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The potential of capacitive deionization (CDI) for sustainable desalination depends critically on breakthroughs in
electrode materials. Defect-rich titanium (sub) oxides (anatase TiO2(A), Ti2Os, TisOs, TisO7) offer compelling
advantages, including tunable capacity, low environmental impact, and robustness. This study provides a sys-
tematic comparison of their structural features, electrochemical responses, and desalination efficacy. Electro-
chemical characterization results show anatase TiO2(A) leads in specific capacitance (252.5 F g’1 at 0.3 A g’l),
while TisOs’s highest oxygen vacancy minimizes charge transfer resistance and maximizes ion migration rates. In
desalination trials, TiOz delivers a maximum salt adsorption capacity of 37.1 mg g~ (500 mg L™ NaCl, 1.2 V).
All electrodes exhibit outstanding cycling stability (capacity retentions >83.5 %), affirming their practical po-
tential. Correlation analysis discloses the oxygen vacancy-driven charge transfer mechanism inside these elec-
trodes and establishes a structure-performance relationship. Overall, this work establishes fundamental
structure-property relationships that underpin future electrode innovation via the oxygen vacancy-engineering

strategy, which represents a promising pathway for advancing CDI performance boundaries.

1. Introduction

The global water resources are currently facing unprecedented
challenges. Climate change leads to frequent extreme weather events,
exacerbating the uneven distribution of water resources and causing
some regions to suffer from increased drought while others experience
frequent floods [1]. Meanwhile, the continuous growth of the global
population has further amplified the demand for freshwater, leaving
many regions severely water-stressed [2]. To address the pressing global
challenge of water scarcity, the development of energy-efficient and
cost-effective desalination technologies has become increasingly
imperative [3]. Recently, capacitive deionization (CDI) has emerged as a
promising energy-efficient desalination alternative to the traditional
seawater desalination technologies such as reverse osmosis (RO), elec-
trodialysis (ED), multi-stage flash distillation (MSF), multi-effect distil-
lation (MED), and mechanical vapor compression (MVC), which usually

suffered from issues including high capital investment, high energy
consumption, high operational costs, and equipment scaling and/or
corrosion [4-6]. The basic principle of CDI can be simply described as
the electrosorption of ions onto porous carbon electrode surfaces driven
by the electrostatic field between the two parallel electrodes [7,8]. The
practical application of conventional CDI is inherently constrained by its
fundamental operational principles, which result in a low salt adsorp-
tion capacity (SAC) dictated by the electrical double-layer (EDL)
capacitance of porous carbon and an inefficient charging phase due to
the co-ion expulsion effect [7,9]. These drawbacks prompt the devel-
opment of the superior Hybrid Capacitive Deionization (HCDI) archi-
tecture, which uniquely combines a capacitive carbon electrode with a
Faradaic electrode that undergoes reversible redox reactions [10]. This
synergistic combination enables ion storage via both electrosorption and
faradaic processes, leading to significantly enhanced SAC and energy
efficiency [9-12]. The performance of an HCDI system is predominantly
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governed by the intrinsic properties (i.e., kinetics, capacity, and stabil-
ity) of its Faradaic electrode [13-15]. This direct correlation establishes
a fundamental rationale for the focused development of advanced
Faradaic materials to push the boundaries of efficient desalination
technology.

HCDI platforms leverage Faradaic materials to enhance the electro-
chemical desalination of brackish water. Typical electrode materials
include manganese oxide, layered metal oxide nanosheet, silver-based
compounds, and conducting polymers like polyaniline [15-21]. While
these materials offer high theoretical capacity or favorable kinetics, they
are plagued by significant shortcomings that impair their desalination
performance. For instance, manganese oxide suffers from Mn dissolution
in aqueous electrolytes, leading to rapid performance decay [12,14,22].
Silver-based materials, though highly conductive, are prohibitively
expensive and prone to electrochemical corrosion [23,24]. Conducting
polymers, while synthetically tunable, undergo substantial volumetric
swelling and shrinking during ion insertion/extraction, resulting in
mechanical degradation and poor long-term stability [25,26]. In this
context, titanium oxides have emerged as promising alternatives to
Faradaic electrode materials for HCDI, offering inherent stability, low
cost, and environmental friendliness [27-29]. Consequently, most
research efforts have been directed specifically toward titanium dioxide
(TiO2) and its carbon composites [27-31]. For instance, TiO2 exhibits
excellent electrochemical stability [32] and a relatively high theoretical
capacity [29,33], especially in its anatase phase [34], which shows
outstanding performance in ion storage [35]. Nanostructured TiO:
provides abundant active sites, facilitating efficient transport of elec-
trons and ions, thus enhancing the electrode’s capacitance and response
speed [36]. In addition, the charged surface of TiO: effectively reduces
electrode polarization, with enhanced adsorption capacity and
improved desalination efficiency [37]. However, while TiO2 boasts
excellent chemical and electrochemical stability, its practical applica-
tion is often constrained by intrinsically poor electronic conductivity
[38,39]. This limitation reveals a critical research gap: a systematic and
comparative investigation of the entire family of titanium sub-
oxides—the Magnéli phases (Ti Oz,-1)—for HCDI applications is
severely lacking [40-42]. For instance, TisO7, a typical Magnéli phase
titanium suboxide [43], demonstrates a high electronic conductivity,
superior electrochemical performance and desalination advantages
[44,45]. While these sub-stoichiometric oxides exhibit metallic-like
conductivity and higher theoretical capacities owing to their crystallo-
graphic shear planes and oxygen deficiency, the fundamental relation-
ship between their distinct oxygen vacancy (O,) concentrations and
their ultimate desalination performance remains virtually unexplored
and poorly understood [41,42]. Addressing this knowledge gap is
essential for the rational design of high-performance titanium oxide
electrodes.

