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Fluorine-Doped NaTi,(PO,); Via Electronic Orbital
Modulation and Bandgap Engineering for Aqueous

Li/Na/K-lon Batteries

Tong Xu(®, Jiaojiao Yu, Junchao Ma, Hongbo Yu, Junling Che, Qixiang Yin, Yukun Xi,
Yanyan Cao, Mangmang Shi, Shuting Wang, Wu Wan, Changxin Li, Rui Chen, Jinniu Zhang,

Qiyi Zhao, Wei Ren, Mingliang Hu*, and Xifei Li*

Sodium titanium phosphate (NaTi,(PO,);, NTP) has emerged as a promising
electrode material due to its three-dimensional open framework. This study
investigates the use of NTP in aqueous dilute Li*/Na* electrolytes and
extends its application to high-concentration K* electrolytes. X-ray
photoelectron spectroscopy, X-ray absorption near-edge structure analysis,
and density functional theory calculations revealed that highly
electronegative fluorine partially substitutes for oxygen in the NTP lattice,
resulting in the formation of Ti-F bonds. The substitution effectively
modulates the electronic structure of Ti**, alters the local coordination
environment, and influences the redox dynamics. Enhanced long-term cycling
stability and rate performance were demonstrated across aqueous sodium-
ion, lithium-ion, and potassium-ion half-cells. Among the investigated

for advanced energy storage systems, aqueous
alkali metal-ion batteries have emerged as
a  promising traditional
non-aqueous counterparts.t - These batteries
employ water-based electrolytes, offering sev-
eral advantages over organic electrolytes: 1)
safer and less prone to thermal runaway,
making them more suitable for large-scale
applications; 2) cost-effective and environ-
mentally friendly due to the abundance and
low cost of water as a solvent; 3) high ionic
conductivity, enabling efficient transport of
alkali metal ions during charge and discharge
cydes.”™ Among the various alkali metal
ions, lithium ion has long been the focus of

alternative  to
[1]

systems, the aqueous sodium-ion system exhibited the best electrochemical
performance, characterized by a single, well-defined charge—discharge
plateau, stable cycling behavior with 88.7% capacity retention after 500 cycles
at 1 A g ', and an initial specific discharge capacity of 121.7 mAh g ' at 0.2
A g~ . The results establish F-doped NTP as a promising candidate for
advanced energy storage applications in aqueous alkali metal-ion batteries.

1. Introduction

In recent years, the development of advanced energy storage systems
has become imperative the escalating demands for
high-performance and sustainable battery technologies. In the quest

to meet
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research and development in battery technolo-
gies. However, sodium and potassium ions
have gained significant attention due to their
abundance, low cost, and similar electrochem-
ical characteristics to Li ions."! In aqueous
(ASIBs)
potassium-ion batteries (AKIBs), Na* or K*
serve as charge carriers, shuttling between the
cathode and anode during charge and dis-

sodium-ion batteries and aqueous

charge cycles. Exploring the use of Na and K ions alongside Li ions
in aqueous alkali metal-ion batteries holds great research significance,
as it can expand the scope of potential applications and contribute
to the development of sustainable and scalable energy storage
solutions.[®?]

NaTi, (PO,); (NTP), a sodium super ionic conductor (NASICON)
material with a theoretical capacity of 133 mAhg~', has garnered
significant attention as an anode material for aqueous alkali
metal-ion batteries.'*!"] NTP has a three-dimensional open frame-
work crystal structure, which provides pathways for the diffusion
of sodium ions. This unique structure is beneficial for efficient ion
diffusion and can contribute to the high-power performance of the
battery. While NTP as an anode material for aqueous alkali
metal-ion batteries also has some shortcomings that researchers are
actively addressing. The main challenges can be summarized as
follows:['* 1) Poor electrical conductivity caused by the insulating
properties of phosphate groups, resulting in a mismatch with ionic
conductivity and limiting electrochemical performance. 2) NASICON
structures undergo significant volume changes during the insertion

© 2025 The Author(s). Energy & Environmental Materials published by
John Wiley & Sons Australia, Ltd on behalf of Zhengzhou University.
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and extraction of sodium ions. 3) The lower reduction potential in
aqueous alkali metal-ion electrolytes may lead to hydrogen side
reactions, causing degradation of battery performance. To address
these issues, researchers have focused on several strategies to
improve the performance of NTP. Coating a conductive carbon
layer on the NTP particles has the potential to enhance electronic
conductivity by offering an additional elecron  transfer
pathway.m’lﬂ The core-shell structure also helps alleviate volumet-
ric deformations that occur during the charging and discharging
process.!'*] Modified carbon!'® by doping S, N, and B can gener-
ate more active sites, further addressing the electronic-ionic conduc-
tivity mismatch issue and boosting the overall electrochemical
performance of NTP electrodes. Carbon derivativest'” ™1 like
carbon nanofibers, carbon nanotubes, and graphene can form
three-dimensional conductive networks, enhancing electron/ion
transport kinetics and resulting in outstanding sodium storage prop-
erties. Another strategy involves optimizing the morphology and
structure of NTP materials,"'”***”1 which includes reducing the
particle size to the nanoscale and designing high-specific-surface
structures  to shorten the diffusion path of sodium ions and
enhance sodium-ion diffusion kinetics. Doping methods mainly
include the substitution of titanium (Ti) atoms in NTP and doping
of halogen atoms at PO3~ positions.[28_3o] For example, doping
with elements such as ALEP!'1 Fe %) 7y [32] g [33:34] Mg,[35] Mol
and 1aP”! can introduce defects or modify the crystal structure,
leading to improved electronic conductivity and enhanced ion diffu-
sion. However, these metal dopants often lead to lattice distortion
and variations in redox activity, which may impact the long-term
structural stability or reduce electrochemical reversibility. Compared
with metal-ion doping, F doping follows a unique mechanism.
Instead of replacing Ti atoms and directly disrupting the octahedral
structure, F influences the bonding characteristics.*®*°1 1t induces
effects on phosphate groups and forms Ti-F bonds, thereby modu-
lating the local electronic structure of Ti. F doping is expected to
provide a more controllable approach to enhancing the stability and
functionality of NTP.

