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ABSTRACT: Aqueous zinc-ion batteries (AZIBs) with metallic
Zn anodes face significant challenges, including dendrite
growth, low Zn utilization, and parasitic side reactions. Inspired
by rocking-chair design of lithium-ion batteries, developing
intercalative anodes offers a promising strategy to address
these issues. However, existing anode materials exhibit limited
diversity, high redox potentials (= 0.3 V vs. Zn*/Zn), and low
energy efficiency, constraining the development of rocking-
chair zinc-ion batteries. Herein, we report protonated layered
titanate (H,Ti;O;) that demonstrates an ultra-low redox potential
of 0.008 V vs. Zn*/Zn. The anode delivers a reversible capacity
of 78 mAh-g™ at 0.2 A-g™", along with superior rate performance
and remarkable cycling stability. /n situ X-ray diffraction (XRD)
analysis reveals a two-phase reaction mechanism during Zn*
(de)intercalation. When coupled with a zinc hexacyanoferrate
(KZnHCF) cathode, the full cell achieves a high output voltage
of 1.75 V, long-term cycling stability of 3000 cycles, and an
exceptional energy efficiency of 87% that far exceeds
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commercial lead-acid batteries. This work provides a highly promising anode candidate for the realization of high-voltage,

high-energy-efficiency, and dendrite-free AZIBs.

KEYWORDS: hydrated titanic acid, aqueous zinc-ion batteries, zinc metal-free anode, "rocking-chair" type

1 Introduction

Aqueous zinc-ion batteries (AZIBs) have garnered significant
attention owing to their economic feasibility, low cost, and
environmental benignancy [1, 2]. However, the advancement of
AZIBs with metal Zn anodes is hindered by several critical
challenges, including uncontrolled Zn dendrite growth, extremely
low Zn utilization (< 5%), and detrimental side reactions, such as
corrosion and hydrogen evolution [3—6]. These issues collectively
result in a limited lifespan, inadequate practical capacity, and energy
density, thereby impeding their commercialization.

Leveraging the successful commercialization of lithium-ion
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batteries, where the replacement of Li metal with the intercalated
graphite material as the anode electrode effectively mitigates the
issue of lithium dendrite formation, a promising strategy to address
the aforementioned challenges in AZIBs is the rational design of
metal-free rocking-chair AZIBs, which enables reversible zinc-ion
(de)intercalation between the cathode and anode [7-9]. This
approach not only prevents the formation of zinc dendrites but also
suppresses undesired corrosion reactions [10-12]. To date, the
development of intercalated anodes for AZIBs remains in its
infancy, with only a restricted number of materials having been
developed. Despite the enhanced cycling performance, most of the
intercalated anodes demonstrate a high output potential (= 0.3 V vs.
Zn*/Zn), restricting the output voltage of the full battery [13-17].
The limited output voltage significantly affects practical utilization
by not only reducing energy density but also substantially
decreasing energy efficiency (EE). This underscores the urgent need
to explore anodes with low Zn* intercalation potential.

Ti-based materials featuring Ti*/Ti* redox couples exhibit
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relatively low potentials, making them highly promising candidates
as the anode materials for metal-free AZIBs. For instance, Na,,,TiS,
delivers a capacity of 140 mAh-g” with a discharge voltage of 0.3 V
vs. Zn*/Zn [18], H,Ti,0,-MXene shows a low charging voltage of
only 025 V vs. Zn*/Zn [19], and H,Ti,0,.4H,O exhibited a low
redox potential of approximately 0.2 V vs. Zn*/Zn [20]. Recently,
our group reported two different types of titanium phosphate,
Ti,0(PO,),2H,0 and Ti0O(H,PO,),2H,0, demonstrating
depressed potentials of 0.07 and 0.17 V vs. Zn*/Zn, respectively
[21, 22]. However, the development of Ti-based intercalative
anodes for AZIBs remains challenging due to limited material
options, inadequate rate performance, and low energy efficiency.
Therefore, rational anode design is of critical importance to achieve
a Zn* intercalation potential that is as low as possible while
maintaining favorable Zn* transport kinetics.

In this work, we report another Ti-based anode material,
hydrated titanic acid (H,Ti,0,, named HTO) with an ultra-low
redox potential of 0.008 V vs. Zn*/Zn, which represents the lowest
intercalation potential ever reported for “rocking-chair” AZIBs
anode materials to the best of our knowledge. This HTO anode
delivers a reversible capacity of 78 mAh-g' at 0.2 A-g' and
maintains 90.6% of its initial capacity after 1000 cycles at 1 A-g”,
indicating excellent cycling stability. Additionally, it exhibits
superior rate capability, retaining 66% of its capacity at a high
current density of 2.0 A-g™'. Moreover, in contrast to the previously
reported single-phase solid solution reaction of HTO in AZIBs [20],
this study identifies the occurrence of a two-phase transformation
reaction for the first time, as evidenced by the in situ X-ray
diffraction (XRD) executed during the electrochemical process.
When coupled with zinc hexacyanoferrate (KZnHCF) cathode, the
full cell exhibits a high output voltage of 1.75 V and a stable cycling
property of 78.5% capacity retention after 3000 cycles at 1 A-g™.
More importantly, an impressive energy efficiency of 87% is
achieved, which is the highest among “rocking-chair” AZIBs to our
knowledge and even surpasses commercial lead-acid batteries,
underscoring its promising potential for practical applications.

