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Aqueous zinc-ion hybrid capacitors (AZICs) combine the advantageous characteristics of the high energy
density of aqueous zinc-ion batteries with the high power density of supercapacitors. However, their
practical application is limited by the instability of the zinc anode and the relatively low capacity of
the carbon cathode. To address these challenges, we propose the utilization of p-benzoquinone (BQ) as
a bifunctional electrolyte additive. This additive adsorbs onto the zinc surface and modifies the Zn?+
solvation structure, effectively suppressing the growth of zinc dendrites and mitigating water-related side
reactions. As a result, the lifespan of the zinc anode is significantly extended from 35h to 1188h at
0.5mA/cm? and 0.5 mAh/cm?, with a high average Coulombic efficiency of 99.30 %. Additionally, the BQ
additive enhances the specific capacity of the cathode through its rapid redox reactions on the cathode
surface. The AZIC also demonstrates a notable increase in capacity, rising from 40 mAh/g to 140 mAh/g at
0.5 A/g, alongside improved rate performance and cycling stability. This study offers an efficient strategy

to simultaneously address the stability and energy density limitations of AZICs.
© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

The extensive employment of consumer electronics, electric
vehicles, and grid-scale energy storage persistently demands the
ceaseless evolution of high-performance energy storage devices [1].
Aqueous zinc-ion hybrid supercapacitors (AZICs) represent a dis-
tinct class of energy storage systems, constructed with carbon-
based cathodes and Zn metal anodes. They combine the high
power density of supercapacitors with the high energy density of
metal-ion batteries [2-5]. Additionally, the metallic zinc anode of-
fers advantages such as a high capacity, a low redox potential, and
cost-effective manufacturing. These virtues render AZICs a novel
energy storage system with highly promising application prospects.
However, issues like hydrogen evolution reaction (HER), dendrite
growth, and the formation of basic zinc salt by-products on the Zn
anode result in a low Coulombic efficiency (CE), capacity deterio-
ration, and short circuits in AZICs. The specific capacity of carbon-
based cathodes is considerably lower than that of battery materi-
als, leading to unsatisfactory energy density for AZICs [6-11]. Ad-
dressing the problems associated with both the cathode and anode
of AZICs simultaneously remains extremely challenging.
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Extensive research efforts have been devoted to stabilizing Zn
anodes, encompassing artificial solid-electrolyte interphase (SEI)
construction [12-14], three-dimensional host design, electrochemi-
cal etching-based alloying [15], and electrolyte engineering strate-
gies (solvent molecular design [16,17], multifunctional additives
[18]). Among these approaches, electrolyte engineering stands out
as a scalable and cost-effective solution to suppress parasitic re-
actions while enabling uniform Zn%* deposition. Current elec-
trolyte engineering paradigms primarily include: Deep eutectic
electrolytes [19], mixed electrolytes [20], high-concentration elec-
trolytes [21], and electrolyte additives [22]. The additive strategy,
in particular, offers distinct advantages such as ease of implemen-
tation, versatility in additive selection (spanning organic, inorganic,
and polymeric compounds), and significant performance enhance-
ment. These additives modulate electrode-electrolyte interfacial re-
actions through three key mechanisms: restructuring Zn2+ solva-
tion shells, adsorbing on the anode to form protective double lay-
ers, and facilitating in situ SEI formation. As a result, water-related
side reactions can be significantly suppressed, and the zinc de-
position behavior can be homogenized [23]. Organic additives, by
virtue of their plentiful functional groups and diverse molecular
structures, can be screened or assembled into target molecules ac-
cording to requirements. This offers a broad spectrum of options
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Fig. 1. Diagrams of the interfacial chemistry at the anode and cathode in ZSO and
BQ-0.5 electrolytes.

for stabilizing the zinc anode. For example, Yu et al. developed
a trifunctional additive DTPA [24], which simultaneously forms a
conformal shielding layer on Zn, tailors Zn%* solvation structures,
and buffers electrolyte pH fluctuations, thereby extending anode
lifespan by 100-fold. However, to date, most additives primarily
target the zinc anode and do not contribute to improving the en-
ergy density of the AZICs.