Aside from Na* ions, NTP with three-dimensional large ionic chan-
nels can be also applied in aqueous Li* or Li*/Na* hybrid
electrolyte.m#m Furthermore, Leonard et al. successfully achieved
reversible intercalation of K* into/from the KTi, (PO4)3 anode over a
broad voltage range by implementing a “Water-in-Salt” (WIS)
system.!**] Despite significanty restricting the number of water mole-
cules in the solvation sheath, the low K* reaction potential could still
trigger solvent water electrolysis during long cycle lifetimes. Hence,
further research is required to elucidate the influence of F doping on
the electronic orbital modulation and bandgap characteristics of NTP
anodes in aqueous alkali metal-ion batteries. A deeper understanding of
the effects could provide critical insights into optimizing the electro-
chemical behavior and reaction kinetics of NTP anode for aqueous
energy storage applications.

In this study, carbon-coated fluorine-doped sodium titanium phos-
phate (NTPF) was synthesized via the sol-gel method. The NTPF anode
was evaluated in both dilute aqueous Li* and Na* electrolytes, as well
as in an aqueous K™ WIS electrolyte. The incorporation of fluorine into
the NTP structure alters the local electronic environment surrounding
Ti atoms and enhances ion transport kinetics. The NTPF anode exhibits
favorable electrochemical properties, positioning NTPF as a promising
candidate for meeting the performance demands of various aqueous
alkali metal-ion batteries.
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2. Results and Discussion
2.1. Materials Characterization

To obtain precise phase information of the NTPF samples, X-ray diffrac-
tion (XRD) was employed (Figure 1a). The XRD patterns of NTP and
NTPF samples were remarkably similar, indicating that fluorine doping
does not alter the crystal structure of the parent NTP material, consistent
with previous studies.”””***®] Nonetheless, upon F doping, the (113)
diffraction peaks in the magnified spectra subtly shift towards larger
angles. After F doping in the NTP sample, the crystal plane spacing
(dnw) for the (113) plane decreases, resulting in a corresponding
increase in the diffraction angle as per the Bragg diffraction formula.
The substitution of fluoride ions induces subte distortions in the local
lattice structure, potentially influencing the electronic structure of adja-
cent titanium atoms.

The crystal structure disparities between NTP and NTPF were investi-
gated by Rietveld refinement of the XRD patterns (Figure 1b,c). The
successful refmement of NTPF revealed a weighted profile R factor
(Rwp) of 11.54%, indicating good agreement between experimental
and calculated data. The crystal structure was indexed to the rhombohe-
dral R—3C space group (PDF#84-2008), with lattice parameters refined
0 4=8.504 A, b=28.504 A, c=21.86 A, and a volume of 1369 A’.
The crystalline structure comprises TiOg octahedron and PO, tetrahe-
dron, forming a 3D NASICON framework characterized by extensive
ionic channels facilitating rapid diffusion of alkali metal ions. The
observed decrease in lattice parameters is attributed to the small ionic
radius of F.

The morphology and element distribution of the prepared NTP
and NTPF samples were investigated using scanning electron micros-
copy (SEM), transmission electron microscopy (TEM), and energy
dispersive spectroscopy (EDS) technologies (Figure 1d—j; Figure SI,
Supporting Information). The SEM and TEM results unveiled a hierar-
chical structure within the NTPF materials, where micron-sized parti-
cles are intricately constructed from an assembly of nanoscale
particles, with individual particle sizes ranging from a minimum of
20 to 50 nm (Figure 1d—g). This multi-level nested structure, charac-
terized by larger micron-sized units composed of smaller nano-sized
particles, not only ensures robust stability during cycling but also fos-
ters efficient electrolyte impregnation. By enabling thorough penetra-
tion of the electrolyte into the hierarchical pores and channels, this
structural arrangement facilitates accelerated alkali metal-ion diffusion.
The C-coating layer, with a thickness ranging between 2 and 5nm,
was observed on the surface of the NTPF nanoparticle in Figure 1h.
The carbon content of both NTP and NTPF was evaluated using ther-
mogravimetric (TG) analysis. The TG results indicate that the carbon
content in NTP and NTPF materials is approximately 3.85% and
4.0%, respectively (Figure S2, Supporting Information). Furthermore,
lattice fringes with a spacing of approximately 0.416 nm correspond-
ing to the (113) crystalline plane were observed in NTPF. This
observation was aligned with the Rietveld refinements, further vali-
dating the structural analysis. Elemental mapping using EDS
(Figure 1i,j) confirmed a uniform distribution of Na, Ti, P, O, and F
throughout the samples, indicating the successful incorporation of
doping elements into the NTPF crystal structure. The chemical com-
positions of the prepared samples were analyzed using XPS. The XPS
spectra of the two samples exhibit characteristic photoelectron peaks
corresponding to Na 1s, Ti 2p, P 2p, O 1s, and C Is, without
detectable chemical impurities (Figure 2a). In the Ti 2p spectrum,

© 2025 The Author(s). Energy & Environmental Materials published by
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Figure 1. Characterization of NTP/C and NTPF/C: a) XRD patterns of NTP/C and NTPF/C; b) Refinement of NTP; c) Refinement of NTPF; d—f) SEM images
of NTPF/G; g h) TEM and HRTEM images of NTPF/C; i, j) EDS mapping of NTPF/C.

the peaks observed at 465.3 and 469.3 eV represent Ti 2pl1/2 and Ti
2p3/2, respectively, indicating the prevalence of Ti*" state. Two
minor peaks appearing at 463.0 and 458.1 eV signify the existence
of Ti** (Figure 2b). According to the charge compensation mecha-
nism, these changes can significantly affect the electronic structure of
Ti by changing the electronic structure and local electronic state.
Notably, the NTPF sample also exhibits two resolved peaks of F 1s at
686.8 and 685.0 eV, attributed to C-F and Ti-F bonds, respectively
(Figure 2c). Semi-quantitative analysis performed using Avantage
software indicates that the atomic percentage of fluorine is
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approximately 0.53% (Table S1, Supporting Information), suggesting
a low-level but effective F doping in the NTP framework.