2 Results and discussion

2.1 Characterizations of HTO

H,Ti,0, was synthesized from Na,Ti,O, (named NTO), which
served as the parent compound. NTO was first prepared via solid-
state sintering, and HTO was subsequently obtained through a
Na*/H* ion exchange process carried out in hydrochloric acid
solution, as illustrated in Fig. 1(a) [23, 24]. The detailed synthesis
procedure is provided in Section 4. The HTO structure consists of
corrugated layers composed of edge-sharing TiO; octahedra,
forming negatively charged (Ti;0,)* anionic layers, with protons
residing in the interlayer galleries [24]. This layered structure
renders HTO an ideal host material for ion intercalation [25].
Figure 1(b) presents the XRD patterns of NTO and HTO, which
are in good agreement with the reference patterns of monoclinic
Na,Ti;,0, (PDF#72-0148) and H,Ti,0, (PDF#47-0561), respectively,
indicating the successful synthesis of single-phase layered materials
with high crystallinity. Rietveld refinement of the XRD pattern for
HTO was conducted, as shown in Fig. SI in the Electronic
Supplementary Material (ESM). The Rietveld refinement shows
that the synthesized material is mainly composed of predominant
H,Ti,0, phase (90.3%), with a small amount of Na,Ti,O, phase
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remaining (9.7%), confirming the successful synthesis of HTO
through the ion-exchange process. The structure of Na,Ti;0, phase
is monoclinic, space group P2,/m, with lattice parameters
of a = 825674 A, b = 3.85845 A, ¢ = 9.56673 A, a = 90°, B =
106.2284°, and y = 90°. The structure of H,Ti,O, phase is
monoclinic, space group C2/m, with lattice parameters of a =
16.03889 A, b = 374670 A, ¢ = 9.19124 A, a = 90°, § = 101.5751°,
and y = 90°. The reliability factors reach profile residual (R,) = 8.5%,
weighted profile residual (R,;,) = 11.88%, and goodness of fit () =
6.27.

X-ray photoelectron spectroscopy (XPS) was employed to
investigate the surface chemical composition of NTO and HTO.
The full XPS spectra are presented in Fig. S2 in the ESM, while the
high-resolution XPS spectra of Na 1s and O 1s are shown in
Fig. 1(c) and Fig. S3 in the ESM, respectively. As illustrated in
Fig. 1(c), the intensity of the Na 1s characteristic peak decreases
significantly after the ion exchange process, indicating that the
majority of sodium was effectively removed in HTO. The O 1s
spectra in Fig. S3 in the ESM further support this conclusion, as the
peak at 535 eV that corresponds to the Na KLL Auger peak is no
longer present in the HTO spectrum, confirming minimal residual
sodium [26-28]. Figure $4 in the ESM shows the thermogravimetry
analysis (TGA) curve of HTO powder, which was carried out under
a N, atmosphere from room temperature to 800 °C. A total weight
loss of 6.275% is observed, corresponding to the loss of interlayer
protons and crystalline water. Inductively coupled plasma optical
emission spectrometry (ICP-OES) was also performed, revealing an
atomic ratio of Na/Ti of 0.049 (Table S1 in the ESM). Figure 1(d)
presents the Raman spectra of NTO and HTO materials, where the
peaks in the range of 700 to 900 cm™ can be attributed to the Ti-O
stretching modes [29, 30]. Two distinct peaks located at 774 and
845 cm™ are observed in the Raman spectrum of HTO, indicating
the presence of two different bonding environments associated with
terminal and bridging oxygen atoms, respectively [31]. In addition,
a noticeable shift in the positions of these Ti-O stretching modes is
observed after the Na’/H" ion exchange process, changing from 850
and 885 cm™ to 774 and 845 cm’, respectively, suggesting the
weaker Ti-O bonds in HTO compared to those in NTO [30]. This
shift may result from a transition in bonding character from ionic
to covalent as sodium ions are replaced by protons [31].

Figure S5 in the ESM and Fig. 1(e) show the scanning electron
microscopy (SEM) images of NTO and HTO, respectively. Both
materjals exhibit a micro rod-like morphology, suggesting the
Na'/H" ion exchange process in hydrochloric acid solution does not
alter the morphology of the material. Energy dispersive
spectroscopy (EDS) analysis was also conducted, as shown in Fig.
S6 in the ESM, demonstrating that the atomic ratio of Na in HTO
decreases to 1.1%, compared to 14.9% in the pristine NTO, which is
aligned with the ICP results. The high-resolution transmission
electron microscopy (HRTEM) image (Fig. 1(f)) reveals distinct
lattice fringes with d-spacings of 0.78 and 0.33 nm, corresponding
to the (200) and (402) planes of HTO, respectively. Furthermore,
the selected area electron diffraction (SAED) pattern along the
[1114] zone axis exhibits clear and well-organized diffraction spots
(Fig. 1(g)), which can be indexed to the (312), (401), (113), and
(711) planes of HTO, respectively.

2.2 Electrochemical performance of the HTO anode

The Zn** storage performance of HTO was evaluated in a half-cell
with Zn foil as the anode, HTO electrode as the cathode, glass-fiber
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HTO material.