To this end, this work presents a comprehensive study exploring a
suite of oxygen vacancy-rich titanium (sub)oxides (i.e., anatase TiO:
(denoted as TiO2(A)), Ti=0s, TisO0s, and TisO7) as electrodes on an HCDI
platform, with emphasis on the relationship between their O, concen-
trations and the key desalination performance metrics. This graded se-
ries of titanium (sub)oxides provides a proper platform to fundamentally
investigate how critical electronic properties (metallic vs. semi-
conducting behavior), and O, concentrations collectively govern the
SAC, rate capability, and cycling stability in HCDI systems. This
approach directly addresses the intrinsic limitations of conventional
TiO2, namely its poor electronic conductivity, paving the way for high-
performance HCDI electrodes.

This study aims to elucidate how variations in crystal structure and
defect characteristics govern titanium (sub)oxide electrodes for efficient
desalination. Specific objectives include characterizing a graded series
of titanium (sub)oxides (TiO2(A), Ti20s, TisOs, TisO7) to rigorously
confirm their phase purity, morphology, and critically, their distinct Oy,
densities [46,47]. These materials will be electrochemically evaluated in
a three-electrode configuration to quantify key parameters, including
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capacitance and charge transfer resistance. Their desalination perfor-
mance was systematically assessed within a hybrid CDI cell, employing
nitrogen-doped activated carbon (NAC) as the counter electrode.
Leveraging its excellent electrical conductivity and surface activity, the
NAC works synergistically with the titanium (sub)oxide electrodes (e.g.,
TiO2(A)//NAC) to enhance their overall electrochemical properties and
desalination efficiency. Finally, the electrochemical behavior and
desalination performance were directly correlated with the intrinsic
material properties—specifically O, concentration—to establish a
definitive structure-property-performance relationship for titanium
(sub)oxide electrodes.

2. Materials and methods
2.1. Chemicals

Titanium dioxide (anatase, TiO2(A)) and titanium suboxide (Ti20s)
were purchased from Macklin Chemical Co., Ltd. TisOs was purchased
from Tianyuan-Ye Biotech Co., Ltd., while Magnéli Ti;O; powder with a
particle size ranging from 5 to 15 pm was obtained from Hunan Kelai
New Materials Co., Ltd. (China). Sodium chloride (NaCl), activated
carbon (AC), ammonium hydroxide (NH4OH), carbon black (CB), and
polyvinylidene fluoride (PVDF) were obtained from Aladdin Chemical
Co. All chemicals were used as received. Ultrapure deionized water (DI
H,0, 18.2 Q cm at 25 °C) was used for preparing solutions.

2.2. Preparation of nitrogen-doped activated carbon

Following a well-established ball-milling protocol [48], nitrogen-
doped activated carbon (NAC) was facilely prepared and employed as
the counter electrode of the HCDI cell. Briefly, 1.8 g of activated carbon
and 18 mL of ammonium hydroxide (29 %) were loaded into a ball
milling jar, sealed, and fixed onto a planetary ball mill. The mixture was
milled at a speed of 300 rpm for 12 h, with the rotation direction
changed every 3 h. Subsequently, the product was washed with deion-
ized water using a vacuum filtration setup, and the solid residue on the
filter was dried in an oven at 80 °C for 48 h. After cooling down to room
temperature, the obtained NAC powder was collected and stored in a
glass desiccate for further use.