Fluoride ion doping modifies the nature of Ti-O bonds by introduc-
ing Ti-F bonds, which differ in bond length and strength from Ti-O
bonds. This substitution alters the local coordination environment of
titanium, resulting in changes to its electronic structure. The C 1s spec-
tra of the NTPF samples exhibit three distinctive peaks at 289.3, 286.3,
and 284.7 eV (Figure 2d), corresponding to the C-F, C-O, and C-C
bonds, respectively. Integration of XPS spectra reveals that F is not solely
doped into the NTP lattice but is also in situ incorporated into the

© 2025 The Author(s). Energy & Environmental Materials published by
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Figure 2. a) XPS spectra of NTPF/C; b) Ti 2p spectrum; c) F 1s spectrum; d) C 1s spectrum; e) Ti K-edge XANES patterns; f) Fourier-transformed Fourier

transforms of Ti K-edge EXAFS patterns2.2. NTPF anode in ASIBs.

carbon matrix.[**"** The defects formed on the carbon surface serve as
additional active reaction sites, facilitating the accelerated diffusion of
alkali metal ions.*®! Fluorine ions doped into the sodium titanium
phosphate lattice form Ti-F bonds with titanium atoms. This bonding
alters the distribution of the electron cloud around the titanium ions,
thereby affecting their local electronic structure.

Synchrotron X-ray absorption near-edge structure (XANES) analysis
was employed to further investigate the properties of NTP and NTPF
samples. XANES spectra (Figure 2e) revealed a triple pre-edge feature
preceding the main absorption peak in both samples, attributed to the
distorted configuration of TiO4 units within the crystal structure.l*’]
The absorption edge shifted towards lower energies in NTPF, closer to
that of metallic Ti foil, suggesting a reduction in the titanium valence
state induced by fluorine doping. F Doping induces a redistribution of
charge, leading to a new equilibrium state. This adjustment in charge
distribution further influences the valence state and local electronic con-
figuration of titanium ions. This finding was corroborated by XPS,
which provided consistent results with the XANES observations. More-
over, extended X-ray absorption fine structure (EXAFS) analysis at the
Ti K-edge further elucidated the structural details. R-space plots
(Figure 2f) exhibited two prominent peaks corresponding to Ti-O and
Ti-Ti bond positions, offering atomic-level insights into the local coor-
dination environment of titanium atoms within the samples. Remark-
ably, fluorine doping resulted in a shift of the Ti-O bond length from
1.34 A in NTP to 1.31 A in NTPF. Similarly, the Ti-Ti bond length
shifted from 1.85 A in NTP to 1.81 A in NTPF. The concurrent shorten-
ing of both Ti-O and Ti-Ti bonds following fluorine doping suggests a
potential enhancement in electron transfer during the charge—discharge
process. Fluorine doping in the NASICON-type NTP structure induces
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modifications in the Ti bonding characteristics and charge balance. The
partial reduction of Ti** leads to the formation of a mixed-valence state
structure. Consequently, the chemical formula of F-doped NTP can be
expressed as NaTiz,y4+Tiy3+(PO4)3,xe (NaTi, (PO.);.,Fy), where y rep-
resents the proportion of reduced Ti3+, and x denotes the extent of F
substitution for PO}~ groups.

UV-vis diffuse reflectance spectroscopy (UV—vis DRS) was employed
to determine the band gaps of NTP and NTPF samples (Figure S3a,b,
Supporting Information). The optical band gaps were deduced using
Tauc plots as follows:

(othv)'/" = A(v—E,) (1)

where o represents the absorption index, h is Planck’s constant, v
is the frequency, E, is the bandgap, and n=1/2 was used. The
undoped NTP exhibited a band gap of approximately 3.48 eV,
while the fluorine-doped NTPF showed a reduced band gap of
about 3.39 eV. The reduction in the band gap due to F doping
suggests a decrease in electronic transition resistance, enhancing
the electrochemical performance of the anode material. To further
assess the impact of F doping on electronic conductivity, the four-
point probe method was utilized (Figure S4, Supporting Informa-
tion). The average electronic conductivity was measured to be
11.21 pScm™' for NTP and 14.75 pScm ™' for NTPF. This obser-
vation confirms the expectation that F doping in the NTP lattice
induces an electronic modulation effect on the phosphate group.
Therefore, we can anticipate that the electrochemical performance
of the NTP electrode in aqueous alkali metal-ion batteries will be
enhanced with the addition of doped F elements.

© 2025 The Author(s). Energy & Environmental Materials published by
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Figure 3. ASIBs in 5 M NaNO3: a) Comparison of 2mV s~ ' for NTP/C and NTPF/C; b) Rate performance of NTP/C and NTPF/C composites; c) Cycling
stability of NTP/C and NTPF/C composites; d) Charge/discharge curves at 1st, 100th, and 500th for NTPF/C; e) Histogram of capacitance contribution; f)
Voltage curves for the GITT test and the LgDNa+ of NTPF; g) EIS of NTP/C and NTPF/C composites and equivalent circuit used for EIS fitting; h) Ex situ X-
ray diffraction of NTPF/C electrode in ASIBs for initial, different discharge and charge states.