Hybridizing carbon-based cathodes with solid-state battery ma-
terials can enhance the energy density of AZICs, though this in-
evitably compromises their inherent advantages of high-power
density. As an alternative, soluble redox-active organic molecules
have been utilized as active electrolyte species in redox flow bat-
teries, which can deliver high power capabilities due to rapid ki-
netics and diffusion of the organic molecules [25]. Thus, introduc-
ing redox-active additives with high activity and appropriate redox
working potentials to AZICs may increase the capacity of the cath-
ode without substantially sacrificing power density. A proposed
strategy involves combining a cathode-targeted redox-active addi-
tive with an anode stabilizer to develop stable AZICs with high
energy density [26,27]. However, potential cross-reactions or pre-
cipitation between the two additives may compromise their func-
tionality, while additional additives also escalate battery cost and
mass. Alternatively, designing a dual-function organic additive is
reasonable and efficient to simultaneously increase the capacity
and improve the stability of AZICs. Nevertheless, it is still chal-
lenging to screen such bi-functional additives since inappropriate
active-redox additives for the cathode may exacerbate the side re-
actions of the zinc anode, thereby severely degrading cycling sta-
bility [28].

In this work, an organic active small molecule, p-benzoquinone
(BQ), was used as a novel additive for AZICs. The BQ additive hin-
ders the direct contact between water and the zinc metal by ad-
sorbing on the surface of the zinc metal. Meanwhile, it replaces
the H,0 molecules coordinated with Zn2* in the solvation sheath
structure, reducing the reactivity of water, suppressing the forma-
tion of zinc dendrites, and reducing the formation of by-products
(Fig. 1). In addition, the BQ undergoes reversible redox reactions to
hydroquinone on the activated carbon (AC) cathode, significantly
increasing the capacity of the cathode, from 40 mAh/g to 140
mAh/g at 0.5 A/g, alongside improved rate performance and dou-
bled lifespan for AZICs.

In this work, 2 mol/L ZnSO,4 (ZSO) was taken as the reference
electrolyte. To determine the optimal concentration of the BQ ad-
ditive, modified electrolytes with 0.05, 0.1, 0.2, 0.3, and 0.5 mol/L of
BQ were prepared and labeled as BQ-0.05, BQ-0.1, BQ-0.2, BQ-0.3,
and BQ-0.5, respectively (Fig. S1 in Supporting information). Ex-
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cessive BQ additive, such as 0.6 mol/L, triggers aggregation, which
is composed of BQ and ZnSO4-H,0 crystals (Fig. S2 in Support-
ing information). Zn//Zn symmetric cells were fabricated to investi-
gate the cycling stability of the zinc anode in different electrolytes.
The BQ additive remarkably extends the lifespan under the condi-
tions of 1 mA/cm? and 1 mAh/cm?2. Moreover, the longest lifespan
is achieved with the BQ-0.5 electrolyte (Fig. S3 in Supporting infor-
mation). Therefore, BQ-0.5 was the preferred electrolyte for all the
subsequent experiments.