2.3. Materials characterization and electrochemical measurements

The crystal phases of all samples were analyzed by X-ray diffraction
(XRD) using a Shimadzu XRD-6100 X-ray diffractometer with Cu-Ka
radiation at a tube voltage of 40 kV and a tube current of 30 mA. The
microscopic morphology was recorded on a Gemini 300 field emission
scanning electron microscope (ZEISS, Germany). Fourier transform
infrared (FTIR) spectroscopy was performed on a Nicolet iS5 infrared
spectrometer (Thermo Fisher, USA) using the KBr pellet method. X-ray
photoelectron spectroscopic (XPS) data were obtained with an electron
spectrometer (UIVAC-PHI, Japan) using 300 W Al Ka radiation, with the
adventitious carbon species C 1 s (284.8 eV) for binding energy (BE)
correction. The O 1 s regional peak can be deconvoluted into three
components: the lattice oxygen (Op) at 529.0-530.5 eV, the oxygen
vacancy (Oy) at 530.5-531.7 eV, and the surface adsorbed oxygen/
species (Og) at 531.8-532.8 eV. The relative Oy concentration ([Ov])
was then estimated from the peak area ratio of Oy/(Oy, + Oy) [49]. X-
band Electron Paramagnetic Resonance (EPR) spectra were recorded by
a Bruker EMX spectrometer (ESR 5000).

2.4. Electrochemical measurements

All electrochemical measurements were carried out in 1.0 M NaCl
solution with a three-electrode system (platinum foil as counter elec-
trode, Ag/AgCl as reference electrode, and titanium (sub)oxides as
working electrode) on a CS310H electrochemical workstation (Correst
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Instruments Inc., China) at ambient temperature [50]. The working
electrodes were prepared by combining titanium (sub)oxides, carbon
black, and polyvinylidene fluoride (PVDF) in a mass ratio of 8:1:1. The
mixture was then dispersed and ground in an agate mortar using 1-
methyl-2-pyrrolidone as dispersant until a homogeneous slurry was
obtained. The slurry was sequentially applied onto a clean graphite
paper (1 cm x 1 cm), which was dried in a vacuum at 80 °C for 2 h, and
then used as the working electrode. Cyclic voltammetry (CV) was per-
formed at a scan rate of 5-100 mV s~ '. Galvanostatic charge-discharge
(GCD) analysis was conducted at a current density of 0.3-2 A g1,
Electrochemical impedance spectroscopy (EIS) measurement was
examined at a frequency of 107°-0.01 Hz, and the applied bias voltage
and ac amplitude were set at open-circuit potential and 5 mV, respec-
tively. The specific gravimetric capacitance of the electrode was calcu-
lated by Eq. (1),
Ix At

C; = 1
T mx AV M

where C; is the specific capacitance determined by GCD discharge
curves (F g~ 1), m stands for the mass of the active materials in the
electrode (g), I refers to the discharge current (A), At is the discharge
time (s), and AV represents the potential window of the discharge (V).

2.5. Capacitive deionization test

Following the same protocol described earlier [12], the electrodes
(30 mg in mass, ~ 30 pm in thickness, 8:1:1 of titanium (sub)oxides:
carbon black: PVDF) for CDI tests were prepared on a 5 cm x 5 cm
graphite paper [51] and then assembled into a homemade HCDI cell
(Fig. S1, Supplementary data). The CDI tests were performed in batch
mode under constant voltage conditions with a total volume of feed
solution of 30 mL. By convention, voltages of 0.8-1.2 V and feed solu-
tions of 100-500 ppm NaCl solutions were used to examine the effects of

#—>b TiO,(A)
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cell voltage and feed solution concentration on the CDI performance,
respectively. The salt adsorption capacity (SAC, I') of the electrode was
determined using Eq. (2),

(Co—Ce)V
m

r= 2)
where Cy and C. are the initial and the final concentration of the feed
solution (mg L’l), respectively, V is the solution volume (mL), and m
refers to the mass of the active electrode material on one side (g).

The charge efficiency (A, %) was calculated according to Eq. (3),

_ SACxF

A= 70
Mx >

3

where F is the Faraday constant (96,485 C mol 1), X refers to the total
charge associated with the integrated corresponding current (C g™ 1),
and M (g mol 1) is the molar weight of the target ion.