2.2. NTPF Anode in ASIBs

Considering the primary application of NTP anodes in ASIBs, we com-
menced by investigating the electrochemical properties of both NTP
and NTPF in a 5 M NaNO; aqueous electrolyte. Figure 3b illustrates the
rate performances of the two samples. Initially, at a low current density
of 0.2Ag™", the specific discharge capacities of the NTP anode
(70.6 mAh g~ ") were lower than those of the NTPF (121.7 mAh g™ ).
As the current density escalated from 0.2 to 3 A gfl, the advantages of
the specific discharge capacity of the F-doped samples gradually became
evident. At a current density of 3A g™, the disparity in specific dis-
charge capacities between the two anodes peaked. Specifically, the spe-
cific discharge capacities of the NTP and NTPF anode were 35.4 and
101.1 mAh g~ ', respectively. It is noted that the coulombic efficiency
was relatively low at low current densities. This phenomenon can be
attributed to the occurrence of hydrogen evolution reactions (HER) at
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the electrode—electrolyte interface under low current conditions. Due to
the inherently narrow electrochemical stability window of aqueous
electrolytes, the anode potential at low current density more easily
reaches the threshold for HER. Meanwhile, the sluggish kinetics at low
current further exacerbate the side reactions, thereby reducing the over-
all coulombic efficiency. Figure S5a,b, Supporting Information display
the charge/discharge profiles of two anodes prepared under current
densities ranging from 0.2 to 3A g~ (with a voltage range of —0.95
to —0.4V vs SCE). The specific discharge capacities of the NTP and
NTPF electrodes were 70.6, 67.4, 60.4, 50.5, and 35.4mAhg_1 and
121.7, 111.6, 107.5, 104.2, and 101.1 mAhgfl, respectively. Both
samples exhibit distinct charge—discharge plateaus in their curves. The
slight improvement in specific capacity, particularly evident at higher
current densities, with the incorporation of F elements, underscores the
method’s efficacy in enhancing electrochemical performance. The long-
term cycling stabilities of the two samples were evaluated in Figure 3c.
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After 500 cycles at 1A g™, the capacity retentions of the NTP and
NTPF anode were 83.9% and 88.7%, respectively. The formation of
Ti-F bonds, which are generally stronger than Ti-O bonds, can
enhance the stability of the Ti sites within the NTP structure. This
stronger bonding can improve the structural integrity of the material
during the redox process, reducing the likelihood of lattice distortion
or degradation. Figure S5c, Supporting Information and Figure 3d
depict the charge/discharge curves of NTP and NTPF anode materials
at a current density of 1 Ag™" for the 1st, 100th, and 500th cycles,
respectively. Both sets of curves exhibit stable charge/discharge voltage
plateaus. Notably, the potential difference between the charging and
discharging curves of the NTPF anode material remains consistent
under identical current densities, indicative of its stable charge and
discharge process.

Figure S6a,b, Supporting Information present the CV curves of
NTP and NTPF electrodes at different scanning rates from 0.2—
10mVs~'. Along with a pair of well-defined redox peaks appearing
for each curve of the NTPF anode. These represent the Ti*"/Ti**
redox couple when sodium-ion insertion/extraction occurs. While
for the NTP anode, the polarization phenomenon was magnified dur-
ing rapid scanning, particularly at scanning rates of 5 and 10 mVs™'.
Reduction peaks were not fully manifested, even at a low potential
of —1.2V versus SCE, heightening the risk of triggering hydrogen
evolution side reactions. The polarization of both materials, NTP and
NTPF, becomes more apparent in the comparative CV curves at
2mvVs~' in Figure 3a. The potential difference corresponding to the
peak current density of the anode material decreases by 0.23 V from
0.34V after fluorine doping. Additionally, NTPF exhibits a higher
peak current intensity compared to NTP, suggesting lower polariza-
tion and greater electrochemical activity in the redox process. The
slope values (b) can be obtained through linear fitting with logi and
logv. The calculated b-values for the oxidation peaks of NTP and
NTPF are 0.74 and 0.57, respectively (Figure S26c,d, Supporting
Information), indicating that diffusion control continues to dominate
the battery behavior after F doping. It is impossible to unequivocally
determine the proportion of capacitance and diffusion control by
comparing the values of b. Therefore, the exact percentage of capaci-
tive contribution and diffusion control was quantified using the fol-
lowing equation:

i(v) =kyv + kyv'/? (2)

At a specified potential (v), the current density response (i,) can
be depicted as the amalgamation of capacitive effects (k; v) and
diffusion-controlled reactions (k, v**). The determination of k,
and k, constants can be achieved by analyzing CV currents at vari-
ous current scan rates. By discerning these constants, it becomes
feasible to distinguish the proportion of current stemming from
surface capacitance and diffusion-controlled processes. As shown in
Figure 3e, the diffusion-controlled contribution gradually decreases
from 95% to 72% as the scan rate increases from 0.2 to
10mVs~'. At lower scan rates (0.2-1mVs™'), the charge storage
process is predominantly governed by ion diffusion, indicating
efficient Na* intercalation/de-intercalation within the electrode
material. As the scan rate increases (2-5mvVs~ '), the diffusion-
controlled contribution declines slightly (87-80%), suggesting the
emergence of capacitive behavior due to surface or near-surface
charge storage.
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The ionic diffusion coefficients of NTP and NTPF were evaluated
using Galvanostatic Intermittent Titration Technique (GITT). The calcu-
lation formula is as follows:[**]

2
4 (mpW AE

D= — B VM S (3)
7t \ MgS AE;