The interactions of BQ-0.5 molecules with the electrolyte were
analyzed through theoretical calculations and experimental char-
acterization. Molecular dynamics (MD) simulations were employed
to simulate the structural evolution of the Zn?* solvation sheath
after adding the BQ-0.5 additive. Simulations revealed that BQ-
0.5 molecules partially enter the primary solvation structure of
hydrated Zn?+, displacing bound H,0 molecules (Figs. 2a and b)
[29]. Analysis of the radial distribution function (RDF) indicates
that BQ molecules coordinate with Zn?* ions via Zn**-O (BQ)
bonds with a bond length of 2A and an average coordination
number (ACN) of 0.1 (Fig. 2c), while the ACN of Zn%?*-H,0 de-
creased from 5.36 to 5.30 (Fig. S4 in Supporting information). Com-
plementary liquid-state nuclear magnetic resonance (NMR) anal-
ysis shows a downfield shift in the 'H signal from 4.710 ppm to
4.703 ppm (Fig. 2d), further confirming weakened Zn?*-H,0 inter-
actions [30]. The H,O-deficient solvation structure of Zn®* is ben-
eficial to decrease HER when plating Zn [31,32]. In addition, the
Raman spectroscopy spectra of ZSO and BQ-0.5 electrolytes show
that the symmetric stretching vibration peak of S042° (v(S042°))
shifts from 979.94cm™ to a higher frequency of 981.05cm™! af-
ter adding BQ molecules (Fig. S5a in Supporting information), im-
plying changes in the solvation structure of Zn%* [19,33]. The
v(S0427) peak can be further decomposed into solvent-separated
ion pairs (SSIP, [Zn2t(H,0)-S04%]) and contact ion pairs (CIP,
[Zn2*(H,0)5-0505%]) (Figs. S6a and b in Supporting information)
[34]. The introduction of BQ-0.5 leads to an increase in the ratio
of CIP, suggesting that the additive molecules weaken the electro-
static interaction between Zn?*+ and H,O and facilitate the entry
of SO42~ into the primary solvation sheath [35]. Furthermore, the
peaks corresponding to the v(0O-H) stretching vibration of H,O in
the range of 2750-4000cm™! are resolved into three peaks, cor-
responding to strong, medium, and weak H-O bonds (Fig. S7a in
Supporting information) [30,36]. With the BQ additive, the pro-
portion of strong H-O bonds increases from 73.23% to 78.47%,
whereas the proportion of weak H-O bonds decreases from 11.73 %
to 7.74% (Fig. S7b in Supporting information), revealing disrupted
hydrogen bonds between H,0 solvent molecules [37,38]. It reduces
water molecules within Zn-ions solvation sheaths and the free wa-
ter in the electrolyte, thus inhibiting water-related side reactions
[37]. The impact of the BQ additive on the anode-electrolyte inter-
face was then analyzed. Contact angle measurements demonstrate
that BQ-0.5 electrolyte exhibits lower contact angles on zinc foil
compared to the baseline ZSO electrolyte (Fig. S8 in Supporting in-
formation), confirming enhanced wettability at the anode surface.

The results of density function theory (DFT) calculation further
reveal the interactions between BQ molecules and the Zn anode.
As shown in Fig. 2e, the adsorption energies of BQ and H,0 on
the (002) plane of Zn metal are —0.92eV and —0.32eV, respec-
tively, indicating a higher affinity of BQ to the Zn anode for the
BQ additive over H,O [39]. The enhanced wettability of the BQ-
0.5 electrolyte reduces the interfacial free energy between metallic
Zn and the electrolyte [40], thereby contributing to the uniform
distribution of zinc ions at the interface and promoting uniform
nucleation and deposition of Zn2* [41,42].The X-ray photoelectron
spectroscopy (XPS) of the Zn anode after 50 cycles (1 mA/cm?,
1 mAh/cm?) reveals the adsorption behavior of BQ molecules on
the Zn anode. The O 1s XPS spectrum of the zinc electrode after
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Fig. 2. Characterization of the influence of the BQ additive on the electrolyte chemical structure and interface of Zn anode. (a) The MD simulation snapshot of the BQ-0.5
electrolyte and (b) local solvation structure of hydrated Zn?*. (c) RDFs for Zn?+-O computed from MD simulations of the BQ-0.5 electrolyte. (d) "H NMR spectra of ZSO and
BQ-0.5 electrolytes. (e) Adsorption modes of H,O and BQ on Zn (002) surface and corresponding adsorption energy. (f) FTIR spectra of Zn anode surface after cycling in
BQ-0.5 and ZSO electrolytes. (g) LSV curves at 1mV/s. (h) Tafel curve in the polarized voltage window ranging from —1.0mV to —0.6 mV. (i) Chronoamperometry curves of
Zn electrode at an overpotential of —150mV. (j) EIS spectra of the Zn symmetric cells with/without the BQ-0.5 additive. (k) Polarized curves of Zn//Cu asymmetric cells at

1mA/cm?. (1) CV curves of Zn//Cu asymmetric cells at 5mV/s.

cycling in the BQ-0.5 electrolyte can be deconvoluted into three
peaks, namely Zn-O (at 528.84eV), C=0 (at 530.52eV), and C-0 (at
531.54eV), as depicted in Fig. S4b. The C-related peaks confirm the
adsorption of BQ on the Zn electrode [43,44]. The electrostatic po-
tential calculated by DFT further manifests that BQ-0.5 is adsorbed
on the surface of Zn metal through the negative-polarized carbonyl
group (-C=0) [45], as shown in Fig. S9 (Supporting information). In
addition, the DFT calculation results also show that the lowest un-
occupied molecular orbital (LUMO) energy level (-5.55eV) of the
BQ molecule is lower than that of the H,O molecule (1.06 eV) (Fig.
S10 in Supporting information). This indicates that the BQ additive
is more likely to obtain electrons and form stronger chemisorp-
tion on the Zn electrode than H,O molecules. It can be validated
by the reduced capacitance on the zinc anode in the BQ-0.5 elec-
trolyte compared to that in ZSO (Fig. S5c in Supporting informa-
tion) [46,47]. Furthermore, the FTIR spectrum of Zn anode after cy-
cling in the BQ-0.5 electrolyte presents a C=0 peak and two peaks
attributed to the benzene ring (pH) at 1400 and 746 cm™! (Fig. 2f),
further proving the adsorption of BQ-0.5 on the Zn anode [48]. The
preferential adsorption of BQ over H,O molecules forms an H,O-
deficient inner Helmholtz plane (IHP) at the electrolyte-electrode
interface, which is effective in suppressing H,O-related side reac-
tions [49].

The influence of the BQ additive on the H,O-related side reac-
tions and Zn deposition behaviors was then investigated. The lin-
ear scanning voltammetry (LSV) of the Zn anode at 2.5 mA/cm?
shows that the HER potential increases from —0.84V to —0.94V
(vs. Ag/AgCl) and the oxygen evolution (OER) reaction potential is
increased by 34 mV after introducing the BQ additive (Fig. 2g and
Fig. S11 in Supporting information). Increased overpotentials for
both HER and OER are inducive to suppressing the decomposition
of H,0 [50,51]. Tafel analysis further demonstrated a reduction in
the Zn anode corrosion current density from 1.98 mA/cm? (baseline

ZS0) to 0.34 mA/cm?2 with BQ-0.5 (Fig. 2h), confirming significantly
mitigated Zn self-corrosion [52]. Effective inhibition of H,O decom-
position and self-corrosion minimizes basic zinc salt byproduct for-
mation [53], thereby alleviating passivation and enabling uniform
Zn deposition [54]. Such improvements originate from the BQ-
induced dehydration of Zn?* solvation shells and the H,0-depleted
inner Helmholtz plane (IHP) [49]. Chronoamperometric characteri-
zation highlighted distinct Zn deposition patterns with BQ-0.5 (Fig.
2i). In ZSO electrolyte, the current increases rapidly and continu-
ously in 200 s, indicating the growing effective surface area for ion
adsorption. This is attributed to the two-dimensional diffusion of
Zn2*, resulting in non-uniform nucleation and disordered Zn depo-
sition [55,56]. Conversely, BQ-0.5 electrolyte exhibits current stabi-
lization after an initial 25s nucleation process, signifying constant
electrode area maintenance through homogeneous Zn deposition
[57,58]. This transition from 2D to 3D diffusion-dominated depo-
sition is attributed to BQ-0.5's regulatory effect on Zn?+ migration
pathways [59,60].

The electrochemical impedance spectroscopy (EIS) plots of sym-
metric Zn//Zn cells in Fig. 2j demonstrate that the charge trans-
fer resistance (Rc¢) is increased after introducing the BQ-0.5 addi-
tive, which will decrease the nucleation radius of Zn grains [61,62]
and thereby promote uniform Zn deposition [62]. The increased R¢t
can be attributed to that the adsorbed BQ on the zinc anode sur-
face impedes the adsorption of Zn?* on the Zn anode [61]. Polar-
ized curves and cyclic voltammetry (CV) curves of Zn//Cu asym-
metric cells display elevated nucleation overpotential (NOP) in the
BQ-0.5 electrolyte by 36.2 and 72 mV, respectively (Figs. 2k and I).
The elevated nucleation overpotential can promote the generation
of more and smaller nuclei, which is crucial for uniform Zn plat-
ing [63,64]. The Zn* transference number was calculated through
the I-t curve (polarization potential —10mV) and EIS tests (Fig. S12
in Supporting information). The BQ additive significantly increases
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Fig. 3. Characterization of Zn deposition and electrochemical performance in the ZSO and BQ-0.5 electrolytes. In situ optical visualization observations of Zn deposi-
tion/stripping at 10 mA/cm? in the (a) ZSO and (b) BQ-0.5 electrolyte. (c) XRD patterns. SEM images of Zn electrodes after cycling at 1 mA/cm?, 1 mAh/cm? for 100 cycles in
the (d) ZSO and (e) BQ-0.5 electrolyte. Long-term stripping/plating profiles of Zn//Zn symmetric cells (f) at 0.5mA/cm?, 0.5 mAh/cm?, and (g) at 2mA/cm?, 2 mAh/cm?. (h)
Rate performance of Zn//Zn symmetric cells at current densities of 0.5, 1, 3, 5, 10 mA/cm? with a capacity of 1 mAh/cm?.

the Zn%*+ transference number in the Zn//Zn cell from 0.205 to
0.85. It means a smaller Zn?+ concentration gradient and a more
uniform electric field distribution, which can homogenize the Zn
deposition [65,66]. The increased Zn?* transference number can
be attributed to the accelerated de-solvation of Zn2* with an H,0-
deficient primary solvation sheath and repulsed transfer of SO42-
ions by the negative-polarized carbonyl groups on the Zn anode
[67,68].

The regulatory effect of BQ-0.5 on the Zn deposition and strip-
ping dynamics was directly visualized through in situ optical mi-
croscopy. As depicted in Fig. 3a, the Zn anode in ZSO electrolyte
exhibits dendritic growth within 5min of deposition at 10 mA/cm?,
progressing to large-scale dendrites after 15min. During subse-
quent stripping, incomplete dissolution left substantial "dead Zn"
residues on the anode surface. Conversely, the BQ-0.5 electrolyte
maintained a smooth Zn morphology throughout both deposition
and stripping cycles (Fig. 3b). The comparison demonstrates the
significant effect of the BQ additive in homogenizing the Zn depo-
sition and stripping. Post-cycling characterization via X-ray diffrac-
tion (XRD) further validates this behavior. After 100 cycles at
1mA/cm? and 1 mAh/cm?, the Zn anode in ZSO electrolyte dis-
plays prominent diffraction peaks corresponding to zinc hydrox-
ide sulfate hydrate (ZngSO4(OH)g-0.5H,0) and zinc hydroxide hy-
drate (Zn(OH),-0.5H,0) byproducts (Fig. 3c) [69], in sharp con-
trast to negligible by-products characteristic peaks in the BQ-0.5
electrolyte. Further energy dispersive X-ray spectroscopy (EDS) of

the zinc anode surface shows (Fig. S13 in Supporting information)
the existence of O and S elements with a proportion of 18.85%
and 3.11%, respectively, in the ZSO electrolyte, much higher than
4.57% and 0.35% in the BQ-0.5 electrolyte (Table S1 in Support-
ing information). The reduced O and S elements, coming from
H,0 and SO42- ions, confirm the inhibitory effect of BQ-0.5 on
the by-products [70]. Consistent with optical observations, micro-
scopic morphology analysis reveals that the Zn electrode cycled in
BQ-0.5 is smooth, while the surface of the Zn electrode in ZSO is
covered by disorderly stacked dendrites and by-products (Figs. 3d
and e). The cross-sectional SEM further shows that the Zn deposits
in the BQ-0.5 electrolyte are relatively uniform and dense, in con-
trast with the loose and uneven deposition in the ZSO electrolyte
(Figs. S14a and b in Supporting information). Even Zn deposition
and suppressed passivation are attributed to uniform Zn nucleation
and suppressed side reactions.

The stabilizing effect of the BQ-0.5 additive on the zinc anode
was then characterized. As shown in Fig. 3f, the voltage of the
Zn//Zn symmetric cell in the ZSO electrolyte suddenly drops after
cycling for 34 h, suggesting an internal short circuit. In contrast, the
symmetric cell cycles stably for 1188h in the BQ-0.5 electrolyte,
which is 35 times the cycling life of the ZSO electrolyte. The excel-
lent protecting effect of BQ on the stability of Zn anodes surpasses
recently reported electrolyte additives in Table S2 (Supporting in-
formation). The cell with the BQ additive exhibits a larger volt-
age hysteresis (Fig. S15 in Supporting information), which might be



K. Guo, J. Li, S. Lin et al.

Chinese Chemical Letters 37 (2026) 111175

Fig. 4. Electrochemical performance characterization of AZICs in the ZSO and BQ-0.5 electrolytes. CV profiles at various scanning rates (a) with and (b) without the BQ
additive. (c) Rate capability of AC//Zn AZICs in ZSO and BQ-0.5 electrolytes. (d) Calculated contribution ratios versus scanning rates in the BQ-0.5 electrolyte. (e) EIS plots, (f)
self-discharge curves, and (g) cycling performance of AZICs at 1 A/g. (h) Ragone plots of AZICs based on BQ-0.5 electrolyte and recently reported AZICs.

due to the increased energy barrier for Zn?* migration by the ad-
sorbed BQ molecules [71]. The increased potential hysteresis may
reduce the nucleation size and promote uniform Zn deposition
[72,73]. At 2mA/cm? and 2 mAh/cm?, the symmetric cell with the
BQ-0.5 electrolyte still cycles for 338h, significantly longer than
that in the ZSO electrolyte (Fig. 3g). Furthermore, the Zn//Zn sym-
metric cell in the ZSO electrolyte undergoes a short-circuit during
the rate test, whereas the cell in the BQ-0.5 electrolyte successfully
completes the rate test and demonstrates stable plating/stripping
overpotentials (Fig. 3h). The alternating cycling and static place-
ment (24 h) test results in Fig. S16 (Supporting information) depict
that the symmetric cell with BQ-0.5 can stably operate many times
after standing. Remarkably, the symmetric cell without the additive
demonstrates obvious voltage fluctuations and a short circuit in the
first cycle. In addition, the Zn//Cu half-cell in the BQ-0.5 electrolyte
maintains an average Coulombic efficiency (CE) of 99.30% during
1420 cycles at 1mA/cm? and 0.5 mAh/cm?, while the cell in the
ZS0 electrolyte short circuits after only 204 cycles (Figs. S17a and b
in Supporting information). Collectively, the improved lifespan, sta-
bility of potential hysteresis, and Coulombic efficiency demonstrate
the effective promotion of BQ-0.5 additive on the reversibility and
stability of Zn electrode through dual mechanisms: parasitic reac-
tion suppression and uniform Zn deposition.

Electrochemical performance tests were carried out in activated
carbon/[Zn AZICs (AC/[Zn). As shown in Fig. 4a, the AZIC exhibits
rectangular-like CV curves at different scanning rates in the ZSO
electrolyte, consistent with the capacitive behavior of the activated
carbon cathode. Surprisingly, a pair of prominent redox peaks
emerge in the CV curves in the BQ-0.5 electrolyte (Fig. 4b), indi-
cating redox reactions of the BQ additive on the AC cathode. The
specific capacities of the cathode at different current densities are
dramatically enhanced (Fig. S18 in Supporting information). The
specific capacity increases 3.5-fold from 40 mAh/g to 140 mAh/g at
0.5 A/g, and 4-fold from 25 mAh/g to 100 mAh/g at 10 A/g (Fig. 4c).
AC//AC symmetric supercapacitors with the ZSO and BQ-modified
electrolytes demonstrate higher specific capacities with a higher
concentration of BQ additive at different current densities (Fig. S19
in Supporting information). It confirms the reversible reactions of

the BQ additive and contributes an additional capacity besides ca-
pacitance. The redox reactions are attributed to the rapid and re-
versible transition between BQ and hydroquinone (HQ) molecules
on the AC electrode (Fig. S20 in Supporting information), according
to previous studies [74,75]. The results also indicate that BQ-0.5 is
the optimal electrolyte for enhancing the capacity of AZICs.

The contributions of the surface capacitance (k;v) and the
diffusion-controlled reactions (k,v'/2) to the capacity of the AZICs
in the BQ-0.5 electrolyte are quantified using the equation i(v) =
kqv + kov1/2, derived from CV data [74]. The ratios of the capacitive
contributions reach 59.3%, 60.5%, 66.3%, 71.6%, 71.9%, and 86.5%
at scan rates of 0.5, 1, 2, 3, 5, and 10 mV/s, respectively (Fig. 4d).
This indicates that surface capacitance is dominant in energy stor-
age in the BQ-0.5 electrolyte, which is advantageous for retaining
a high energy and power density at large current densities due to
the rapid interfacial kinetics [76]. In addition, the R of the AZ-
ICs increases in the BQ-0.5 electrolyte (Fig. 4e), which can be at-
tributed to increased impedance on the Zn anode induced by the
BQ adsorption [77,78]. The AZIC in BQ-0.5 electrolyte has a 93.8%
capacity retention rate after standing for 48 h, much higher than
the 72.7% in ZSO electrolyte (Fig. 4f). This can be attributed to the
stabilized zinc anode in BQ-0.5 electrolyte [79]. Furthermore, the
Coulombic efficiency (CE) suddenly drops at the 558t cycle and
a short-circuit occurs at the 712t cycle at 1 A/g in the ZSO elec-
trolyte. In contrast, the AZIC with the BQ-0.5 additive stably runs
1500 cycles and maintains a relatively high average CE of 97.7%
(Fig. 4g). The cycling test results demonstrate the crucial role of
BQ additives in improving the reversibility and stability of zinc
plating/stripping. Besides, the AZIC in this work also exhibits ex-
ceptional energy and power densities, superior to other reported
AZICs (Fig. 4h), including AC//Zn(CF3S03),//Zn [80], AC//ZnSO4//Zn
[81], graphite//Zn(CH3C0O0),//Zn [82], FCNSs//Zn(CF3S03),//Zn [83],
ACC//Zn(TFSI),/[Zn [84], MnO,//ZnSO4//Zn [85], and MXene-
rGO,//ZnS04//Zn [86]. The comparison displays the great advan-
tages of the dual-function BQ additive in improving the power den-
sity and energy density of the AZICs. In addition, BQ is an inexpen-
sive chemical intermediate, which is advantageous for its practical
applications, but its biotoxicity must be properly managed.
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In summary, the introduction of p-benzoquinone (BQ) as a bi-
functional organic additive into ZnSO4 electrolyte not only en-
hances the electrochemical stability and reversibility of the zinc
anode but also improves the capacity, power density, and energy
density of the device. Mechanistically, BQ molecules adsorb on
the zinc surface, restructure Zn%* solvation shells, suppress H,0-
induced parasitic reactions, and guide uniform Zn deposition. Con-
sequently, the lifespan of the zinc anode is significantly extended
from 35h to 1188 h at 0.5mA/cm? and 0.5 mAh/cm?2, with a high
average CE of 99.30%. Additionally, the BQ additive provides an ad-
ditional capacity to AC cathode through its rapid redox reactions,
boosting specific capacity from 40 mAh/g to 140 mAh/g at 0.5 A/g
while enhancing rate capability. As a result, the AZICs demonstrate
a significantly enhanced lifespan alongside superior energy and
power densities surpassing state-of-the-art AZICs. This study es-
tablishes a molecular engineering paradigm for high-performance
AZICs through multifunctional redox-active additives, bridging an-
ode stabilization with cathode capacity augmentation.
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