(GF-A) as the membrane, and 3 molkg' zinc
trifluoromethanesulfonate (Zn(OTY),) as the electrolyte. First, the
influence of different electrolytes on the HTO electrode was
systematically investigated, as summarized in Fig. S7 in the ESM.
The HTO electrode shows poor performance in 1 m zinc acetate
(Zn(Ac),) electrolyte, with an ultra-low Coulombic efficiency of
50%. In 1 m ZnSO, electrolyte, the working potentials of HTO were
the highest among all electrolytes, exceeding those in Zn(OTf),-
based systems. However, although 1 m ZnSO, provided the highest
working potential, its Coulombic efficiency remained lower than
that of Zn(OTY), electrolytes, suggesting more severe side reactions
in ZnSO,. Considering the relatively low reaction potential and the
highest Coulombic efficiency, 3 m Zn(OTf), was selected as the
most suitable electrolyte for subsequent experiments.

Figure 2(a) shows the cyclic voltammetry (CV) curves of HTO
and NTO electrodes with the potential range from -0.03 to 1.6 V
vs. Zn*/Zn at the scan rate of 0.2 mV-s™. A pair of distinct redox
peaks is observed in the CV curves of HTO electrode, located at
0.05 and -0.02 V vs. Zn*/Zn during the oxidation and reduction
process, respectively. The nearly overlapping curves of the first three
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cycles indicate the highly reversible electrochemical behavior of the
HTO electrode in AZIBs. In contrast, the CV curves of the NTO
electrode exhibit no discernible redox peaks, suggesting its limited
electrochemical activity in AZIBs. The kinetics of the HTO
electrode during the electrochemical process were further
investigated through CV profiles at various scan rates from 0.1 to
0.4 mV-s™, as shown in Fig. S8 in the ESM. The relationship of the
peak current (i) and the scan rate (v) was analyzed using the
empirical power-law equation i = av’, where a and b are
coefficients. The b value serves as a quantitative indicator of the
charge storage mechanism. A b value of 0.5 is typically associated
with a diffusion-controlled process, while a b value of 1.0 indicates a
capacitive process. As shown in Fig. 2(b), the b values of the
oxidation peak (Peak 1) and reduction peak (Peak 2) are 0.496 and
0.508, respectively, suggesting both the insertion and extraction of
Zn* are predominantly governed by diffusion-controlled
mechanisms.

Figure 2(c) and Fig. S9 in the ESM display the galvanostatic
charge-discharge (GCD) profiles of the HTO and NTO electrodes
at the current density of 0.2 A-g”, within a voltage range window

Nano Research, 2026, 19, 94908435
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performance of the HTO electrode at 1 A-g™.

ranging from —0.03 to 1.6 V vs. Zn*/Zn, respectively. Notably, even
at a discharge cutoff voltage below 0 V vs. Zn*/Zn, metallic zinc
deposition remains inhibited due to the kinetic deposition
overpotential until the potential reaches —0.05 V vs. Zn*/Zn, as
presented in Fig. S10 in the ESM. In addition, the impact of
temperature fluctuations on the safety discharge margin of the
HTO||Zn cell was further evaluated. As shown in Fig. S11 in the
ESM, the discharge plateau potential of HTO is —0.006, 0.008, and
001 V at temperatures of 10, 30, and 50 °C, respectively.
Meanwhile, the Zn deposition potentials are —0.062, —0.046, and
-0.031 V at temperatures of 10, 30, and 50 °C, respectively. Both
the discharge plateau potential of the HTO electrode and the Zn
deposition potential increase as the temperature rises, indicating
that there is enough safe margin for the HTO electrode to fully
release its capacity regardless of the temperature.

The HTO electrode delivers an initial discharge and charge
capacity of 115.48 and 71.03 mAh-g", respectively, corresponding to
an initial Coulombic efficiency (ICE) of 61.5%. After 100 cycles, a
reversible capacity of 78.09 mAh-g" is retained, highlighting the
excellent cycling stability of the HTO electrode. In addition, even
with a higher active mass loading of 12.8 mg:cm?, the HTO cell can
still work normally, demonstrating its potential for practical
applications (Fig. S12 in the ESM). In contrast, the NTO electrode
exhibits negligible electrochemical activity with a significantly lower
capacity of approximately 20 mAh-g”, which aligns with the CV
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results. Even when the discharge cutoff is set at —0.1 V vs. Zn*/Zn,
the NTO electrode still shows limited capacity (Fig. S9(b) in the
ESM). This discrepancy further demonstrates that the Na*/H* ion
exchange process plays a crucial role in enhancing the
electrochemical activity of the material in AZIBs.

The work function (@) of both NTO and HTO through
ultraviolet photoelectron spectroscopy (UPS) with —5 V bias was
measured to further elucidate the poor redox activity of the NTO
electrode, as displayed in Fig. S13 in the ESM. Argon ion sputtering
was used before sample testing to avoid interference from surface
contamination. The work functions for NTO and HTO are 2.62
and 3.04 eV, respectively. Since there exists an approximate linear
relationship between the working potential of electrode material
and its work function, as discussed in the ESM, the lower work
function of NTO implies its lower redox potential, which may be
lower than the deposition potential of zinc or the hydrogen
evolution potential of water. As a result, NTO electrode exhibits
poor redox activity in aqueous Zn-ion batteries.

