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Aqueous proton batteries (APBs) embody a compelling alternative in the realm of economical and reliable
energy technologies by virtue of their distinctive “Grotthuss mechanism”. Sustainable production and ad-
justable molecular structure make organic polymers a promising choice for APB electrodes. However, in-
adequate proton-storage redox capability currently hinders their practical implementation. To address this
issue, we introduce a pioneering phenazine-conjugated polymer (PPZ), synthesized through a straightfor-
ward polymerization process, marking its debut in APB applications. The inclusion of N-heteroaromatic
fused-ring in the extended m-conjugated framework not only prevents the dissolution of redox-active
units but also refines the energy bandgap and electronic properties, endowing the PPZ polymer with both
structural integrity and enhanced redox activity. Consequently, the PPZ polymer as an electrode material
achieves a remarkable proton-storage capacity of 211.5 mAh/g, maintaining a notable capacity of 158.3
mAh/g even under a high rate of 8 A/g with a minimal capacity fade of merely 0.00226% per cycle. The
rapid, stable and impressive redox behavior is further elucidated through in-situ techniques and theoret-
ical calculations. Ultimately, we fabricate an APB device featuring satisfactory electrochemical attributes
with an extraordinary longevity over 10,000 cycles, thereby affirming its auspicious potential for eminent
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Choosing the appropriate electrochemical system to efficiently
store energy from renewable sources like solar and wind is essen-
tial for reaching carbon reduction targets [1-3]. Within the realm
of such systems, aqueous batteries stand out as dependable op-
tions for extensive energy storage due to their benign environ-
mental impact, ease of construction and affordability [4,5]. How-
ever, aqueous batteries, which employ single-valence (Li*, Na¥,
K*) and multiple-valence (Mg2t, Ca*, Zn®*, AI3+) metal ions, are
frequently plagued by slow ion movement because of their intense
electrostatic forces and the energy barrier to remove their hydra-
tion shell [6-8]. Proton, a simplest and lightest charge carrier on
the periodic table, is exceptional in its ability to conduct quickly
in aqueous environments via a process defined by the distinctive
“Grotthuss mechanism” [9-11]. Moreover, proton has the potential
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to form covalent or ionic linkages with diverse organic and inor-
ganic entities, greatly enhancing the scope for creating innovative
electrode materials. Thus, the pursuit of electrodes designed to ac-
commodate proton is regarded as a strategic pathway in the ad-
vancement of efficient aqueous proton batteries (APBs).

The advancement of APBs hinges on creating cutting-edge elec-
trode materials that are not only electrochemically reliable but also
safe, eco-conscious and economically viable. Organic compounds,
sourced from copious natural resources, have arisen as contenders
to replace the conventionally utilized inorganic compounds, fa-
vored for their high theoretical capacity, structural variability, en-
vironmental compatibility and minimal ecological impact [12,13].
Organic compounds, when assembled via van der Waals interac-
tions, present flexible and spacious structural matrixes that can
accommodate the volumetric changes during the electrochemical
process [14,15]. Crucially, the structural versatility of the organic
compounds allows for a broader range of electrode design possi-
bilities. However, significant obstacles impeding advancement in-
clude their inherently poor electronic conductivity and low re-
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dox stability [16,17]. When used as proton-storage electrodes, the
redox-active organic compounds are susceptible to leaching into
the aqueous electrolytes, which drastically shorten their cycle life
and negate the benefits of their high initial capacities. Additionally,
the inherently low conductive nature of most organic compounds
requires the incorporation of a substantial quantity of conductive
additives during electrode fabrication, thereby severely diminish-
ing the practical energy density of assembled APB devices.

The polymerization of redox-active molecules is a proven strat-
egy to counteract the dissolution of organic compounds, while the
incorporation of heteroatoms (O, N and S) into organic compounds
to form m-conjugated aromatic structure can introduce multiple
redox centers and boost the intrinsic electrical conductivity [18,19].
It is worth noting that the difference between imine and carbonyl
polymers is that the imine group contains lone pair electrons.
These electrons are crucial for enhancing the electrochemical ac-
tivity of imine polymer through redox reactions within the elec-
trode. In addition, imine polymers are largely neutral organic bases
and have a natural affinity for proton storage [20,21]. Motivated
by these insights, we have developed a new N-heteroaromatic
imine phenazine-based polymer (PPZ) featuring an extended -
conjugated framework to enhance the density of redox-active sites
and overall structural robustness. Notably, the PPZ polymer can be
synthesized via a straightforward polymerization reaction under
facile and mild conditions. Utilized as an electrode material, the
PPZ polymer offers a substantial proton-storage capacity, register-
ing 211.5 mAh/g at a current density of 1 A/g, and maintains im-
pressive rate performance along with remarkable long-term stabil-
ity with a minimal capacity fade rate of only 0.00226% each cycle.
In-situ dynamic analysis and theoretical calculations have uncov-
ered a quick and reversible redox mechanism during proton uptake
and release. Additionally, a soft-package APB device with the PPZ
electrode showcases an impressive energy density of 68.68 Wh/kg
and a power density of 8500 W/kg, while maintaining an excep-
tional operational lifespan over 10,000 cycles, thus underscoring its
significant potential for real-world application scenarios.

The PPZ polymer was produced using a straightforward one-
step polymerization process involving phenazin-1-ylamine (PZM)
monomer and (NH4),S,0g oxidant under relatively benign condi-
tions of 79 °C, as detailed in the experimental section of the Sup-
porting Information. This synthesis method is uncomplicated and
does not necessitate sophisticated equipment. The precursor ma-
terials are economical, rendering it feasible for scaling up to in-
dustrial levels. As depicted in Fig. 1a, the scanning electron micro-
scope (SEM) of the PPZ polymer exposes minuscule particles, and
the elemental analysis images that accompany it validate a uni-
form distribution of C and N elements within the polymer ma-
trix. The 13C NMR spectrum of the PPZ polymer in its solid state
(Fig. 1b), reveals distinctive peaks at specific chemical shifts. A
peak at 144.8 ppm corresponds to carbon atoms in C=N bonds (de-
picted in purple), while two peaks at 142.2 and 134.3 ppm indicate
carbon atoms in C=C bonds (marked in red and green) [22,23].
Furthermore, two peaks at 129.3 and 122.9 ppm represent carbon
atoms in C-C bonds (shown in orange and blue), originating from
the benzene rings in the polymer structure. The X-ray diffraction
(XRD) patterns of the PZM monomer and PPZ polymer are com-
pared in Fig. 1c, with the polymer exhibiting a diffraction peak
at approximately 26.7°. This broad peak indicates the robust m-m
interactions among the imine heterocycles intertwined within the
PPZ polymer matrix. The results of thermal stability evaluations
conducted using thermal gravimetric analysis (TGA) on the PZM
monomer and PPZ polymer are illustrated in Fig. 1d. The analysis
reveals that the PPZ polymer decomposes at a higher temperature
(500 °C) with minimal weight loss (80.6%), indicating its robust
polymeric structure. The PPZ polymer is subjected to additional
analysis by using X-ray photoelectron spectroscopy (XPS) (Fig. 1e).
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Fig. 1. Structural characterizations of the PPZ polymer. (a) SEM image and elemen-
tal analysis images, (b) solid-state 3C NMR spectrum, (c) XRD pattern, (d) TGA
curve, (e) C1s XPS spectrum and (f) distribution curve of molecular weight of the
PPZ polymer.

Several signals at 284.4, 285.2 and 286.5eV are indicative of car-
bon atoms involved in C-C/C=C, C-N, and C=N bonds, respectively.
Furthermore, a prominent signal observed at 290.5eV can be at-
tributed to the 7 -7 interactions that occur between PPZ molecules
[24]. The degree of polymerization of PPZ polymer was evaluated
by gel permeation chromatography (GPC) test. Fig. 1f shows the
distribution curve related to the molecular weight of the PPZ poly-
mer, with an average molecular weight of ~9.1 kDa. For more in-
formation on the structural characterizations of the PPZ polymer,
please refer to Figs. S1-S3 (Supporting information).

A comprehensive three-electrode study was firstly conducted to
examine the electrochemical properties of the PPZ polymer when
deployed as an electrode substance in an aqueous medium of
1 mol/L H,SO4 solution. Fig. 2a showcases the cyclic voltammetry
(CV) profiles of the PPZ electrode at varying sweep rates, showing
clear and unaltered redox peaks. The b values for the redox
peaks in Fig. 2b are determined to be 0.83 and 0.88, suggesting
the presence of diffusion- and capacitive-controlled steps in the
redox processes of the PPZ electrode [25]. The Trasatti analy-
sis was used to objectively distinguish between diffusion- and
capacitive-controlled contributions. Fig. 2c delineates an escalation
in the capacitive-controlled contribution concomitant with the
augmentation of sweep rates, hence illustrating the enhanced rate
capability of the PPZ electrode. The related calculation process
of the capacitive contributions is provided in Fig. S4 (Support-
ing information). The nonlinear morphologies observed in the
galvanostatic charge/discharge (GCD) profiles (Fig. 2d) further
elucidate the redox behaviors of the PPZ electrode. The PPZ
electrode provides a large specific capacity of 211.5 mAh/g at a
current density of 1 A/g, which is 76.6% of the theoretical capacity
(275.99 mAh/g, detail in supplementary material), in conjunction
with impressive specific capacities of 158.3 and 125.3 mAh/g
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Fig. 2. Electrochemical properties of the PPZ electrode in 1 mol/L H,SO,4 electrolyte. (a) CV curves, (b) b values and (c) the corresponding capacity contributions at various
scan rates from 1 mV/s to 50 mV/s. (d) GCD curves ranging from 1 A/g to 24 A/g. (e) Rate performance comparison to the reported proton-storage electrodes. (f) Cycle stability

and coulombic efficiency over 10,000 repeated charging/discharging cycles at 8 A/g.

at elevated loading densities of 8 and 24 A/g, which speaks to
its exceptional rate performance when compared with advanced
proton-storage electrodes (Fig. 2e and Table S1 in Supporting in-
formation) previously reported [26-33]. Fig. 2f illustrates the cycle
durability and coulombic efficiency of the PPZ electrode during
10,000 cycles at 8 A/g. showcasing a remarkably long lifespan and
a low deterioration rate of about 0.00226% each cycle in terms of
average capacity. The expanded m-conjugated architecture of the
PPZ electrode fortifies its durability by diminishing its solvency
within the aqueous electrolyte. As shown in Fig. S5 (Supporting
information), the PPZ electrode exhibits nearly 100% coulombic
efficiency when subjected to continuous charge/discharge cycles,
demonstrating its high redox reversibility for proton storage.
In-situ UV-vis spectroscopy (Fig. S6 in Supporting information)
shows the electrolyte conditions without obvious dissolution
phenomenon of the PPZ electrode upon charging and discharging.
By contrast, the PZM monomer as electrode material shows poor
cycling durability with a 41% capacity retention after 140 cycles
(Fig. S7 in Supporting information), which is attributed to its high
solubility in acidic aqueous electrolyte.

Electrochemical impedance spectroscopy (EIS) provides the
electrochemical characteristics of the PPZ electrode. The electri-
cal resistance within the bulk material (Rs) and the impedance to
charge migration at the interface (R¢) are both exceptionally mini-
mal, with R at 0.16 2 and R at 2.02 €2, signifying an expeditious
electrochemical reaction with negligible obstruction within the PPZ
electrode. The proton diffusion coefficient (D) can be calculated by
using the Warburg factor according to the classical equation [34].
As shown in Fig. 3b, the D value calculated for the PPZ electrode is
as low as 4.53 x 1077 cm?/s, indicating the efficient ionic diffusion
within the PPZ electrode. The polymer chain of the PPZ polymer