Vu—Molar volume of the material; Mg—Relative molecular mass

of the material; mg—Mass of the material; S—Surface area of the

material; AE—Change in steady-state voltage; AE—the change in
cell voltage during the current pulse, we derive the sodium ion
diffusion coefficients of the anode materials (Figure 3f and
Figure S7, Supporting Information). In ASIBs, the calculated results
of NTPF are 3.515X 10 '°cm”s™' and NTP are found to be
3.575x 107" cm”s™", respectively. This faster diffusion kinetics
augments the sodium-ion transport characteristics of the electrode
material in ASIBs anode materials, thereby enhancing its high-rate
performance. To delve deeper into the reaction kinetics of the NTP
and NTPF samples, electrochemical impedance spectra were gath-
ered (Figure 3g). Each Nyquist curve exhibits a semicircle in the
high-frequency region and a sloping line in the low-frequency
region, enabling the determination of charge transfer resistance
(Re), electrolyte impedance (R;), and Warburg impedance (Z,,).
The inset in Figure 3g shows the equivalent circuit diagram used
for impedance fitting. The calculated impedance parameters are
detailed in Table S2, Supporting Information. The R value for
NTPF (3.10 ) is lower than that of NTP (11.45 Q), indicating a
more favorable scenario for reducing kinetic confinement. The
results show a notable reduction in charge transfer resistance and
faster Na* diffusion in the F-doped NTP compared to pristine
NTP, confirming that F doping enhances ion mobility and acceler-
ates the intercalation process. Furthermore, the coefficient of Z,, for
NTPF (16.37 Q) is lower than that of NTP (27.28 Q), suggesting
an enhancement of charge transfer within the F-doped anode
electrode.

As depicted in Figure 3h, to gain further insights into the structural
evolution of NTPF during desodiation and sodiation, ex situ XRD mea-
surements were conducted under various charging and discharging
states. These measurements illustrated the shifting pattern of characteris-
tic diffraction peaks corresponding to different diffraction angles along-
side the charging and discharging curves of the NTPF anode. Initially,
the diffraction peaks located at 24.78° and 32.91°, corresponding to
the (113) and (116) planes respectively, shifted towards lower 20
angles during the discharge process, followed by a reversal of this trend
during charging. This variaton in peak positions reflects the
increase/decrease  of the interlayer distance caused by the
insertion/extraction of Na* ions in the electrode. A weak peak near the
(116) position appears during the charging process of the NTPF elec-
trode, which is attributed to the formation of a new phase,
Na;Ti, (POy4)3.4Fsy, during sodiation. Upon desodiation, this newly
emerged peak gradually diminishes and eventually aligns with the orig-
inal NTPF phase peaks, indicating a reversible phase transition.

2.3. NTPF Anode in ALIBs

In Figure 4b, the performance of the two samples is compared across
current densities ranging from 0.1 to 2A g~ '. Throughout all tested
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Figure 4. ALIBs in 5 M LINO3: a) Comparison of 2mVs~' for NTP/C and

NTPF/C; b) Rate performance of NTP/C and NTPF/C composites; c) Cycling

stability of NTP/C and NTPF/C composites; d) Charge/discharge curves of NTPF/C at a current density of 1A g™ "; e) Histogram of capacitance contribution;
f) Voltage curves for the GITT test and the LgDLi+ of NTPF; g) EIS of NTP/C and NTPF/C composites and equivalent circuit used for EIS fitting h) Ex situ X-
ray diffraction of NTPF/C electrode in ALIBs for initial, different discharge and charge states.

current densities, the NTPF anode electrode exhibits superior discharge
capacity compared to the NTP anode. Furthermore, the advantage in
specific discharge capacity of the F-doped samples becomes increasingly
pronounced as the current density escalates from 0.1 to 2 Ag~". This
underscores the effectiveness of employing a suitable doping strategy in
enhancing the charge/discharge performance of NTP under high cur-
rent densities in ALIBs. Figure 4c illustrates the cycling performance of
the two samples in ALIBs. After 200 cycles at 1A g™, the capacity
retention rates for the NTP and NTPF anodes are 64.8% and 91.6%,
respectively. Figure S8, Supporting Information and Figure 4d show
the charge/discharge curves of the NTP and NTPF anode materials at
the 1st, 5th, and 200th cycles at a current density of 1A g™", respec-
tively. Both sets of curves exhibit stable charge/discharge voltage pla-
teaus. The potential difference between the charge/discharge curves of
the NTPF anode material is smaller at the same current density than for
the NTP anode, suggesting reduced electrode polarization and enhanced
stability during the charge/discharge process.
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The CV curves of NTP and NTPF at varying scan rates (0.2—
10mvVs™') in Figure S9a,b, Supporting Information reveal two sym-
metrical pairs of oxidation-reduction peaks, mirroring the
charge—discharge curves and maintaining consistent shapes. The
NASICON-type structure of NTP features two distinct M1 and M2 sites.
In the initial NTP structure, Na+ ions predominantly occupy the M1
site. Upon the first lithium-ion intercalation, the peak at —0.7 V vs. SCE
corresponds to the occupation of the M2 site by lithium ions. As the
potential increases, more Lit intercalates, leading to the transformation
of the NTP phase into the Li,NaTi, (PO,4); phase. In the Li,NaTi, (PO,)3
structure, the M1 and M2 sites are disrupted, forming M3 sites that are
distinct from M1 and M2.[***) Purther Li* intercalation occurs into
the M3 sites, manifesting as a reversible peak at —0.8 V versus SCE.
Figure 4a presents a comparison of the CV curves for NTP and NTPF.
The observed reduction in the hysteresis of the two pairs of redox peak
potentials, from 0.173 to 0.144V and from 0.225 to 0.199V, high-
lights the enhanced electrochemical kinetics resulting from F doping.
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John Wiley & Sons Australia, Ltd on behalf of Zhengzhou University.