Impressively, both charge and discharge plateaus emerge below
0.1 V vs. Zn*/Zn in HTO, with the average charge and discharge
voltages of the HTO electrode of 0.069 and 0.008 V vs. Zn*/Zn,
respectively (Fig. 2(c)), which align well with the ultra-low redox
peaks in CV profiles presented in Fig. 2(a). To eliminate the
interference caused by the overpotential of the Zn anode on the
potential measurement of the HTO cathode in the coin-cell system,

@ 77w | Sci@pen
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GCD curves were collected using a three-electrode configuration,
with the HTO electrode as the working electrode, a Zn foil as the
counter electrode, and another Zn foil as the reference electrode. As
shown in Fig. S14 in the ESM, more accurate redox plateaus were
observed in the three-electrode system, with voltages of 0.012 V
during discharge and 0.055 V during charge. Compared to the
results obtained in the coin-cell system, the polarization is further
reduced, as evidenced by the decrease in the voltage gap between
the charging and discharging plateaus from 0.06 to 0.04 V,
indicating the superior electrochemical kinetics of the HTO
electrode.

Figure 2(d) and Table S4 in the ESM further compare the
discharge potentials of the HTO electrode with those of other
reported intercalated anodes for AZIBs [16, 18, 2022, 32—-35]. The
HTO electrode exhibits the lowest Zn* intercalation potential
among all reported “rocking-chair” intercalated anodes for AZIBs
to the best of our knowledge, making it a highly promising
candidate as the anode for high-voltage and high-energy-efficiency
aqueous batteries. Notably, in comparison with previously reported
nano-sized H,T1,0,-based anodes for AZIBs, such as H,Ti,0,-xH,O
[20] and MXene/titanic acid [19], micro-sized HTO in this work
delivers a significantly lower working potential. This difference is
attributed to several reasons, including variations in morphology,
distinct reaction mechanisms (solid solution reaction/two-phase
reaction mechanism), and differences in electrolyte usage. A
detailed discussion on the effect of morphology on the
electrochemical plateau is provided in Supplementary Notes S1 and
S2 in the ESM.

The rate performance of the HTO electrode was also evaluated,
as depicted in Fig. 2(e). The reversible capacities are 75.52, 73.33,
69.21, 63.61, and 50.00 mAh-g" at current densities of 0.1, 0.2, 0.5,
1.0, and 2.0 A-g", respectively. Notably, even at a high current
density of 2.0 A-g”, the HTO electrode retains 66% of its capacity
compared to that at 0.1 A-g”, while maintaining its low redox
plateaus. Such excellent rate capability demonstrates superior
kinetics, which surpasses many previously reported results (Fig. 2(f)
and Table S4 in the ESM) [15, 16, 18, 20-22, 32-34]. Figure 2(g)
illustrates the long-term cycling performance of the HTO electrode
at a current density of 1 A-g”. The HTO electrode maintains an
exceptional lifespan exceeding 1000 cycles with 90.6% capacity
retention, demonstrating its great potential as an anode for long-life
AZIBs.

Considering polarization at high current densities may trigger
metallic zinc plating, XRD, XPS, and SEM measurements were
applied to the HTO electrode after 300 cycles at 1 A-g" to further
exclude the possibility of metallic zinc deposition. Figure S15(a) in
the ESM displays the XRD pattern of the HTO electrode after 300
cycles at 1 A-g™". The main peaks can be assigned to basic zinc salt
(BZS, Zn,,(CF,S0,)s(OH),;;nH,0), HTO, polytetrafluoroethylene
(PTFE) binder, and Ti current collector. No peak corresponding to
7Zn metal (PDF#65-5973) can be observed in the XRD result,
indicating the absence of zinc plating. The high-resolution XPS
spectra of Zn 2p are shown in Fig. S15(b) in the ESM. A shift of
both Zn 2p;, and Zn 2p,, in the HTO electrode can be observed
when compared with the peaks in the Zn metal foil. To further
exclude the possibility of metallic zinc deposition, Zn LMM Auger
spectra were also evaluated, as shown in Fig. S15(c) in the ESM. No
peak corresponding to Zn metal (993.0 and 996.4 eV, highlighted in
the red box) can be observed in HTO electrode after cycling,
confirming the non-existence of metal Zn on the surface of HTO
electrode. SEM image with corresponding EDS mapping images in
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Fig. S15(d) in the ESM shows that there are micro rods and flakes
distributed on the surface of the electrode after cycling,
corresponding to HTO material and BZS, respectively. In
summary, XRD, XPS, and SEM measurements prove that zinc
would not deposit on the surface of the HTO electrode even under
high current density and long-term cycling.

2.3 Zn* storage mechanism

The reaction mechanism of the HTO electrode was systematically
investigated through in situ XRD, ICP-OES, XPS, and EDS
measurements. The reaction mechanism of the HTO electrode was
systematically investigated through in situ XRD, ICP-OES, XPS,
and EDS measurements. In situ XRD patterns collected during the
first three galvanostatic cycling (Fig. 3) reveal a hybrid reaction
mechanism. At initial discharge, the voltage drops rapidly until the
potential reaches the platform of approximately 0.005 V vs.
Zn*/Zn, with only slight changes observed in the in situ XRD
patterns that (003) and (602) planes shift to lower angles, indicating
the single-phase reaction. The subtle angular changes suggest
minimal lattice expansion during the ion insertion process, thereby
enhancing the structural stability of the material during the
electrochemical process. Afterward, the GCD curves exhibit a flat
plateau, indicating a typical two-phase reaction, accompanied by
the disappearance of existing peaks and the emergence of new
peaks. Specifically, characteristic peaks located at 11.09°, 16.30°
24.27°, 24.61° 26.35° 29.57°, 31.90°, 33.94°, and 35.67°, which
correspond to (200), (201), (110), (202), (401), (003), (311), (203),
and (602) planes, respectively, disappear when the potential drops
below 0.005 V vs. Zn*/Zn during the discharge process. At the
same time, new peaks emerge at 11.57°, 16.89° 25.19°, 26.23°,
29.63°, 32.92°, 34.59°, and 36.32°, which indicates the formation of a
new phase (partially highlighted with purple boxes in Fig. 3(b)).
These new peaks disappear upon charging, confirming the high
reversibility of the transformation. The overall reaction mechanism
involves the single-phase reaction and the two-phase reaction, as
illustrated in Fig. 4(a). This mechanism is different from the
previously reported nano-sized H,Ti,O,xH,O [20] and
MXene/titanic acid [19], in which only a solid solution reaction was
observed during the Zn* (de)intercalation process. This difference
in reaction mechanisms may result from the different morphology,
as discussed in Supplementary Note S2 in the ESM.

Besides, it is worth noting that two distinct diffraction peaks
located at 6.45° and 12.97° (highlighted with green boxes) emerge
during discharge process and vanish during charge process, which
can be attributed to the reversible BZS. This reversible interfacial
product serves as an indicator of the reversible (de)insertion of H*
in aqueous batteries, as supported by previous studies [21, 36-38].
In addition, the in situ XRD patterns exhibit nearly identical
changes across the first three cycles, indicating their excellent
reversibility during the electrochemical process.

The (de)insertion of Zn* was further confirmed by ICP
measurements, as shown in Fig. 4(b). The atomic ratio of Zn/Ti was
analyzed at four distinct states of charge (SOC), as shown in
Fig. 4(a). The measured values were 0.037, 0.076, 0.059, and 0.014
for Points A, B, C, and D, respectively. The huge difference in the
Zn/Ti atomic ratio at different SOCs demonstrates the Zn*
insertion/extraction during the electrochemical process. The small
amount of Zn detected after the first charge (Point D) suggests the
presence of residual Zn* within the HTO structure, which aligns
with the low ICE observed in the GCD profile.
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SEM and corresponding EDS tests at different SOCs were also
conducted. The nanorod morphology of the HTO remains
unchanged throughout the electrochemical process, as illustrated in
Fig. S16 in the ESM, demonstrating the excellent structural stability
of HTO in AZIBs. EDS mapping of the HTO electrode at the
discharged state (Point B) in Fig. 4(c) reveals a distinct aggregation
of the Zn and F elements, as highlighted in the yellow circle, which
can be attributed to the formation of the reversible BZS that
generates along with the incorporation of H*. Upon charging (Point
D), the aggregation of the Zn and F elements disappears (Fig. S17 in
the ESM), suggesting the reversible extraction of H* from the HTO
electrode, which is consistent with the in situ XRD results in Fig. 3.
From Fig. 4(c) and Fig. S15(d) in the ESM, a separation of the HTO
rods and the flaky BZS by-product can be discerned at the
discharged state. O and Ti elements are concentrated on the HTO
rods, while F and Zn elements are concentrated on the surrounding
flaky by-products, indicating the potential to reduce the interference
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Figure3 (a) GCD profiles for the in situ XRD measurement. (b) I situ XRD patterns and (c) enlarged areas of the in situ XRD patterns.

26 (°)

of surface BZS by-products on measuring the contribution of the
intercalated Zn at high magnification, where the EDS measurement
focuses on the smooth surface of the HTO rods. Figure S18 in the
ESM exhibits the results of EDS measurements of the HTO
electrode at different SOCs with the magnification of 50,000x and
1000x, respectively. The detailed data are displayed in Figs. S19-S22
in the ESM. Two different positions were selected at 50,000x in
order to improve the reliability of the results. At a high
magnification of 50,000x, only signals within a few hundred
nanometers of the HTO rod are collected (in the white box), where
the Zn signal primarily originates from the Zn* intercalated in the
structure of HTO. While at a low magnification of 1000x, the
collected signal is jointly contributed by HTO and by-products. As
shown in Fig. S18 in the ESM, both Zn and S element ratios
decrease at 50,000x compared to 1000x, with the S atomic ratio
remaining below 1% in all samples at 50,000x, indicating the
reduced interference of BZS by-products at a high magnification.

(® 74 fuen | Sci@pen


https://www.sciopen.com/article/10.26599/NR.2026.94908435
https://www.sciopen.com/article/10.26599/NR.2026.94908435
https://www.sciopen.com/article/10.26599/NR.2026.94908435
https://www.sciopen.com/article/10.26599/NR.2026.94908435
https://www.sciopen.com/article/10.26599/NR.2026.94908435
https://www.sciopen.com/article/10.26599/NR.2026.94908435
https://www.sciopen.com/article/10.26599/NR.2026.94908435
https://www.sciopen.com/article/10.26599/NR.2026.94908435

Nano Research | Vol. 19, No. 6

Guo et al.