3. Results and discussions
3.1. Physicochemical characteristics of the titanium (sub)oxides

The titanium (sub)oxides examined in this study exhibit a well-
defined progression in crystal structure and stoichiometry (Fig. 1a),
directly corresponding to their theoretical oxygen vacancy (O,) con-
centrations. Specifically, TiO2(A) possesses a body-centered tetragonal
structure (I41/amd), serving as the reference point with a theoretical Oy,
concentration of zero per Ti atom [46]. In contrast, the suboxides Ti-O3
(rhombohedral, R-3c¢), TizOs (monoclinic, C2/m), and Ti«O-—the latter a
member of the Magnéli phases (TinOzn-1) with a triclinic I-1 space
group—demonstrate increasing structural complexity and theoretically
possess 0.5, 0.333, and 0.25 oxygen vacancies per Ti atom, respectively,
relative to the TiO: lattice (Text S1, Supplementary data) [52]. XRD
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Fig. 1. (a) Crystal structures, (b) XRD patterns, (c¢) FTIR, and (d-e) XPS spectra of O 1 s (d) and Ti 2p (e) regions of the titanium (sub)oxides. Note the relative
concentration of oxygen vacancies ([Oy]) calculated from the ratio of Oy/(Oy + Oy) is given for each sample in panel d.
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analysis confirms the high phase-purity and crystallinity of these ma-
terials, as the major reflections for anatase TiO2(A) at 25.3° (101), 37.8°
(004), and 48.0° (200), among others, align perfectly with the standard
JCPDS card #21-1272 (Fig. 1b). Similarly, the sharp, well-defined
diffraction patterns for Ti-Os, TisOs, and Ti«O- display no evidence of
interfering phases and match their respective JCPDS standards
(#43-1033, #11-0127, and #50-0787), confirming monophasic com-
positions with distinct crystal structures [53,54].

Complementary spectroscopic techniques provide direct evidence of
the surface chemistry and electronic states derived from these oxygen
deficiencies, with XPS offering particularly profound insights into the
quantitative and qualitative nature of these defects [46]. FTIR spec-
troscopy reveals not only the expected Ti—O stretching vibrations
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between 500 and 700 cm ™! and hydroxyl group signals from adsorbed
water (3430 and 1630 cm™ 1) [55], but also prominent symmetric (v1,
1072 em™!) and asymmetric (vs, 1398 em™)) vibrations attributable to
surface carbonate species (Fig. 1c¢) [56]. The presence of these C—O
groups is a direct consequence of the high concentration of Oy, which
generates highly reactive surface sites that readily chemisorb and
transform atmospheric CO2, thereby passivating the surface and forming
stable carbonaceous deposits [57]. This interpretation is further sup-
ported by XPS spectroscopy (Figs. 1d-e and S2a,b). Specifically, the
deconvolution of the O 1 s regional spectra reveals a nuanced picture of
the surface oxygen chemistry. The O 1 s spectra were deconvoluted into
three components: the lattice oxygen (Or) at ~529.6 €V, the oxygen
vacancy (Oy) at ~530.9 eV, and the surface adsorbed oxygen species

e

Fig. 2. SEM images of titanium (sub)oxides at varying magnification levels: (a1, az) TiO2(A), (b1, b2) Ti20s, (c1, ¢2) TisOs, and (d1, d2) Ti4Ox.
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(Og) at ~532.5 eV (Fig. 1d). The relative concentration of oxygen va-
cancies ([Ov]) was estimated from the peak area ratio of Oy/(Oy, + Oy)
[49,58]. The measured [Ov] concentrations of 0.18, 0.12, 0.23, and 0.13
for TiO2(A), Ti20s, TisOs, and TiaO+, respectively (Fig. 1d), present a
fascinating deviation from the theoretical bulk values. The presence of a
measurable Oy signal (0.18) in nominally stoichiometric TiO2(A) is
indicative of inherent surface defects and underscores the sensitivity of
XPS to surface, rather than bulk composition. Complementary EPR
spectra also confirmed these intrinsic Oy species associated with anatase
Ti®* interstitials (g1 = 1.999, g, = 1.99, g = 1.965 and g» = 1.934,
Fig. S2c¢) [59]. The unexpectedly low value for Ti-Os (0.12 vs. 0.5
theoretical) suggests a surface passivation effect, where the highly
reduced Ti®* sites at the surface are readily oxidized by ambient air,
effectively reducing the detectable Oy population and forming a thin,
TiOz-like overlayer [46]. Conversely, the significantly higher Oy con-
centration in TisOs (0.23) highlights its structurally stabilized, high-
density defect nature, which appears robust even at the surface [47].
This quantitative analysis is unequivocally corroborated by the chemical
state information derived from the Ti 2p regional spectra. Specifically,
deconvolution of the Ti 2p XPS spectra confirms the expected oxidation
states: Ti*" dominates in TiO2(A) as evidenced by the AE of 5.7 eV, T3+
in Ti0s with AE of 5.9 eV, and a mixed Ti>*/Ti*" state in both TisOs and
TisO7 (Fig. 1e). The consistency between the O 1 s and Ti 2p spectral data
unequivocally signifies the presence of oxygen vacancies across all the
titanium (sub)oxides, linking their crystallographic structure directly to
their surface reactivity and electronic properties [52,60].

Fig. 2 presents the morphologies of the titanium (sub)oxides. TiO2(A)
sample exhibits a semi-spherical cluster structure with uniformly
distributed fine particles (Fig. 2a). Its hierarchical structure is evident by
the inter-particle connections of TiOz nanoparticles with rough surfaces,
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which is beneficial for facilitating interfacial electron and ion transport
and thereby improving the electrochemical performance. The suboxide
Ti20s is featured by micro-sized particles with sharp edges (Fig. 2b),
signifying its high crystallinity and integrity. This is in good agreement
with the XRD data (Fig. 1b). Likewise, TisOs appears as irregular parti-
cles of diverse distribution (Fig. 2c); the tight inter-particle bonding may
contribute to enhanced electrical conductivity and structural stability.
Similarly, the Magnéli phase Ti«O; dominates a mixture of irregular
particles with well-defined edges and smooth surfaces (Fig. 2d),
implying its high crystallinity (Fig. 1b). In addition, the morphological
features of these titanium (sub)oxides are in good consistency with
earlier reports [47,61], confirming their phase purity as examined by
XRD.

3.2. Electrochemical properties of electrodes

The electrochemical properties of these titanium (sub)oxide
(TiO2(A), Ti20s, TisOs, and TisO7) electrodes were comprehensively
evaluated by CV, GCD, and EIS with a three-electrode system in 1.0 M
NaCl solution. Fig. 3a presents the CV curves of these titanium (sub)
oxide electrodes measured at a scan rate of 5 mV s~ '. Generally, an ideal
rectangular CV curve indicates that the electrode material exhibits pure
electric double-layer capacitance (EDL) behavior, while quasi-
rectangular curves or pronounced redox peaks reflect pseudocapaci-
tive effects [7,19,23]. Mixed-type curves demonstrate that the material
possesses both EDL and pseudocapacitive characteristics [17,26]. The
CV curves in Fig. 3a demonstrate synergistic EDL and pseudocapacitive
behavior across all titanium (sub)oxide electrodes. This synergy results
from their inherent electrochemical activity and surface characteristics

[53,61]. Specifically, the pseudocapacitive contribution involves
a b c
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Fig. 3. Electrochemical characterizations of titanium (sub)oxide electrodes in 1.0 M NacCl solution: (a) CV curves at 5 mV s~L (b) capacitive- and diffusion-controlled
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frequency of 10-5-0.01 Hz and an ac amplitude of 5 mV, inset on the bottom right is the equivalent circuit.
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reversible Nat insertion/extraction and concurrent Ti*'/Ti®* redox
reactions (Figs. 3a, S3) [17,36]. Notably, the anatase TiO2(A) electrode
shows the largest integration area under the CV curve (Fig. 3a), denoting
the highest specific capacitance (Cs) and ion storage capacity among the
tested electrodes [14]. Furthermore, all titanium (sub)oxide electrodes
demonstrate excellent reversibility (0-1.0 V) with minimal current drift,
confirming stable structures and cycling stability [36].

To further understand the capacitive and ion diffusion behaviors of
the titanium (sub)oxide electrodes, we calculated the non-diffusion
(capacitive) and diffusion-controlled contribution (Text S2) based on
their voltammetric scan rate dependence (Fig. S3). For instance, anatase
TiO2(A) shows diffusion-dominated charge storage (95.9 %) at 5 mV s’l,
with capacitive contribution at 4.1 % (Fig. 3b). Increasing the scan rate
up to 100 mV s~ significantly enhances capacitive contribution to 15.7
% (Fig. 3c). This performance stems from its efficient charge transport
and rapid Na™ diffusion, facilitated by its open crystal structure and
abundant oxygen vacancies [47]. While other titanium (sub)oxides
show analogous trends, their capacitive contributions increase less
markedly (Figs. S3-S6) and remain predominantly diffusion-controlled.
The overall capacitive enhancement at higher scan rates across all ma-
terials is attributed to kinetic limitations in Na* diffusion or intercala-
tion [26].

GCD curves (Fig. 3d) reveal asymmetric charge-discharge profiles for
all titanium (sub)oxide electrodes at 0.5 A g’l, deviating from ideal
triangular symmetry. This observation indicates pseudocapacitive re-
actions and Faradaic charge storage behavior beyond EDL mechanisms
[17,26], aligning with CV observations (Fig. 3a) and confirming
reversible Ti**/Ti** redox in all electrodes. Notably, anatase TiO2(A)
shows the longest discharge plateau among all electrodes (Figs. S8a-d),
suggesting enhanced charge storage capability and electrochemical
performance — corroborating with its CV data (Fig. 3a). Note that the Cs
values of titanium (sub)oxide electrodes, derived from GCD discharge
curves (beyond iR drop, eq. 1), declines with increasing current density
(0.3-2.0 A g_l) (Fig. 3e). Anatase TiO2(A) achieves the highest Cs
(252.5 F g~ at 0.3 A g 1), outperforming Tiz0s (145.9 F g™1), TisOs
(178.1 F g’l), and TisO7 (138.0 F g’l) (Table S1). This superior ion
storage stems from pseudocapacitive effects inherent to its structure,
amplified by its finer grain composition and optimized interfacial ion
channels (Fig. 2a) [62]. Additionally, the anatase TiO2(A) also maintains
robust rate performance with minimal capacitance fade at high currents,
alongside a significantly reduced iR drop (Fig. S8e), indicative of low
charge-transfer resistance. These results confirm anatase TiO2(A) as the
superior electrode for high-performance ion storage compared to other
titanium suboxide electrodes.

Nyquist plots (Fig. 3f) reveal a small semicircle in the high-frequency
region and a steep Warburg tail in low/medium frequencies for all
electrodes. The semicircle diameter corresponds to charge-transfer
resistance (R.) at the electrode/electrolyte interface. Fitting data to
the equivalent circuit (inset, Fig. 3f) yields comparable R values of 2.2
Q (TiO2(A)), 2.49 Q (Ti20s), 2.09 Q (TisOs), and 2.46 Q (TisO7)
(Table S1). The TisOs electrode exhibits the smallest semicircle (Re =
2.09 Q), indicating superior electron transfer. Warburg impedance
(Z,)—derived from the mid-to-low-frequency slope—follows the trend:
Ti4O7 ~ Ti203 < TiO2(A) ~ TisOs (Table S1), confirming Ti«O-’s fastest
interfacial ion migration [39,40]. Notably, the TisOs electrode exhibits
exceptional electron transfer and interfacial ion transport performance
rivaling Ti«Os. This superiority arises from its Magnéli phase architec-
ture and high Oy concentration ([Oy] = 0.23, Fig. 1d), which syner-
gistically boost electronic conductivity and facilitate rapid ion diffusion
via oxygen vacancy pathways [62]. Recall that the anatase TiOz(A)
demonstrates the maximum ion storage capacity (Fig. 3a, e) and
intrinsic oxygen vacancy ([Oy] = 0.13, Fig. 1d). These results collec-
tively establish anatase TiO2(A) as the optimal electrode for superior
electrochemical performance and ion storage.
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3.3. Performance of capacitive deionization

Initially, the desalination performance of all these titanium (sub)
oxide electrodes was tested in a 100 mg L™ of NaCl solution under a
constant voltage of 1.2 V on an HCDI platform employing titanium (sub)
oxide and NAC as the electrode pair (e.g., TiO2(A)//NAC). Typically, the
conductivity vs. time curves show two distinct stages (Fig. 4a): the
charging stage where Na™ ions are intercalated into the titanium (sub)
oxide electrodes driven by the electric field and the conductivity of so-
lution gradually decreases (yellow shaded area); and the discharging
stage where Na™' ions desert from the electrodes, and the conductivity
gradually reclaims (cyan shaded area), both stages together constitute a
complete adsorption-desorption cycle [7,8]. For instance, the TiO2(A)
electrode demonstrates sharp conductivity decreases in the charging
stage and rapid recovery upon discharging (Fig. 4a), indicating efficient
Na' capture and release. This behavior stems from its open, and regular
[TiOs] octahedral structure with oxygen vacancies (Fig. 1a) [46,63],
which forms unique ion diffusion channels enabling facile Na' (de)
intercalation. Concurrently, synergistic electronic-ionic transport facil-
itates rapid charge transfer, allowing swift Na™ (de)intercalation. These
observations align with the CV and GCD results (Fig. 3a, d). Ti«O7 and
TisOs show comparable conductivity trends due to their Magnéli phase
nature—characterized by abundant oxygen vacancies and metallic
conductivity [53]. However, their compact crystal structures and
limited Na™ intercalation sites [52,61] restrict storage capacity, result-
ing in inferior performance versus TiO2(A). Ti2Os’s denser structure and
lower porosity severely impede Na™ diffusion, compounded by weak
electronic conductivity [53], leading to slow conductivity changes and
poor desalination (Fig. 4a). Quantitatively, TiO2(A) achieves the highest
I (17.2mg g ' in 100 mg L ! of NaCl solution, at 1.2 V), outperforming
TisOr (16.6 mg g~1), TisOs (16.4 mg g~ 1), and Ti-0s (11.2 mg g™ })
(Fig. S9a).

As anticipated, the corresponding charging current decreases uni-
formly across all electrodes (Fig. 4b), with charge efficiencies (A)
ranking as follows: TiO2(A) (0.49) > TisO7 (0.33) ~ Ti30s (0.31) > Ti=03
(0.26). The TiO2(A) electrode achieves the highest A, attributable to its
open crystal structure and synergistic ion-electron transport mediated
by Oy [62,63]. Notably, the non-composite TiO2(A) electrode demon-
strates a much lower A compared with other TiOy/carbon composite
electrodes, primarily due to its intrinsic semiconductor nature [33].
Conversely, the minimal A value of Tiz0s is severely constrained by its
dense lattice and poor electronic conductivity [53]. Though TizOs and
Ti4O7 exhibit high adsorption rates, their lower A (vs. TiO2(A)) stems
from structural and interfacial limitations (e.g., denser structure with
fewer, more constrained cavities for accommodating Na® [53] and
larger particle sizes and agglomeration in relative to TiO2(A), Fig. 2).
Kim-Yoon analysis (SAR vs. I', Fig. 4c) further clarifies performance
trade-offs: TisOs and TisO outperform at low-to-medium I' (1-10 mg
g™, leveraging oxygen vacancies for rapid Na* diffusion and uptake.
Yet their adsorption capacity plateaus at higher loadings, unlike
TiO2(A)—whose open crystal structure and larger theoretical capacity
enable sustained, high-efficiency operation across all I' ranges.

To assess the desalination performance of titanium (sub)oxide elec-
trodes under varying conditions, we investigated the effects of cell
voltage (0.8-1.2 V in 100 mg L™! NaCl) and feed salt concentration
(100-500 ppm at 1.2 V). Experimental results reveal a strong positive
correlation between voltage and desalination performance across all
electrodes (Figs. 4d-e, S10a-c); higher voltages (<1.2 V) consistently
boost desalination capacity. Notably, capacity declined reversibly when
voltage decreased from 1.2 to 0.8 V but fully recovered upon restoration
to 1.2 V (Fig. 4d). This voltage-driven enhancement stems from
increased electric field strength at the electrode-electrolyte interface,
which accelerates Na™ migration and adsorption kinetics [12]. Addi-
tionally, higher voltages improve active site utilization and ion acces-
sibility, enhancing migration efficiency to achieve higher capacity and
faster cycling response [50,64]. Note that elevated NaCl concentrations
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Fig. 4. Electrochemical desalination performance of the titanium (sub)oxide electrodes. (a) Conductivity profiles, and (b) the corresponding current density and
charge efficiency (A) during the third HCDI cycle in 100 mg L ! NaClat 1.2 V; (c) Kim-Yoon analysis based on the data of panel a (100 mg L! NacCl, 1.2 V); (d)
voltage-dependent conductivity profiles and adsorption capacity of the TiOz(A) electrode in 100 mg L™ NaCl; (e) concentration-dependent conductivity profiles of
the TiO2(A) electrode, and (f) concentration-dependent adsorption capacity (I') for these electrodes at 1.2 V.

significantly enhance charge-discharge kinetics (Figs. 4b, S10d-f),
facilitating faster system equilibrium. Concurrently, the I values of
the TiO2(A) electrode exhibit strong concentration dependence (Fig. 4e),
reaching 37.1 mg g~ in 500 mg L~ of NaCl solution, versus 24.8 mg g ~*
(in 200 mg L™ and 17.2 mg g~* (in 100 mg L™1). All electrodes follow
this trend (Fig. 4f), confirming a shared mechanism—electrostatic
accumulation amplified by high ionic strength consistent with the
capacitance analysis (Fig. 3c). Further, the titanium (sub)oxide elec-
trodes demonstrate I' values comparable to the state-of-the-art Ti-based
electrodes applied to CDI (Table S2, Fig. S9b), underscoring the
structure-driven  desalination performance. Nonetheless, further
rational optimization of these electrodes would be necessary for prac-
tical applications.

3.4. Recycling performance and potential mechanism

The durability of electrodes during repeated cycling plays a key role
in shaping the potential applications of the materials. To assess the long-
term stability of these titanium (sub)oxide electrodes used in HCDI,
continuous charge-discharge cycling tests were conducted at 1.2 V in a
500 mg L' NaCl solution for a total of 40 cycles. As shown in Fig. S11,
both the solution conductivity and the corresponding I" curves exhibit a
decreasing trend with increasing cycle numbers. This phenomenon in-
dicates that the titanium (sub)oxide electrodes experience a certain
degree of performance degradation over cycling. Specifically, the
TiO2(A) electrode exhibits the highest initial I of approximately 38.5
mg g~ ! (Fig. 5a-b), which decreases gradually with cycle number and
drops to 35.2 mg g~ ! on the 40th cycle, achieving a I retention of 91.3 %
and demonstrating excellent cycling stability. In contrast, the Ti2Os
electrode shows an initial I" of ~20.8 mg g~ ! with a I retention of 85.2
% (Fig. 5b). In parallel, TisOs and Ti«O- demonstrate increasing initial
and final I' values after 40 consecutive cycling relative to the Ti2Os
electrode. The I retention follows the order TiO2(A) (91.3 %) > TisO~
(89.1 %) > Ti20s (85.2 %) > TisOs (83.8 %), signifying the high

recycling performance of all these titanium (sub)oxide electrodes.

Post-cycling structural characterizations (XRD, FTIR, EPR, and XPS)
were used to elaborate the structure-performance relationship of these
electrodes (Figs. 5c-f, S2d, S12-S14). For instance, the TiO2(A) experi-
ences clear structural degradation upon cycling as evidenced by the
decline in XRD peak intensity, XPS peak intensity and the weakening of
FTIR band (Ti—O) at 550-680 cm ™! (Figs. 5c¢-f, §12), which is believed
to account for the loss of desalination capacity over cycling [28,29,36].
Notably, the loss of lattice oxygen is significant along with an increase in
Oy (highlighted by the light-yellow shaded region) upon cycling, leading
to increasing [Oy] from 0.18 up to 0.84 (Fig. 5e), which has also been
verified by the EPR spectroscopy (Fig. S2d). One plausible mechanism
for this observation is that while an appropriate Ov concentration is
beneficial to desalination performance during the initial cycling stages,
excessive cycling likely causes Ov to accumulate beyond a critical
threshold, leading to irreversible structural damage. Concurrently, the
Ti 2p splitting peaks showed a significant decrease in intensity and
shifted toward higher energies due to irreversible surface oxidation after
cycling, indicative of progressive corrosion and degradation of TiOz(A).
Specifically, cycling generates Ti>" defects and oxygen vacancies,
which, upon (incomplete) re-oxidation, lead to a more oxidized surface
Ti environment than the original state, and thus a positive Ti 2p shift
[65]. Similar phenomena recurred on both the TisOs and TisO- elec-
trodes (Figs. S13, S14), indicating that they also suffered identical and
irreversible structural degradation during cycling.

To ascertain the ‘structure-performance’ relationship, we have
calculated the charge transfer rate constants (ks, Table S1) and corre-
lated them with their [Oy] values, Cs, and I' (Fig. 6a-b). The ks values
show a well-defined positive dependence on [Oy], with a linear corre-
lation coefficient (R?) as high as 0.957 (Fig. 6a), implying an Oy-driven
charge transfer mechanism inside the electrodes (Fig. 6¢) [62,63]. In
general, C; and I' exhibit a positive correlation (a high C;leads to a high
IN), indicating that the electrode’s charge storage capacity directly
contributes to desalination performance [14,22]. Interestingly, this rule
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labeled with PVDF stems from the additive in the electrode preparation.

does not apply to these defect-rich titanium (sub)oxides (cf. Figs. 3e, 6b).
This is likely attributed to both the crystallographic and the geometric
properties of these (sub)oxides. Specifically, the larger particle sizes and
agglomeration observed in these suboxides may pose ion/charge diffu-
sion limitations compared with TiO2(A) (Fig. 2b-d). Besides, the denser,
shear-plane-dominated frameworks of Magnéli phases (including TisOs
and TisO-) offer a limited interstitial volume for Na* than the more open,
structurally flexible TiO2(A) framework [66,67]. Concurrently, a higher
ks does not guarantee a higher I' (Fig. 6b), but lower ks and lower Cg
jointly lead to lower desalination capacity (i.e., Ti=Os). