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The construction of quasi-solid-state sodium-air batteries (SABs) by replacing traditional liquid elec-
trolytes with gel electrolytes has become one of the future focus areas in the SABs field. However, the
currently developed quasi-solid-state SABs inevitably produce insoluble discharge products during the dis-
charge process, which leads to limited rate capability and poor cycling stability. In this study, a hydrogel
electrolyte (PANa-NCNT) containing nitrogen-doped carbon nanotubes (NCNT) and sodium polyacrylate
(PANa) was designed, and a quasi-solid-state SAB with highly water-soluble NaOH as the main discharge
product was constructed. The physical entanglement between NCNT and PANa in the PANa-NCNT hydro-
gel electrolyte leads to the heterogeneous structure of gel, which effectively enhances the thermodynamic
stability of the hydrogel electrolyte. In addition, the aqueous components of electrolyte determine the re-
action pathway of battery. During discharge, the oxygen reduction reaction proceeds via 2e~ pathway to
generate soluble NaOH, while during charging, the oxygen evolution reaction exhibits a mixed 2e"/4e
reaction pathway. Benefiting from the good thermodynamic stability of PANa-NCNT hydrogel electrolyte
and the water-soluble discharge products, the fabricated quasi-solid-state SAB demonstrates stable cycling
for 330 cycles (187 h) at 0.5 mA/cm? in ambient air. These findings reveal the influence of the liquid-phase
components in the gel electrolyte on the reaction pathways, which is conducive to promoting the appli-

cation of hydrogels in quasi-solid-state SABs.
© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia
Medica, Chinese Academy of Medical Sciences.

The intensification of global warming and the rapid depletion of
fossil fuels have accelerated the development of efficient and sus-
tainable energy storage devices [1,2]. Among the novel energy stor-
age devices under development, sodium-air batteries (SABs) have
attracted significant attention due to their high theoretical energy
density, environmental friendliness, and the abundance of sodium
resources. Traditional SABs typically utilize liquid electrolytes to
achieve electrochemical energy storage performance. However, the
unique open system of air batteries presents potential safety haz-
ards, including electrolyte decomposition, leakage, and combustion,
while also limiting their cycle life, significantly hindering the prac-
tical application of SABs [3,4].
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In this context, using a gel electrolyte instead of a liquid elec-
trolyte for the preparation of quasi-solid-state SABs provides an ef-
fective strategy to address the aforementioned issues [5,6]. Ha et
al. conducted the first study on the application of gel electrolytes
in SABs in 2019, discovering that gel electrolytes containing ionic
liquids can significantly inhibit side reactions within the batteries
[7]. Subsequently, Chen et al. reported a gel electrolyte based on
tetraethylene glycol dimethyl ether and first constructed the quasi-
solid-state SAB, which was capable of avoiding electrolyte leakage
and could operate stably even in a folded state [8]. Although quasi-
solid-state SABs have made significant progress since their intro-
duction, some challenges remain. Beyond the poor thermodynamic
stability and low ionic conductivity of gel electrolytes, the develop-
ment of quasi-solid-state SABs is primarily restricted by the gener-
ation of insoluble discharge products (Na;0, or NaO,) [9,10]. This
leads to the formation of unfavorable solid-solid interfaces during
battery operation processes, which significantly limits rate capabil-
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Fig. 1. The preparation process and mechanism diagram of PANa-NCNT.

ity and cycling stability [11,12]. Therefore, to advance the quasi-
solid-state SABs field, it is crucial to develop gel electrolytes with
excellent thermodynamic stability and ionic conductivity and to
construct SABs that can prevent insoluble discharge product for-
mation.