(a) nd (b) 0.076 ZniTi

151

ﬁ Single-phase Two-phase Single-phas:

Pl reaction reaction reaction 0.059
& .

S1.0 8

N I

e o

S ‘€ | 0.037

g 0.5 S

g <

o

S A 0.014

0.0
0 50 100 A Cc D

Capacity (mAh-g™)
Discharged

(d) Zn 2p
Charged
5
s
>
‘0
c
Q
5
Discharged
Pristine
1050 1040 1030 1020

Binding energy (eV)

(e) Ti2p
Charged
&
:'? Dischargefl(m% -
g MW
- aesr
c
— Ti4+ ';ﬂ%\\%
Pristine /X

465 460 455

Binding energy (eV)

Figure4 (a) Illustration of the reaction mechanism of the HTO electrode. (b) ICP results of Zn/Ti at different states. (c) EDS results of the HTO electrode at first fully
discharged state. High-resolution XPS spectra of the HTO electrode at different states: (d) Zn 2p and (e) Ti 2p.

The Zn ratio in 50,000 increases in the discharge process (pristine
> A and A - B), and decreases in the charge process (B > C and C
> D), demonstrating the reversible (de)intercalation of Zn* in
HTO.

The H* contribution was further measured through pH
monitoring and comparative electrolyte experiments. An H-cell was
employed for pH monitoring, with the pH electrode and HTO
cathode on one side and Zn metal anode on the other side, to
eliminate the influence of Zn corrosion and hydrogen evolution on
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pH value (Fig. S23(a) in the ESM). The pH electrode and HTO
electrode were placed as close as possible. Throughout the entire
charging and discharging process, the pH value only exhibits a
slight increase, which might be attributed to the temperature rise
from 22.8 to 23.5 °C caused by the charging and discharging
process (Fig. S23(b) in the ESM).

In addition, comparative experiments using H,SO, electrolyte
and anhydrous organic electrolyte were carried out to explore the
proton contribution. To investigate H* intercalation, a Ti electrode,
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an Ag/AgCl electrode, and H,SO, electrolyte (pH = 3) were
employed as the counter electrode, reference electrode, and
electrolyte, respectively, to eliminate the influence of Zn*. As
depicted in Fig. S23(c) in the ESM, severe hydrogen evolution is
observed in the discharge curve, and only a limited reversible
capacity (approximately 5 mAh-g") can be detected during the
charging process. The minimal fluctuation in pH value and the
restricted  reversible capacity in H,SO, electrolyte jointly
demonstrate the less contribution of H* compared to Zn* in the
(co)intercalation process.

Moreover, XPS measurements were conducted to analyze the
chemical states of the HTO electrode at various SOCs. The XPS
survey spectra of the HTO electrodes are presented in Fig. $24 in
the ESM. The Ti and O peaks originate from the HTO material,
whereas the F and C peaks are attributed to the PTFE binder and
Ketjen black conductive agent, respectively. The detection of Zn
peaks suggests the occurrence of electrochemical intercalation of
Zn™, a phenomenon that is more distinctly discernible in the high-
resolution Zn 2p spectra presented in Fig. 4(d). In the pristine state,
no signal of Zn 2p can be detected. After discharge, a set of sharp
peaks corresponding to Zn 2p emerges, which can be attributed to
the insertion of Zn* into the HTO lattice structure as well as the
formation of interfacial by-products. Upon completion of charging,
the Zn 2p signal weakens significantly, indicating the
deintercalation of Zn* from the electrode. The high-resolution Ti

2p spectra are presented in Fig. 4(e). Both the pristine and fully
charged HTO electrodes showcase a set of doublet peaks around
465.2 and 459.5 eV, which correspond to the 2p,, and 2p,, orbitals
of Ti*, respectively. Upon discharge, an extra set of peaks becomes
apparent near the binding energy of approximately 458.8 eV,
suggesting the reduction of Ti* to Ti* resulting from the
intercalation of Zn*"/H".

24 Electrochemical performance of

KZnHCEF| IHTO battery

To further investigate the electrochemical performance of the HTO
anode, a “rocking-chair” type full AZIB was fabricated, with
KZnHCF as the cathode, HTO as the anode, and 3 molkg"
Zn(OTY), as the electrolyte, as illustrated in Fig. 5(a). KZnHCF was
chosen as the cathode due to its robust framework, large ion
channels, and high redox plateaus (1.8 V vs. Zn*/Zn, Fig. 5(b)). The
detailed information of the KZnHCF cathode is shown in Fig. S25
in the ESM. To better reflect practical application conditions, the
capacity ratio of the positive electrode to the negative electrode
(P/N ratio) in the full cell was set close to 1, with a high active mass
loading of 9.96 mg-cm™ for KZnHCEF cathode and 6.11 mg-cm™ for
HTO anode.

As shown in Fig. 5(c) and Fig. S26 in the ESM, the
KZnHCF||HTO full battery delivers a reversible capacity of
62 mAh-g" at 02 A-g" (calculated based on the mass of HTO),
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Figure5 (a) Scheme of the KZnHCF||HTO full battery. (b) GCD profiles of the KZnHCF cathode and the HTO anode at the current density of 0.2 A-g™. (c) GCD
profiles of the KZnHCF||HTO full battery at 0.2 A-g™. (d) Rate performance of the KZnHCF||HTO full battery. (¢) Comparison of voltage and energy efficiency with other
batteries [14, 16, 18, 20—22, 32-34, 39-60]. (f) Long-term cycle performance of the KZnHCF||HTO full battery.
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along with a high Coulombic efficiency of 97%. Owing to the low
redox potential of the HTO anode, the KZnHCEF||HTO full battery
displays a high discharge plateau of 1.75 V (Fig. 5(c)). Figure 5(d)
and Fig. S27 in the ESM show the rate performance of the
KZnHCEF||HTO battery, delivering capacities of 67.8, 66.9, 60.0, and
47.8 mAh-g' at current densities of 0.1, 0.2, 0.5, and 1.0 A-g”,
respectively.

In addition, the KZnHCF||HTO full battery demonstrates a
notable advantage in terms of EE compared to previously reported
“rocking-chair” AZIBs, exhibiting EE of 79.7%, 87.0%, 89.6%, and
90.0% at current densities of 0.1, 0.2, 0.5, and 1.0 A-g™, respectively
(Table S5 in the ESM). Energy efficiency, although often overlooked
in aqueous battery research, is a critical factor for practical
applications. The KZnHCF||HTO battery achieves an impressive
energy efficiency of 90%, which is the highest among the reported
“rocking-chair” AZIBs to our best knowledge and even rivals
commercial lead-acid batteries (EE = 70%-80%) [39, 40]. The
average discharge voltage and the EE between KZnHCF||HTO in
this work are compared with other aqueous rocking-chair type
batteries, including Zn-ion batteries [14, 16, 18, 20-22, 32-34], Li-
ion batteries [41-47], Na-ion batteries [48—50], K-ion batteries
[51-55], and proton batteries [56-60], as displayed in Fig. 5(e) and
Table S5 in the ESM. In this comparison figure, average discharge
voltage is used instead of the plateau voltage, because some of the
batteries do not have a flat discharge plateau (discussed in
Supplementary Note S3 in the ESM). The combination of high
output voltage and high energy efficiency endows this battery with
significant potential for practical applications in energy storage
systems. It is worth noting that although some Li-ion and Na-ion
batteries exhibit higher voltage or energy efficiency, they utilize the
“water-in-salt” electrolyte to expand the electrochemical stability
window, including 21 m lithium bis(trifluoromethanesulfonyl)
imide (LiTFSI) electrolyte [42], 12.5 m LiNO, localized water-in-salt
gel electrolyte [46], and 19 m NaClO,-NaOTf-H,O electrolyte [48].
The usage of the “water-in-salt” electrolyte increases the cost and
viscosity of the electrolyte, thereby restricting its practical
application. In contrast, the KZnHCF||HTO cell in this work
achieves comparable discharge voltage and energy efficiency with
the conventional 3 m Zn(OTf), electrolyte to those batteries
employing “water-in-salt” electrolyte, further demonstrating the
superiority of the HTO anode.

Furthermore, the cycle stability of the KZnHCF||HTO full cell
was evaluated. In the cycling test, the stability of the full cell is
dominated by the rapid degradation of KZnHCF cathode under
low P/N ratio (Figs. S28 and S29 in the ESM). To make HTO anode
fully release its capacity and cycling stability, an excessive KZnHCF
cathode was used with the P/N ratio of 6.5 in the long cycle test.
The KZnHCEF|[HTO cell demonstrates excellent cycle stability,
retaining 78.5% of its initial capacity after 3000 cycles at a current
density of 1 A-g (Fig. 5()).

To further highlight the advantage of HTO as a metal-free anode
in terms of energy density, three common cathodes, including
MnO, (308 mAhg”, 1.3 V), V,0, (400 mAhg”, 0.8 V), and
K,Mn[Fe(CN),] (100 mAh-g”, 1.7 V) [61], were selected to calculate
the theoretical energy densities of the full cells at an N/P ratio of 1.
As displayed in Table S6 and Fig. S30 in the ESM, the MnO,||HTO,
V,04||HTO, and K,Mn[Fe(CN)]||HTO full batteries deliver energy
densities of 76.6, 47.7, and 71.5 Wh-kg™, respectively. These values
exceed those of corresponding Zn-metal-based batteries with 5%
Zn utilization and are substantially higher than the energy density
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of lead-acid batteries (30 Wh-kg™) [62]. Only when the utilization
rate of the Zn anode reaches 10% is the energy density of the Zn
metal-based battery comparable to that of the HTO “rocking-chair”
battery. Considering that the utilization in most reported AZIBs is
below 5% [21], the HTO anode exhibits significant advantages in
energy density relative to conventional zinc metal anodes.

In summary, the high output voltage, high energy density, and
the excellent cycle performance of KZnHCF||[HTO highlight its
potential as a promising candidate for next-generation aqueous
batteries, demonstrating the distinct superiorities of HTO with ultra-
low potential over other metal-free intercalative anodes for “rocking-
chair” AZIBs.