85US017 SUOWILIOD 3AFe1D) 3|qedljdde ay) Aq paueAob ae so e O 88N JO S9N 10y Areiq 1 BUIUO AB|IM UO (SUORIPUOD-PUe-SWIBSH 00" A3 | 1M ARIq 11 IUO//SANY) SUORIPUOD pUe SWB L 8U3 89S *[5202/90/ET] U0 ARiqiauliuo A8|im ‘Bulupsieg suerels AQ £700L ZWe/200T 0T/I0p/W0d" A3 | 1M AeIq 1 U1 IUO//SANY WOy papeo|umMoqd ‘0 ‘9580552



Energy &
Environmental Materials

Additionally, the calculation of b-values corresponding to the oxidation
and reduction peaks at various scan rates is shown in Figure S9¢,d, Sup-
porting Information. These values suggest a blend of surface-controlled
and diffusion-controlled mechanisms in ALIBs for both anode materials.
The diffusion-controlled contribution decreases from 86% at
0.2mVs ' to43%at 10mVs ' for NTPF in ALIBs (Figure 4¢), which
is notably lower than that observed in ASIBs. At lower scan rates (0.2—
1mVs "), the diffusion-controlled contribution remains relatively
high (86-71%), implying that Li* intercalation is still the primary
charge storage mechanism. However, as the scan rate increases (2—
10mVs l), the diffusion-controlled contribution declines more signif-
icantly (66—43%), with a substantial increase in the capacitive-
controlled process. According to GITT calculation, in 5 M LiNO; aque-
ous electrolyte, the lithium-ion diffusion coefficient of NTPF is
4.096x 10" "%cm”s™" and the lithium-ion diffusion coefficient of
NTP is 4.025 x 10 '®cm®s ™" (Figure 4f and Figure S$10, Supporting
Information). The enhanced diffusion of Li* ions is attributed to the
creation of ion pathways by F doping, which facilitates faster ion
extraction and insertion within the electrode material. In contrast to
ASIBs, NTPF demonstrates reduced electrochemical impedance in ALIBs
(Figure 4g, Table S3, Supporting Information). This difference could
stem from the smaller ionic radius and mass of Li* compared to Na*.
However, when considering reversible specific capacity and cycling sta-
bility, NTPF in the ALIBs system does not exhibit performance on par
with that in the ASIBs system. This suggests that NTPF is better suited
for and more compatible with the aqueous sodium-ion battery system.

Ex situ XRD analyses were conducted to explore the energy storage
mechanism of the NTPF electrodes in the ALIBs. Figure 4h illustrates
the XRD patterns of the NTPF electrodes at the initial stage, various dis-
charging stages, and different charging stages after three cycles of
0.1Ag ", The peaks, such as (113) and (116), undergo a shift
towards lower 2-theta values during Li* insertion, returning to their
initial positions during Na* extraction. An expansion of the lattice
occurs during discharge, followed by a reversible contraction during
charging. It is worth noting that splitting and re-organization of diffrac-
tion peaks were observed at both lower diffraction angles and near the
(116) plane during the Li-intercalation process. This indicates that the
new phase (Li,NaTi,(PO,);F,) formed during the lithiation process.
During the de-intercalation process, the newly emerged peaks gradually
weakened and eventually disappeared, indicating a reversible transfor-
mation back to NTPF phase. Moreover, Na* preferentially occupies the
M1 site of NTP and exhibits a stronger affinity for this site compared to
lithium ions Lit.*”*%) Consequently, the cycling process primarily
involves the intercalation of Li* at the NTPF electrode and almost no
Na* leaching during this process in ALIBs.

2.4. NTPF Anode in WIS AKIBs

The electrolyte choice for AKIBs initially favored KNO; due to its shared
anion with ASIBs and ALIBs electrolytes (NaNO; and LiNOs). How-
ever, even at its saturated concentration, only one oxidation peak
appeared in the CV curve (Figure S11, Supporting Information). There
was no discernible reduction peak symmetrically linked to it. The
noticeable dip in the curve at a potential as low as —1.2 V corresponded
to the side reaction of hydrogen precipitation within this low-
concentration aqueous electrolyte. Hence, we proceeded to employ
31 m KAc to establish a WIS system, aimed at expanding the voltage
window of the aqueous electrolyte.[“] We also conducted CV tests
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using a diluted salt concentration of 1M KAc for comparison. The
results revealed that only in the 31 m KAc WIS aqueous electrolyte did
a distinct redox peak emerge, exhibiting superior symmetry compared
to the diluted counterpart. This observation indicates that the NTPF
anode within the AKIBs, composed of this WIS electrolyte, exhibits
enhanced reversibility. Based on this, we proceeded to examine the
electrochemical characteristics of both NTP and NTPF samples within
AKIBs, utilizing a 31 m KAc WIS electrolyte.

Comparing the rate performance of NTP and NTPF in AKIBs
(Figure 5b) reveals that the NTPF anode delivers a higher capacity of
52.6 mAh g~ ' at a current density of 0.05Ag™"'
at 1Ag " of its initial capacity. In contrast, the NTP anode achieves a
relatively lower capacity (45.5mAhg™") and retains only 46.4%. F
doping facilitates the enhancement of both the rate capability and spe-
cific capacity of the NTP anode in AKIBs. The cycling stability of NTP
and NTPF was examined in a 31 m KAc WIS electrolyte at 1Ag™"'
(Figure 5c). The discharge capacities of NTPF and NTP samples decline
from 71.1 to 35.3mAhg™ " and 43.6 to 24.5mAh g™, respectively,
over the initial 300 cycles. Interestingly, from cycles 300 to 1000, the
discharge capacities begin to increase, reaching 38.3 mAh g~ for NTPF
and 25.1 mAh g~ ' for NTP. By stabilizing the electronic structure of Ti
and improving the bonding strength, fluoride ion doping can reduce
capacity fading over multiple cycles, thereby enhancing the long-term
cycling stability of NTP in AKIBs. The electrochemical performance of
both NTP and NTPF anodes was further evaluated through galvanostatic
charge/discharge curves at 1Ag~' cycling across different cycles
(Figure S12, Supporting Information and Figure 5d). Both materials
exhibited significant charge/discharge plateaus corresponding to the
equilibrium voltage of Ti**/Ti**. Notably, the NTPF anode demon-
strated a longer charging/discharging plateau and lower voltage hyster-
esis compared to the NTP electrode at the same number of cycles. Even
after 1000 cycles, NTPF still exhibited a more pronounced
charging/discharging plateau, indicating that the F-doped NTP pos-
sesses faster kinetics and a stable structure capable of accommodating
potassium-ion intercalation.

The CV curves of NTP and NTPF with different scan rates (0.2—
10mVs~') in Figure S13a,b, Supporting Information clearly display
symmetric oxidation—reduction peaks and maintain the same shape,
indicating a highly reversible electrochemical reaction of both samples
in the AKIBs WIS system. The CV curves of NTP and NTPF are com-
pared in Figure 5a. The CV area of the NTPF electrode is larger, and the
potential difference corresponding to the peak current density of the
two electrodes is mainly reflected in the difference in the reduction
peak. Fluoride doping modifies the local electronic structure, thereby
influencing the reduction peak potential of Ti. This doping can fine-
tune the voltage at which the Ti**/Ti** reduction occurs, potentially
leading to shifts in the reduction peak potential and enhanced cycling
stability. Importantly, the higher reduction potential of NTPF in the
31m KAc WIS electrolyte compared to the reported KTP (—1.3V vs
Ag/AgCl) effectively avoids hydrogen side reactions and improves elec-
trochemical stability during cycling. The b-values, obtained from the
oxidation and reduction peaks across different scan rates, were com-
puted (as shown in Figure S13c,d, Supporting Information). In aque-
ous potassium-ion batteries (AKIBs), the diffusion-controlled
contribution gradually decreases as the scan rate increases, ranging from
90% at 0.2 mVs~ ' to 60% at 10mVs~ ' (Figure 5¢). The typical volt-
age profile for capacitive current (shaded area) is contrasted with the
total current at a scan rate of 2 mV's~ " (Figure S13e,f, Supporting Infor-
mation). It is observable that the capacitive effect in NTP and NTPF

and maintains 63.1%
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Figure 5. AKIBs 31 m KAc: a) Comparison of 2mV's~' for NTP/C and NTPF/C; b) Rate performance of NTP/C and NTPF/C composites; c) Cycling stability
of NTP/C and NTPF/C composites; d) Charge/discharge curves of NTPF/C at a current density of 1Ag™"; e) Histogram of capacitance contribution; f)
Voltage curves for the GITT test and the LgDK+ of NTPF; g) EIS of NTP/C and NTPF/C composites and equivalent circuit used for EIS fitting; h) Ex situ X-
ray diffraction of NTPF/C electrode in AKIBs for initial, different discharge, and charge states.

accounts for 25.2% and 22%, respectively. The proportion in NTPF is
slightly lower, possibly attributable to F doping, where K tends to
intercalate more within the lattice rather than being adsorbed onto the
surface, thereby showcasing more distinct battery-type characteristics.
The K* diffusion coefficients of NTP and NTPF materials were deter-
mined using GITT, as illustrated in Figure 4f and Figure S14, Support-
ing Information. In 31M KAc WIS electrolyte, the K diffusion
coefficient of NTPF is 3.893%x 10 ''cm?’s™!, while for NTP is
4.868%x 10" 2 cm?s™ !, indicating an enhancement in the potassium-
ion diffusion coefficient of the NTPF anode electrode in AKIB following
F doping.

Figure 5g illustrates the EIS profiles of NTP and NTPF, from which
the interfacial impedance (R.), electrolyte impedance (R;), and War-
burg impedance (Z,) were derived through fitting calculations
(Table S4, Supporting Information). In the 31 m KAc WIS electrolyte,
the EIS profiles indicated a higher R, impedance compared to the corre-
sponding R, at lower salt concentrations of 5 M LiNO; and 5 M NaNO;,
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suggesting that the exceptionally high salt concentration sacrifices ion
transfer rates in the aqueous electrolyte. Additionally, the smaller inter-
facial impedance (R.) and steeper slope in the low-frequency range of
the NTPF electrode, relative to that of the NTP electrode, further suggest
faster K* diffusion and transport during charging and discharging pro-
cesses. We provide a comparative overview of representative doping
strategies applied to NTP materials in aqueous alkali metal-ion batteries
(Table S5, Supporting Information). Fluorine doping exhibits advan-
tages in optimizing the electronic band structure and enhancing the
electrochemical performance of NTP materials.

To further investigate the structural evolution of NTPF in the WIS
AKIBs system, ex situ XRD measurements were conducted under vari-
ous charging and discharging states. Figure 5h presents the XRD pat-
terns of the NTPF electrodes at the initial stage and various discharging
and charging stages after three cycles at 0.1 Ag~'. The characteristic
diffraction peaks, such as (113) and (116), shift towards lower angles
during K* insertion, indicating an expansion of the lattice structure.
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NaTi2(PO4)3; f) PDOS of Ti directly connected and interval connected with F in NTPF.