This paper reports a quasi-solid-state SAB capable of operat-
ing in an air atmosphere, with highly water-soluble NaOH as the
main discharge product. The quasi-solid-state SAB was prepared
using a hydrogel electrolyte (PANa-NCNT), which was formed by
employing sodium polyacrylate (PANa) and nitrogen-doped carbon
nanotubes (NCNT) as the gel network matrix, with a saturated
NaOH/NaCl aqueous solution as the liquid component. The physical
entanglement of NCNT with PANa in the PANa-NCNT hydrogel elec-
trolyte led to the formation of a heterogeneous gel structure dom-
inated by mesopores. This unique gel structure minimized the es-
cape channels for water molecules, reducing the free water content
in PANa-NCNT to 88.5%, enhancing the thermodynamic stability of
hydrogel electrolyte. Furthermore, the aqueous components in the
PANa-NCNT hydrogel electrolyte played a key role in determining
the type of electrochemical reactions occurring in the quasi-solid-
state SAB. The quasi-solid-state SAB prepared from PANa-NCNT hy-
drogel undergoes the oxygen reduction reaction (ORR) via a 2e”
pathway during discharge and the oxygen evolution reaction (OER)
via a mixed 2e/4e- pathway during charge. Owing to these advan-
tages, the quasi-solid-state SABs assembled with the PANa-NCNT-
2 hydrogel exhibited excellent electrochemical performance, main-
taining stable cycling for 187 h even at 0.5 mA/cm?. To the best of
our knowledge, this is the first report of a hydrogel electrolyte be-
ing applied to quasi-solid-state SABs.

The preparation process of the PANa-NCNT hydrogel electrolyte
is shown in Fig. 1. Initially, NCNT was dispersed in a satu-
rated NaOH/NaCl solution using ultrasonic dispersion to create
the substrate solution. Next, acrylic acid (AA) monomer and N,N’-
methylenebisacrylamide (MBAA) crosslinker were added to this so-
lution to form the precursor solution. During this step, the OH
functional group on the AA was substituted with sodium to form
sodium acrylate (ANa). The initiator ammonium persulfate (APS)
was then introduced to initiate free-radical polymerization, lead-
ing to the breaking of the C=C double bond of the ANa monomer
and the formation of a 3D polymer network, thereby achieving
the gelation of PANa-NCNT [13]. The amount of APS added is crit-
ical for the formation of the hydrogel electrolyte. Specifically, as
the APS concentration increased, the color of the precursor solu-
tion gradually changed from transparent to light yellow (Fig. S1
in Supporting information). When the amount of APS solution in
the precursor solution reached 40uL, the liquid phase fully tran-
sitioned into a gel state. Even when the container was inverted,
the hydrogel adhered firmly to the inner glass wall, resisting flow
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due to gravity. The prepared hydrogel samples were labeled as
PANa, PANa-NCNT-1, and PANa-NCNT-2 hydrogel electrolytes, cor-
responding to substrate solutions with NCNT contents of 0, 5, and
10 mg/mL, respectively.

To investigate the effect of NCNT on the microscopic morphol-
ogy of the hydrogel, cryogenic scanning electron microscopy (cryo-
SEM) was employed to characterize the cross-sectional features
[14]. As shown in Figs. 2a and b, the pure PANa hydrogel exhibits
a grid-like structure dominated by large pores. The average di-
ameter is approximately 0.8 um, and the overall structure is loose
(Fig. 2c). The large pores facilitate the escape of water molecules.
When exposed to air, a significant amount of free water rapidly
exits through these pores, leading to poor water retention in the
PANa hydrogel. In contrast to the PANa hydrogel, the introduction
of NCNT disrupts the uniform distribution of PANa, and the entan-
glement between PANa and NCNT results in a heterogeneous gel
network. As shown in Figs. 2d and e, the PANa-NCNT gels contain
numerous fine and dense pores, significantly smaller than those in
the PANa hydrogel. Their average pore size is about 0.05 um, which
is sixteen times smaller than that of the PANa hydrogel (Fig. 2f).
This reduction in pore size limits the escape of water molecules
from hydrogel, providing a significant advantage in water reten-
tion. Fig. S2 (Supporting information) presents optical images of
the hydrogels before and after seven days of static testing under
room temperature conditions (30 °C, RH: 40%). As shown in Figs.
S2a and b, the fresh PANa hydrogel is transparent. After seven days
of exposure, it loses water, resulting in severe salt crystallization
on its surface. In contrast, only a small amount of white crys-
talline salt appears in the PANa-NCNT hydrogel after seven days,
indicating better water retention properties (Figs. S2c and d). Sub-
sequently, the hydrogel was completely dried at 80 °C and frac-
tured under liquid nitrogen. The section morphology of the hydro-
gel was characterized by scanning electron microscopy (SEM) to
explore the structure stability. As shown in Figs. S3a and b (Sup-
porting information), water loss from the PANa hydrogel leads to
severe structural changes. In the dried PANa hydrogel, the pore
structure of fresh PANa hydrogel completely disappeared, and large
voids and extensive cracks were generated, indicating the unsatis-
factory structural stability of PANa hydrogel. However, the section
of PANa-NCNT is very dense and densely packed with fold struc-
tures (Figs. S3c and d in Supporting information). This indicates
that the heterogeneous structure formed by the introduction of
NCNT enhances the structural stability of hydrogel, which provides
the possibility for the stable operation of the quasi-solid-state SAB.

To further investigate the effect of NCNT introduction on the
crystal structure of PANa hydrogel, X-ray diffractometer (XRD)
tests were conducted on three samples: NCNT, PANa, and PANa-
NCNT. As shown in Fig. 3a, NCNT exhibited two distinct crys-
talline diffraction peaks at approximately 26.14° and 43.47°, cor-
responding to the (002) and (101) planes of the graphitized struc-
ture, respectively, indicating the graphitic nanostructures of NCNT.
PANa displayed two broad, low-intensity diffraction peaks at ap-
proximately 32.87° and 44.76°, indicating its semi-crystalline na-
ture [15]. Notably, the prepared PANa-NCNT samples did not show
discernible characteristic peaks corresponding to the (002) and
(101) faces of NCNT, suggesting that NCNT was uniformly dispersed
within the hydrogel. Fig. 3b shows the Fourier transform infrared
spectroscopy (FT-IR) test results for NCNT, PANa, and PANa-NCNT.
In the FT-IR spectrum of NCNT, the peak at 1112cm™! represents
the characteristic absorption of graphitized nitrogen, the peak at
1400 cm™! is associated with the graphite-structured walls of NCNT,
the absorption peak at 1651 cm! is attributed to pyridinic nitro-
gen, the characteristic absorption peak at 3353cm™! corresponds
to the stretching vibration of O-H water molecule bond in the in-
terlayer [16]. In the FT-IR spectrum of PANa, the peak at approx-
imately 1321cm™! corresponds to the C-C bond vibration, while
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Fig. 2. (a, b) Cross-sectional cryo-SEM images of PANa. (c) The data statistics of the aperture of PANa. (d, e) Cross-sectional cryo-SEM images of PANa-NCNT. (f) The data
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Fig. 3. For PANa, NCNT, and PANa-NCNT: (a) XRD spectra, (b) FT-IR spectra, (c) Raman spectra. (d) XPS full spectra for PANa and PANa-NCNT. C 1s spectrum for (e) PANa and

(f) PANa-NCNT.

the peak at 1404cm™! corresponds to the symmetric stretching vi-
bration of C=0. A small peak at 1445cm™! is related to the pla-
nar rocking vibration of (CH,),. The peak at 1554cm™ is primar-
ily due to the carboxylate ion (COO") vibration [17]. The peak
at 1651cm™! corresponds to the bending vibration of the H-O-
H water molecule. The small peak at 2926cm™ is attributed to
the asymmetric vibration of CH, [18,19]. No new absorption peaks
other than those of PANa and NCNT appeared in the FT-IR spec-
trum of PANa-NCNT, and the peak positions were not shifted, indi-
cating that PANa and NCNT are mainly connected by physical en-
tanglement.

As shown in Fig. 3¢, Raman spectroscopy tests revealed D (de-
fect) peaks at approximately 1350cm™! and G (graphite) peaks at
approximately 1577 cm’!, representing disorder defects and sp? hy-
brid carbon, respectively [20]. For PANa, the characteristic peaks
of NCNT were not detected. Compared to PANa, the appearance of
D and G peaks corresponding to NCNT in the PANa-NCNT spectra
confirms the successful introduction of NCNT. Compared to NCNT,
the D and G peaks of PANa-NCNT shifted to higher positions, indi-
cating charge transfer between NCNT and PANa within the hydro-
gel. Subsequently, the elemental composition of PANa and PANa-
NCNT was analyzed by X-ray photoelectron spectroscopy (XPS). As
shown in Fig. 3d, both PANa and PANa-NCNT hydrogels contained

the C, O, and Na elements. Figs. 3e and f show the XPS high-
resolution spectra and peak fitting results for the elemental C. In
the high-resolution C 1s spectra for PANa, four distinct peaks are
observed at 284.3, 286.1, 287.6, and 288.4 eV, corresponding to the
C-C, CH,, C=0, and COO~ bonds, respectively [21,22]. For PANa-
NCNT, in addition to the same bonds observed in PANa, peaks cor-
responding to C-C(sp3) and 7-7* carbon bonds from NCNT were
observed at 284.8 and 289.4 eV, respectively [23]. These results fur-
ther suggest that the PANa-NCNT gel is physically entangled with
PANa and NCNT, and that NCNT did not undergo a chemical reac-
tion with PANa.

To investigate the effect of the introduction of NCNT in hydro-
gels on water molecules, low-field nuclear magnetic resonance (LF-
NMR) was used to measure the T2 relaxation curves of PANa and
PANa-NCNT gels. The portion of the T2 relaxation curve <0.01 ms
corresponds to bound water molecules, the range between 0.01 ms
and 100 ms represents less mobile water molecules, and the seg-
ment from 100ms to 1000 ms corresponds to highly mobile free
water molecules [24,25]. As shown in Fig. 4a, PANa-NCNT exhibits
weaker characteristic peak intensity for free water compared to
PANa, indicating reduced free water content. The leftward shift of
the free water peak further indicates restricted motion of free wa-
ter molecules in PANa-NCNT, demonstrating that the PANa-NCNT
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gel confines water more effectively than that of PANa. Fig. 4b
shows the normalized data of the peak areas of different water
components, which were used to analyze the relative content of
different water components in hydrogel. As depicted in the figure,
the free water content in PANa-NCNT is 88.5%, lower than that of
PANa at 96.7 %. Additionally, the percentages of bound water and
less mobile water are 3.7 % and 7.8 %, respectively, both higher than
the bound water (1.6%) and less mobile water (1.7 %) in PANa. This
suggests that the introduction of NCNT alters the uniform distri-
bution of PANa and improves the pore structure of the hydrogel,
enhancing its water retention performance. Fig. 4c presents the
thermogravimetric analysis (TG) curves of the prepared hydrogel
electrolytes in the temperature range of 30-150 °C. The results in-
dicate that the mass of both PANa and PANa-NCNT hydrogels de-
creases with rising temperature due to the evaporation of free wa-
ter. At around 80 °C, both PANa and PANa-NCNT hydrogels reach
their peak mass loss. Compared to the peak mass loss of PANa hy-
drogel (4.36%/min), PANa-NCNT hydrogel exhibits a smaller peak
mass loss (4.03 %/min), further suggesting that PANa-NCNT has bet-
ter water retention.

The addition of NCNT into hydrogels not only enhances their
microstructure, improving thermodynamic and structural stability,
but also has the potential to alter their physicochemical proper-
ties. As shown in Fig. 4d, the electronic conductivity of PANa-
NCNT hydrogels with different NCNT contents was measured using
a four-probe method. The results reveal that the conductivity of
all hydrogel samples remained above 1.0 S/m, and the conductiv-
ity of PANa-NCNT-2 with higher NCNT content reached 4.97 S/m.
With the increase of NCNT content in hydrogel, the conductivity of
PANa-NCNT-2 increased from 1.96 S/m to 3.40 S/m, and the resis-
tance decreased from 0.51 ohm m to 0.20 ohm m. This indicates
that the incorporation of NCNT somewhat increased the electronic
conductivity of PANa. Furthermore, the water retention capabilities
of different hydrogels were analyzed using a continuous weighing
method in an open environment at room temperature (30 °C, RH:
40%). As shown in Fig. 4e, the PANa hydrogel exhibited the low-
est water retention, with only 96.90% of its initial mass remaining
after seven days of static testing. In contrast, the PANa-NCNT hy-
drogels showed higher water retention rates, which gradually in-
creased with the NCNT content. Specifically, the water retention
rate was 97.50% for PANa-NCNT-1, and 98.20% for PANa-NCNT-2,
which had a higher NCNT content. The ionic conductivity of the
hydrogels was calculated from electrochemical impedance spec-

troscopy (EIS) spectra obtained over different days of static testing
(Fig. 4f and Fig. S4 in Supporting information). For fresh hydrogel
samples, the ionic conductivity of PANa was 2.33 mS/cm, whereas
PANa-NCNT-1 and PANa-NCNT-2, containing NCNT, had ionic con-
ductivities of 2.54 and 2.60 mS/cm, respectively. This suggests that
the introduction of NCNT, which produces a non-homogeneous
structure, contributes to enhancing the ionic conductivity of the
hydrogels. As the static test duration increases, water loss in the
hydrogel inevitably leads to a decrease in ionic conductivity. Af-
ter seven days of testing, the ionic conductivity of PANa was 0.67
mS/cm, while PANa-NCNT-1 and PANa-NCNT-2 had ionic conduc-
tivities of 0.76 and 0.85 mS/cm, respectively. This further indicates
that the incorporation of NCNT significantly improves the water re-
tention of the hydrogel.

Fig. 5a shows the schematic structure of the prepared quasi-
solid-state SABs. The cathode of this battery consists of hydro-
gel and commercial Pt/C+RuO, (Fig. S5 in Supporting informa-
tion), while the separator is a Na3Zr,Si; PO, (NASICON) solid elec-
trolyte, and the anode is composed of organic electrolyte and
sodium metal. The redox reaction mechanism of the constructed
quasi-solid-state SABs was studied using cyclic voltammetry (CV).
As shown in Fig. 5b, the CV curves of the quasi-solid-state SABs
prepared with different hydrogel electrolytes exhibit similar char-
acteristics, indicating that they undergo identical redox reactions.
Specifically, the reduction currents of PANa and PANa-NCNT-1 as
well as PANa-NCNT-2 all appeared around 2.60V, indicating the oc-
currence of ORR [26]. And the oxidation current appears at about
2.90V, which indicates the occurrence of OER [27]. This suggests
that the addition of NCNT into hydrogels does not alter the type
of redox reactions in SABs. The voltage curves of the quasi-solid-
state SABs fabricated with different hydrogels at a current den-
sity of 0.1 mA/cm? are shown in Fig. 5c. For the battery using
the PANa hydrogel, the discharge and charge voltages were 2.46
and 3.01V, respectively, resulting in an overpotential gap of 0.55V.
The quasi-solid-state SABs using hydrogels with added NCNT ex-
hibited improved discharge and charge voltages, with battery per-
formance increasing as the NCNT content increased. Among these,
PANa-NCNT-2, which contained a higher amount of NCNT, showed
the best performance, with discharge and charge voltages of 2.55
and 2.94V, respectively, resulting in an overpotential gap of 0.39V.
This improvement is attributed to the fact that the introduction of
NCNT in hydrogel facilitates charge transfer during the ORR/OER
process. Fig. 5d shows the voltage-specific capacity relationship
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during the first discharge under a deep discharge test with a volt-
age limit of 1.5V and a current density of 0.2mA/cm?2. The dis-
charge specific capacity of the quasi-solid-state SABs with PANa-
NCNT-2 reached as high as 9809 mAh/g, while that of the battery
with PANa-NCNT-1 was 5812 mAh/g. The discharge specific capac-
ity of the quasi-solid-state SABs with pure PANa hydrogel was 4368
mAh/g. Notably, the discharge specific capacity of PANa-NCNT-2,
which incorporated a high amount of NCNT, was 2.25 times greater
than that of the battery using pure PANa. This indicates that as
the NCNT content in the hydrogel increases, the discharge specific
capacity improves, even under deep discharge conditions. The dis-
charge performance of the quasi-solid-state SABs was further as-
sessed through LSV. As shown in Fig. 5e, compared to the bat-
tery assembled with pure PANa hydrogel, the battery containing
PANa-NCNT exhibited a smaller discharge voltage difference at the
same current density, indicating better energy efficiency. Addition-
ally, the limiting current density increased with the addition of
more NCNT in the hydrogel. Specifically, the PANa-NCNT-2 hydro-
gel, which contained a high level of NCNT, displayed the highest
limiting current density of 13.40 mA/cm?. The actual discharge cur-
rent density multiplied by the corresponding voltage value was
used to obtain the battery power density curve [28,29]. This curve
showed that the maximum power density of the quasi-solid-state
SABs with pure PANa hydrogel was 3.43 mW/cm?, lower than that
of the battery using PANa-NCNT. The maximum power density in-
creased significantly with increasing NCNT content in the hydro-
gel. Notably, PANa-NCNT-2, which had a higher NCNT content, ex-
hibited a maximum power density of 8.41 mW/cm?. These results
suggest that the incorporation of NCNT into the hydrogel facilitates
charge transfer during the reaction process, thereby enhancing the
electrochemical performance of the quasi-solid-state SABs.

To further examine the discharge performance of quasi-solid-
state SABs based on different hydrogels, the discharge behavior
of the batteries was tested under various current densities. A se-

ries of discharge tests were performed at current densities of 0.1,
0.2, 0.4, 0.6, 0.8, and 1mA/cm?2, with each discharge/charge cycle
lasting 20 min at the respective current density. As shown in Fig.
5f, the discharge plateaus of all batteries exhibited a regular de-
cline with increasing current density. However, the discharge po-
tential platforms of the hydrogels significantly increased with the
incorporation of more NCNT in the hydrogels across the entire cur-
rent density range. Even at 1.0 mA/cm?2, PANa-NCNT-2, which con-
tained a high amount of NCNT, exhibited a higher discharge po-
tential plateau of 2.32V, compared to PANa (2.20V) and PANa-
NCNT-1 (2.27V). This indicates that quasi-solid-state SABs with
PANa-NCNT-2 have better reaction kinetics. Fig. 5g shows the cur-
rent density dependence of the discharge voltage for quasi-solid-
state SABs based on different hydrogels. The discharge voltages
of all batteries decreased approximately linearly with increasing
current density, indicating that the electrochemical performance
of the quasi-solid-state SABs is linked to the redox reaction ki-
netics [30]. Quasi-solid-state SABs based on the PANa-NCNT-2 hy-
drogel electrolyte, which had a high NCNT content, displayed the
highest slope of —0.27, while the quasi-solid-state SABs with PANa
electrolyte showed the lowest slope of —0.35. This further sug-
gests that the incorporation of NCNT into the hydrogel facilitates
charge transfer and sodium ion migration during the reaction pro-
cess, thus enhancing reaction kinetics. EIS tests were performed on
the quasi-solid-state SABs to analyze their electrochemical perfor-
mance (Fig. 5h). After equivalent circuit analysis, it was clear that
the electrochemical process involved bilayer and Faraday reactions.
The corresponding total impedance could be modeled by three
electrical components: Ohmic impedance (R;), Faraday impedance,
and the capacitance of the bilayer (CPE). The CPE arises from in-
active ions in the electrolyte, where no chemical reaction occurs,
only a redistribution of charge. The Faraday impedance consists
of charge-transfer impedance (R,) and Warburg impedance (W),
which is related to the migration of active ions in the electrolyte
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Fig. 6. Quasi-solid-state SABs using PANa, PANa-NCNT-1 and PANa-NCNT-2: (a) Cycle performance, discharge-charge curves of (b) PANa, (c) PANa-NCNT-1, and (d) PANa-
NCNT-2 at specific cycle times. Using 0.1 mol/L NaOH solution, saturated NaOH/NaCl solution, and PANa-NCNT-2 of SABs: (e) Discharge-charge curves at 0.5mA/cm? current
density, and (f) cycling performance, and (g) comparison with the aqueous SABs cycling performance.

[31,32]. In this equivalent circuit, the intersection of the curve and
the real axis represents the ohmic impedance (R;), the semicircular
diameter in the high-frequency region corresponds to the charge
transfer resistance (R,), and the straight-line inclination in the low-
frequency range represents the substance transfer impedance (W;).
The fitted impedance values for the quasi-solid-state SABs with dif-
ferent hydrogels are shown in Fig. 5i. The quasi-solid-state SABs
with the PANa-NCNT-2 electrolyte had an R, of 71.8 ohm cm?,
which was lower than that of the battery with PANa-NCNT-1 (82.1
ohm cm?2) and the battery with PANa (89.5 ohm cm?). Addition-
ally, the W; of PANa-NCNT-2 was smaller, indicating that the ORR
in the quasi-solid-state SABs with PANa-NCNT-2 is easier to carry
out.

To evaluate the cycle life of quasi-solid-state SABs in real ap-
plications, cyclic charge/discharge tests were conducted at a con-
stant current density of 0.1 mA/cm? with a cutoff voltage of 1.5V.
As shown in Fig. 6a, among the quasi-solid-state SABs, the bat-
tery using PANa gel as the anode electrolyte exhibited a relatively
short cycle life, with stable charging and discharging only sus-
tained for 151 cycles (159h). However, the cycle life of the bat-
teries was prolonged with an increase in the NCNT content in the
hydrogel. Among them, the battery using PANa-NCNT-2 has the
longest cycle life, which can stably charge and discharge for 536
cycles (572h). This result indicates that the cycling performance
of quasi-solid-state SABs can be significantly enhanced by modi-
fying the homogeneous structure of the hydrogel. To further in-
vestigate the battery performance changes in the batteries dur-
ing cycling, the charging and discharging voltage curves of differ-
ent quasi-solid-state SABs at the same specific cycle number were
compared. As shown in Figs. 6b-d, the overpotential gaps of all
batteries increased with the number of cycles. However, the quasi-
solid-state SABs with PANa-NCNT-2 gel exhibited a smaller varia-
tion in the overpotential gap. After 30 cycles, the overpotential gap

remained almost unchanged, which clearly distinguished it from
the overpotential gap variations observed in batteries using PANa
and PANa-NCNT-1 gel. These results suggest that the incorporation
of NCNT into the hydrogel plays a positive role in improving the
cycle life and stability of quasi-solid-state SABs.

In addition, in order to explore the influence of electrolytes
on the electrochemical properties of SAB, the batteries using dif-
ferent electrolytes were tested by cycling at a current density of
0.5mA/cm?. Fig. 6e shows the first discharge-charge voltage curves.
The results showed that the SAB with 0.1 mol/L NaOH solution ex-
hibited the highest discharge plateau (~2.70V), while those with
saturated NaOH/NaCl solution and PANa-NCNT-2 hydrogel showed
a lower one (~2.50V). This suggests that the latter two electrolytes
may undergo similar electrochemical reaction processes. Moreover,
the SAB with PANa-NCNT-2 hydrogel had a higher charging volt-
age (~2.99V) than the battery with saturated NaOH/NaCl solution,
likely due to the electrostatic repulsion of HO; by the hydrogel,
which hindered the OER kinetics. As shown in Fig. 6f, the SABs
using 0.1 mol/L NaOH solution rapidly failed after only 7 cycles
(4h) at 0.5mA/cm? current density, while the battery constructed
with saturated NaOH/NaCl solution was able to cycle 65 cycles
(37 h). However, the quasi-solid-state SAB using PANa-NCNT-2 hy-
drogel was able to stably cycle 330 cycles (187 h). Compared with
the currently reported liquid-state SABs [33-42] and quasi-solid-
state SABs, the quasi-solid-state SAB using PANa-NCNT hydrogels
exhibits significantly longer cycle life, especially at 0.5 mA/cm? (a
high current density for SAB systems), as shown in Fig. 6g and Ta-
ble S1 (Supporting information). These results further demonstrate
the great application potential of the designed PANa-NCNT hydro-
gel electrolyte in SABs.

To gain an in-depth understanding of the electrochemical reac-
tion mechanism of quasi-solid-state SABs using PANa-NCNT hydro-
gel electrolytes, CV analysis was performed on batteries employing
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0.1 mol/L NaOH solution, saturated NaOH/NaCl solution, and PANa-
NCNT-2 hydrogel (Fig. 7a). For the SAB using 0.1 mol/L NaOH solu-
tion, an ORR reaction current was observed at approximately 3.0V,
indicating that the ORR proceeds via the common 4e- reaction (Eq.
1), with a standard reaction potential of 3.11V [43,44]. In contrast,
the SABs using PANa-NCNT-2 hydrogel and saturated NaOH/NaCl
solution exhibited similar ORR behavior, with the ORR reaction
current appearing at around 2.6V. This suggests that the batteries
underwent the same ORR, proceeding through a 2e” reaction that
generates NaOH and HO; (Eq. 2) [45,46]. The reduction peak cor-
responding to the 2e” reaction did not show a significant change in
current trend, indicating that the generated HO, did not undergo
further reduction but instead decomposed to produce O, and OH-
(Eq. 3) [47]. Additionally, during the OER process, both SABs us-
ing saturated NaOH/NaCl solution and PANa-NCNT-2 hydrogel ex-
hibited multiple current trend variations after 2.9V, demonstrating
the existence of multiple OER reaction pathways in the fabricated
SABs. Notably, compared to the saturated NaOH/NaCl solution, the
SABs using PANa-NCNT-2 hydrogel displayed more diverse current
trend variations, which may be attributed to the electrostatic re-
pulsion of HO; by the hydrogel, thereby restricting HO; diffusion.
This ORR/OER mechanism was also verified in the deep discharge-
charge tests and differential capacity curves (dQ/dV) analyses of
SABs using PANa-NCNT-2 hydrogel (Fig. S6 in Supporting informa-
tion).