is not rigidly fixed, allowing it to regulate and respond to ionic
movements. Even with a three-dimensional framework, the poly-
mer chain is capable of conformational evolution when exposed to
the external stimuli, thereby creating transient pathways that fa-
cilitate ion transport. Additionally, the three-dimensional internal
structure of the PPZ polymer displays some available pores that
significantly facilitate ion permeation. Furthermore, the D values at
various temperatures was used to determine the activation energy
for proton diffusion. A linear association is established between the
logarithm of D and T-! in Fig. 3c, confirming the suitability of the
Arrhenius equation In(D) =-E,/RT + C [35]. The calculated activation
energy (E;) of 227.9 meV is indicative of a rapid Grotthuss process,
which is characteristically less than 400 meV [36]. Consequently,
it is revealed that the proton diffusion efficiency of the PPZ elec-
trode can be amplified by the “Grotthus mechanism”, allowing for
rapid proton jumps in the aqueous electrolyte. The 45° phase an-
gle in the Bode plot (Fig. 3d) corresponds to an eigenfrequency (fy)
of approximately 0.5Hz. The PPZ electrode demonstrates a rapid
frequency response (7q) of 2.0s, reflecting its high redox reaction
for proton storage. The excellent electron-transfer ability of PPZ
polymer is largely attributed to its extended m-conjugated config-
uration. This extended conjugation allows electrons to effectively
delocalize on the polymeric backbone, facilitating the movement
of charge carriers. As electrons can move more freely along the
polymeric chain, the electrical conductivity of the PPZ polymer is
significantly enhanced. According to the standard four-point probe
technique, it is found that the PPZ polymer possesses a higher
electric conductivity (~4.9 x 10~2 S/cm) than the PZM monomer
(~5.6 x 107> S/cm). In addition, the N-heteroaromatic phenazine-
based units within the PPZ polymeric backbone to create mul-
tiple proton conduction pathways, which leverage the distinctive
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Fig. 3. Kinetic analysis of the PPZ electrode. (a) EIS plot and (b) the correspond-
ing D value. (c) Plot of In(D) against 1000/T. (d) Bode plot of the PPZ electrode. (e)
Frontier molecular orbital energy of the PPZ electrode compared with other poly-
mers for proton storage.

electron-rich characteristics of the imine rings. Through the Grot-
thuss mechanism, protons can jump from one nitrogen site to the
next, facilitated by the presence of adjacent electron-rich regions
within the PPZ polymer. Therefore, the heteroaromatic imine rings
contain nitrogen atoms in the PPZ polymer that can act as pro-
ton relays, enabling the fast transfer of protons via hydrogen bond-
ing interactions. As shown in Fig. S8 (Supporting information), the
LUMO level of the PPZ polymer (—2.50eV) is lower than that of
PZM monomer (—2.43 eV), indicating the superior electron affinity
of the PPZ polymer for proton storage. Additionally, the PPZ elec-
trode possesses a narrower HOMO-LUMO gap (2.48 eV) than those
of other polymer electrodes for proton storage (Fig. 3e), highlight-
ing the superior electronic conductivity and redox kinetics of the
PPZ electrode [28,37-40].

An in-situ Raman analysis (Fig. S9 in Supporting information)
was conducted to dynamically investigate the proton coordination
in the PPZ electrode. Fig. 4a displays a prominent peak at 1405
cm~!, suggesting the existence of C=N bonds in the nitrogen-
containing heterocycles of the PPZ electrode. The vibration inten-
sity of the C=N bonds decreases gradually during discharge, while
the signals of the C-N (1346 cm~!) and N-H (1618 cm~!) bonds in-
crease progressively. The C=N bonds in the PPZ electrode are con-
verted to the C-N bonds, which then react with protons to create
the N-H bonds. The vibration intensities of the C-N and N-H bonds
fall and then increase again during the following charge process,
while the peaks related to the C=N bonds become visible once
more. This suggests that protons are effectively removed from the
PPZ electrode during oxidation processes to regenerate the C=N
bonds. Besides, ex-situ XPS examination was performed on the PPZ
electrode in its original, completely discharged and charged condi-
tions (Fig. 4b). The detailed peak division results of the N 1s spectra
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are presented in Fig. 4c. Obviously, the peak intensities of N-H and
C-N bonds increase after full discharge, while the peak intensity
of C=N bonds completely disappears. Upon the recovery of poten-
tial, the peak intensity of C=N bonds can be restored to its initial
level. This phenomenon reveals the reversible redox process that
took place in the PPZ electrode (C=N <> C-N/N-H) during proton
uptake/removal. The proposed electrochemical conversion mecha-
nism of the PPZ electrode upon proton uptake/removal is shown
in Fig. S10 (Supporting information). Fig. 4d shows that the Gibbs
free energy (-AG) for the binding of the PPZ molecule to protons
is calculated to be —12.47 eV, which is notably lower than the val-
ues for monovalent or multivalent metallic ions (Nat, Zn?t, Mg?*,
and Ca?*) in aqueous electrolytes, further suggesting the strongest
coordination of the protons with the PPZ electrode.

