
2�

when stored in the polymer, resulting in less electrode volume change, as
shown in Figs. 2e and f.

The differences in the two anions’ solvation structures can be
explained by their affinity toward water molecules. The attractive force
(F(r)) between an ion and a polar molecule at a distance of r can be
calculated with Eq. (2)
tograph of the cell configuration for pressure monitoring. Voltage and pressure
ressure changes are shown in (c) and (f).



Fig. 3. In situ FTIR measurements. Voltage profiles of PBQS-Zn cells tested in (a) 1 M ZnSO4 and (d) 1 M Zn(CF3SO3)2 electrolytes. Two-dimensional color map of the
FTIR spectra obtained in (b) 1 M ZnSO4 and (e) 1 M Zn(CF3SO3)2 electrolytes. The color bar represents FTIR absorbance. The time-dependent absorbances of selected
functional groups during the second cycle are plotted in (c) and (f). Peak assignments can be found in Fig. S6 and Table S2.
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FðrÞ¼ � 2αðzeÞ2∕ð4πε0εÞ2r5 (2)
Fig. 4. Schematic of charge storage in polymer electrodes. (a) The sulfate ion is
solvated with more water molecules due to its stronger electrostatic attraction
toward water, resulting in (b) a larger polymer volume change during the redox
process. (c) The triflate ion, solvated with less water, induces (d) a smaller
volume change.
where α is the polarizability of the molecule, z is the valence of the ion, e
is the elementary charge, ε0 is the absolute dielectric constant under
vacuum, and ε is the dielectric constant of the media [22]. At a given
distance r, the divalent SO4

2� has a stronger electrostatic attraction to-
ward polar molecules than monovalent CF3SO3

� does, resulting in a
higher degree of solvation. These hypotheses are supported by previous
DFT calculations and vibrational spectroscopy studies indicating that
SO4

2� is closely bonded with six water molecules [23,24], whereas the
coordination number for CF3SO3

� is less than three [25–27].
The difference in anion-induced volume change in the two electro-

lytes highlights anion hydrophilicity as a determining factor for the cycle
life of p-dopable polymers. SO4

2� shows a strong attraction to water
because of its divalent charge (Fig. 4a). During the charge storage pro-
cess, the solvated anions induced larger volume change in the polymer
matrix (Fig. 4b), leading to electrode fracture and capacity decay. The
interaction between the monovalent CF3SO3

� and water, on the other
hand, was weaker. According to the FTIR analysis, CF3SO3

� was exclu-
sively involved in hydrogen bonding at its –SO3

� end (Fig. 4c) [27]. This
reduction in the number of anion solvated water molecules minimized
the degree of polymer volume change during the redox process (Fig. 4d).
Other strategies to alleviate the effect of electrode volume change include
employing concentrated electrolytes with reduced ion solvation [13,28],
tuning anion solvation by modifying polymer side chains [29], or con-
structing nanostructured polymer electrodes to accommodate strain and
avoid cracking or fracturing [30–32].

4. Conclusions

In summary, we have investigated the influence of anions on the
cycling stability of PBQS electrodes in aqueous electrolytes using elec-
trode cross-section microstructural analysis, stacking pressure moni-
toring, and in situ FTIR spectroscopy. We have identified electrode
fracture, arising from polymer volume change during the anion storage
process, as a major source of capacity decay. The degree of volume
change is influenced by the anion solvation structure in the electrolytes.
The divalent SO4

2� solvated with more water molecules induces greater
114
electrode volume change, while CF3SO3
� with less hydration cause less

volume change, thereby yielding better battery cycling stability. Our
work reveals the important correlation between anion solvation and the
long-term cycling stability of polymer-based electrode materials.
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