This shift is reversed during the extraction of K' ions, demonstrating a
contraction of the lattice. The free energies of NTP, LTP, and KTP were
obtained from theoretical calculations as —839.7, —834.5 and
—826.8 eV, respectively, indicating that NTP has the lowest energy and
the most stable structure among the three structures, i.e., it is easier for
Na* to occupy the M1 site compared to Li* and K*. The electrochemi-
cal reactions of NTPF in the three types of aqueous alkali metal-ion half
cells are similar. Therefore, we summarize the reaction equation as fol-
lows, where M represents alkali metal ions (Li*, Na* and K*).

Charging Steps: NaTi, (PO4);  Fix + MY 4 2e” )
— NaM,Ti, (PO4),_ Fsx
Discharging Steps: NaM, Ti, (PO, ), Fax

5
— NaTi, (PO4),_ Fsx + 2M" + 2e~ )

2.5. Theoretical Calculations

To investigate the impact of F doping on the structural characteristics
of NTP and its influence on ionic transport, the bond valence site
energy (BVSE) method [52) wyas utilized to analyze migration pathways
and associated energy barriers. For the NTP structure, the most favor-
able migration pathway aligns with its NASICON-type open three-
dimensional channel structure, allowing alkali metal ions to migrate
along the path highlighted in yellow in Figure S15a, Supporting Infor-
mation. The effective migration barrier is 0.398 eV. After fluorine ion
doping, the ion migration path in the NTPF structure transitions from
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a simple three-dimensional pathway to a multi-type migration chan-
nel, interconnecting one-dimensional, two-dimensional, and three-
dimensional pathways (Figure 6a,b). Although the effective energy
barrier remains largely unchanged before and after doping, the
increased variety of channel types facilitates the rapid intercalation of
alkali metal ions. In addition, during the charge and discharge process,
the structures of two samples transform into NasTi,;(PO4); and
Na3Ti, (POy);3.F,, respectively. Due to the insertion of sodium ions,
the effective barrier is significantly increased, as depicted in Figure 6b
and Figure S15b,d, Supporting Information. Both structures exhibit
multiple types of ion migration channels (one-dimensional, two-
dimensional, and three-dimensional). The incorporation of fluorine
ions into the lattice of sodium titanium phosphate leads to changes in
its lattice parameters and induces local distortions. These distortions
affect the positioning and arrangement of titanium ions within the lat-
tice. In NTP materials with open framework structures, doping of
fluorine ions creates pathways that facilitate the movement of alkali
metal ions, which is crucial for achieving high-rate capability and fas-
ter charge/discharge cycles.

To identify the oxidation states of Na, Ti, P, and O, a density of
states (DOS) analysis was conducted (Figure 6c,d). The DOS profiles
for both NTP and NTPF revealed similar characteristics, with the
valence band primarily composed of O 2p states and the conduction
band dominated by empty Ti 3d states. The analysis showed a signifi-
cant reduction in the band gap. Narrowing the band gap could facilitate
electron transfer between Ti ions with other ions. The band structure
analysis corroborates these findings (Figure S16, Supporting Informa-
tion). The NASICON-type NTP structure contains two distinct anion

© 2025 The Author(s). Energy & Environmental Materials published by
John Wiley & Sons Australia, Ltd on behalf of Zhengzhou University.
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sites. The two types of O sites are marked with different colors (red
and green) in Figure S17, Supporting Information. The oxygen atoms
at the red sites possess lower energy values compared to those at the
green sites, indicating higher thermodynamic stability.l*”] Conse-
quently, the oxygen atoms at the green sites are more likely to be
replaced by F during doping. Based on the work of Wei et al. 21 and
Zhang et al,P® F doping substitutes phosphate groups and forms
bonds with Ti atoms in the TiO4 octahedrons. The structural modifica-
tions introduced by F doping, along with the proposed bonding con-
figurations, are displayed in Figure 6e. In the theoretical model,
fluorine doping was introduced by substituting one of the 72 oxygen
atoms in the N'TP unit cell with a fluorine atom, in accordance with the
atomic ratio obtained from the experimental XPS analysis.

The impact of fluorine doping was further examined, revealing a
notable reduction in the band gap of phosphorus atoms (Figure S18,
Supporting Information). In addition, the partial density of states
(PDOS) of Ti directly connected with fluorine exhibits a weaker inten-
sity compared to Ti that is interval bridged through the fluorine
(Figure 6f and Figure S19, Supporting Information). This alteration
facilitates more excess electrons hopping to sub-adjacent Ti atoms. The
overlap of PDOS between adjacent and sub-adjacent Ti to O in NTP
allows charge to hop to interval Tiy, orbitals more effectively than to
sub-adjacent Tiy,, which in turn facilitates alkali metal ions insertion
and extraction.

3. Conclusion

This study investigates the electrochemical properties and reaction
kinetics of F-doped NaTi,(PO,); as an electrode material for Li-, Na-,
and K-ion batteries. XPS, XANES analysis, and DFT calculations reveal
that F substitution alters the electronic energy levels and the localized
electronic structure of Ti atoms. EIS tests and BVSE method studies
reveal that F doping within the NTP structure reduces the diffusion
resistance of alkali metal ions, lowers the ion diffusion energy barrier,
and facilitates the formation of more favorable migration pathways.
Electrochemical performance tests show that doping with F elements
amplifies the reversible capacity and cycling stability of NTPF materials.
Through systematic investigation, NTP, traditionally employed in aque-
ous sodium-ion batteries, was extended to aqueous dilute lithium-ion
electrolytes and high-concentration potassium-ion electrolytes, demon-
strating advancements in the enhancement of the NTP anode for aque-
ous alkali metal-ion batteries.

4. Experimental Section

Detailed information related to the synthesis of active electrodes, physi-
cochemical characterization, and electrochemical evaluation of bifunc-
tional electrodes towards UOR and supercapacitor application is
provided in Supporting Information.
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