To accommodate practical applications, a stratified architecture
was employed in the construction of an all-polymer APB device
(Fig. 5a), which is realized by using PPZ polymer as anode and
poly(indole) polymer as cathode (Fig. S11 in Supporting informa-
tion). It should be noted that in order to match with the PPZ anode
material, poly(indole) polymer was chosen as the cathode material
for fabricating full cell. As a conductive polymer, the poly(indole)
polymer possesses slower rate of hydrolysis and degradation in so-
lution, higher electrochemical activity and better thermal stabil-
ity when compared with other conductive polymers [41-43]. More
importantly, it is known that the poly(indole) polymer exhibits
higher redox potentials than some typical proton conduction sys-
tems such as polyaniline and polypyrrole [44,45], making it more
suitable as cathode material for proton storage. The CV profiles of
the fabricated APB (Fig. 5b), exhibit a wide potential window ex-
tending from O to 1.7V. The APB device manifests a pair of dis-
tinct redox peaks, which retain their definition even under ele-
vated scan rates, implying the occurrence of rapid redox process.
Furthermore, the GCD profiles of the APB device (Fig. 5c¢), are de-
pend on the combined weights of the cathode and anode, which
delivers a high specific capacity of 81.1 mAh/g when operating at
a current density of 1 A/g. As illustrated in Fig. 5d, the APB de-
vice can attain high energy density levels at various power outputs.
Specifically, it provides a maximum energy density of 68.68 Wh/kg
at a power density of 856 W/kg, and a maximum power density
of 8500 W/kg at 30.34 Wh/kg based on the weights of cathode and
anode, surpassing the performance of previously reported APB de-
vices [28,46-51]. It is significant that the APB device retains a high
capacity of ~91.7% with a coulombic efficiency approaching 100%
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Fig. 5. Full-cell assembly and testing. (a) Device structure of the soft-package APB. (b) CV curves and (c) GCD profiles, (d) Ragon plot of the soft-package APB device based
on the whole mass of anode and cathode. (e) Long-term cycle stability with coulombic efficiency at 2 A/g. (f) Cycle performance comparisons of our fabricated APB with

previously reported APB devices.

even after 10,000 cycles of discharging and charging (Fig. 5e). The
APB device demonstrates an extraordinary long-term stability with
commendable reversibility, markedly surpassing the performance
of previously reported APB devices, as evidenced by Fig. 5f and
Table S2 (Supporting information) [9,10,26,28,48,52-58]. Therefore,
the fabricated APB device clearly establishes its potential to meet
various needs in the field of safe, reliable and efficient energy stor-
age systems.

In summary, we have developed an innovative phenazine-based
polymer with heteroaromatic and extended m-conjugated frame-
work via a facile and mild polymerization approach. This well-
designed configuration enhances the molecular rigidity and aro-
maticity, while also optimizing the electronic structure and nar-
rowing the energy bandgap to improve the electron affinity for
exceptional proton storage. Consequently, the synthesized poly-
mer, when deployed as an electrode material, demonstrates re-
markable electrochemical attributes with a high specific capacity
of 211.5 mAh/g at 1 A/g, a sustained cycle stability over 6000 rep-
etitions and a significant rate capability. Comprehensive experi-
mental analyses, in-situ observations and theoretical calculations
have disclosed the rapid, stable and impressive redox behavior
of the polymer electrode during proton uptake and release. For
practical applications, we have constructed a full-cell APB device
with dependable electrochemical traits, including noteworthy en-
ergy/power densities and extended cycle life. Our findings offer
new insights into the development of eco-friendly polymer elec-
trodes for cost-effective and high-performance rechargeable aque-
ous batteries.
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