4Na+0,+2H,0 < 4NaOH E? =311V (1)
Na+0,+H,0 <> NaOH + HO, E? =263V 2)
2HO; — 20H +0, (3)

To further elucidate the intrinsic relationship between the elec-
trolyte and ORR/OER mechanisms, the catalyst models (Fig. S7
in Supporting information) were constructed, and density func-
tional theory (DFT) calculations were conducted. By simulating
the adsorption energies of intermediate products, the free energy
changes during the ORR or OER processes via 2e [4e” reaction
pathways in SABs using 0.1 mol/L NaOH solution and PANa-NCNT
hydrogel were compared. As shown in Fig. 7b, during the ORR pro-
cess, the rate-determining step (RDS) for the 4e~ pathway is the
formation of OH-, while for the 2e- pathway, it is the formation

of HO;. In the 0.1 mol/L NaOH electrolyte, the energy barrier for
the 4e- pathway (0.37eV) is lower than that of the 2e- pathway
(0.69eV), indicating that the 4e- pathway is more favorable [48].
In contrast, the energy barrier for the 4e” reaction pathway in the
PANa-NCNT hydrogel (1.29eV) is significantly higher than that of
the 2e” reaction pathway (0.68 eV), suggesting that the highly alka-
line environment of the hydrogel suppresses OH- formation, mak-
ing the 2e” reaction pathway more dominant. As shown in Fig.
7c and Fig. S8 (Supporting information), during the OER process,
the RDS for the 4e” reaction pathway is the formation of *OOH,
while for the 2e” pathway, it is the generation of O,. Compared to
the PANa-NCNT hydrogel, the 0.1 mol/L NaOH electrolyte exhibits a
higher energy barrier for the 4e- pathway (2.52eV), likely due to
its weaker alkaline environment being less conducive to *OOH ad-
sorption. Notably, in the PANa-NCNT hydrogel, the energy barrier
for the 2e” pathway (0.68eV) remains lower than that of the 4e-
pathway (1.6 eV), indicating that the 2e~ pathway is more favorable
during OER. This result provides strong evidence that the batteries
assembled with PANa-NCNT hydrogel electrolyte preferentially fol-
low the 2e” pathway during charging. Fig. 7d shows the ORR reac-
tion pathway in SABs using PANa-NCNT hydrogel electrolyte during
discharge. Compared to the 4e- pathway, the 2e~ pathway exhibits
a lower reaction energy barrier, making the battery more inclined
to proceed via the 2e” pathway during discharge. Electrons are ac-
quired during the protonation of *OOH and the formation of HO;
(steps ii and iii), after which the generated HO, spontaneously de-
composes into O, and OH~ (step iv). During charging, the OER ini-
tially proceeds via the 2e- pathway, where incompletely decom-
posed HO; is oxidized to form *OOH and O, (Fig. 7e). Once HO,
is depleted, the SAB switches to the 4e” pathway for OER (Fig. 7f),
with step iii being the RDS. Compared to the 0.1 mol/L NaOH solu-
tion, the OER energy barrier in the PANa-NCNT hydrogel is signif-
icantly lower, leading to a faster reaction rate, which is consistent
with the experimental results.

In this study, a PANa-NCNT hydrogel electrolyte composed of
NCNT and PANa was prepared, relying on the physical entangle-
ment of NCNT with PANa. The incorporation of NCNT led to the
transformation of the PANa hydrogel network into a heteroge-
neous phase structure with an average pore size of approximately
0.05um, which is 16 times smaller than that of the pure PANa
hydrogel. This heterogeneous structure effectively reduced the es-
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cape channels for water molecules, resulting in a decrease in the
free water content to 88.5%. After seven days of static testing
at room temperature, the water retention of PANa-NCNT-2 was
98.2%, with an ionic conductivity of 0.85 mS/cm, outperforming
the pure PANa hydrogel electrolyte. Furthermore, the quasi-solid-
state SABs assembled with the PANa-NCNT-2 hydrogel exhibited a
low overpotential gap of 0.39V, a high discharge specific capacity
of 9809 mAh/g, and a prolonged cycle life of 536 cycles (572h)
at a current density of 0.1 mA/cmZ. Even at a high current density
of 0.5mA/cm?, it maintained cycling ability for 330 cycles (187 h).
DFT calculations demonstrated that in quasi-solid-state SABs us-
ing PANa-NCNT hydrogel, the ORR process followed a 2e” reac-
tion pathway during discharge, while the OER process exhibited a
mixed 2e”/4e” reaction mechanism during charging. These findings
pave the way for future research in designing high-performance
hydrogels and the application of hydrogel electrolytes in SABs.
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