3 Conclusions

In summary, H,Ti;O, with an ultra-low redox potential of 0.008 V
vs. Zn*/Zn was developed through Na‘/H* ion exchange from
Na,Ti;0,. This material effectively addresses the critical limitations
of conventional Zn metal anodes and outperforms existing
intercalative anodes plagued by high redox potentials. The HTO
anode delivers remarkable cycling stability (90.6% retention after
1000 cycles) and superior high-rate capability. In situ XRD analysis
elucidates a two-phase transformation reaction mechanism during
7Zn* (de)intercalation, distinct from the solid—solution behavior
observed in other hydrated titanic acid anodes. Furthermore,
a 1.75 V rocking-chair full cell with a high energy efficiency of 87%
at 0.2 A-.g' is realized by coupling the HTO anode with the
KZnHCEF cathode. The full cell exhibits impressive cycling stability,
retaining 78.5% of its initial capacity after 3000 cycles. This work
offers a promising strategy to address the critical challenges
associated with metallic Zn anodes through developing intercalative
anodes with low redox potential, thereby facilitating the progress
toward practical AZIBs.

4 Experimental methods

4.1 Material synthesis

4.1.1 Synthesis of Na,Ti,0,

15 mmol titanium dioxide (Aladdin, analytical reagent (AR)) and
5.25 mmol sodium carbonate (Aladdin, AR) were ground for
30 min with a small amount of ethanol. The mixture was then
heated at 800 °C for 36 h in air, with intermittent grinding every
12h [23].

4.1.2 Synthesis of H,Ti,0,

HTO was synthesized from NTO via a Na‘’/H* ion exchange
process conducted in hydrochloric acid solution, as previously
reported [24]. Specifically, 1 g of NTO powder was added into
100 mL of 1 mol-L™ HCI solution and stirred continuously for 48 h.
After the acidic treatment, the resulting HTO was washed
thoroughly with deionized water and then dried overnight at 80 °C
in air.

4.1.3  Synthesis of KZnHCF

15 mmol potassium citrate (Aladdin, > 98%) was added into
100 mL of 0.01 mol-.L ZnSO, (Aladdin, AR) solution and stirred
for 30 min. Subsequently, 100 mL of 0.01 mol-L" K,Fe(CN).-3H,0
(Aladdin, AR, > 99%) solution was added to the above solution and
stirred for 24 h. The resulting product was then filtered, washed
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with deionized water, and dried overnight at 110 °C in a vacuum
oven.

4.2 Material characterization

XRD experiment was performed on a Bruker D8 Discover
diffractometer with Cu Ka (A = 1.5406 A). Morphology
information was collected with TEM (JEOL JEM-F200) and SEM
(ZEISS SUPRA®55) with an energy dispersive spectrometer (EDS)
for elemental analysis. Raman spectra were collected using WITec
alpha300R with laser excitation at 532 nm. The element
composition was analyzed using XPS (Thermo Scientific K-Alpha).
TGA was conducted with TA Discovery TGA 550. ICP-OES was
conducted with Agilent 5110(OES). Work function was measured
through UPS (Thermo Fisher Scientific ESCALAB Xi) with -5 V
bias.

4.3 Electrochemical measurements

The active materials, Ketjen black (Canrd, ECP-600]D) and PTFE
(Aladdin, 60 wt.%), were mixed with a weight ratio of 7:2:1 with the
diluent of isopropyl alcohol (Aladdin, AR, = 99.7%). The mixture
was pressed and cut into disks (with a diameter of 7 mm). After
drying in a vacuum oven at 60 °C overnight, the disk was pressed
into a Ti mesh. The average mass loading of active material was
~ 4.2 mgcm™ The electrochemical properties of HTO||Zn cells
were performed using CR2032 coin cells that were assembled with
Ti mesh as the current collector, glass fiber (GF-A) as the separator,
Zn foil (Canrd, 99.99%, 200 pm) as the anode, and 3 molkg™
Zn(CF,;S0;), (Zn(OTf),, Aladdin, > 98%) aqueous solution as the
electrolyte. The electrochemical properties of KZnHCF||HTO full
cells were performed using CR2032 coin cells that were assembled
with Ti mesh as the current collector, glass fiber (GF-A) as the
separator, HTO as the anode, KZnHCF as the cathode, and
3 molkg”’ Zn(CFSOs), (Zn(OTf),, Aladdin, > 98%) aqueous
solution as the electrolyte, with the P/N close to 1. The average
mass loading of active material was ~ 10 mg-cm™ for KZnHCF
cathode and that was ~ 6 mgem™ for HTO anode. The GCD
measurements were performed on a Neware battery testing system.
For the half-cell, the charge voltage was limited to 1.6 V, while the
discharge cutoff potentials were set to be —0.02, —0.03, —0.04, —0.05,
and —0.06 V for current densities of 0.1, 0.2, 0.5, 1.0, and 2.0 A-g”,
respectively. In the case of the full-cell, the discharge voltage was
limited to 0.5 V, and the charge cutoff voltages were set at 1.815,
1.82, 1.825, and 1.83 V for current densities of 0.1, 0.2, 0.5, and
1.0 A-g™, respectively. The CV tests were conducted on an Admiral
Squidstat Plus electrochemical workstation. The energy efficiencies
of reported batteries were estimated based on their GCD curves,
which were extracted using WebPlotDigitizer.

Electronic Supplementary Material: Supplementary material
(XPS, TGA, SEM, EDS, other electrochemical test results, and
Supplementary Notes S1-S3) is available in the online version of
this article at https://doi.org/10.26599/NR.2026.94908435.
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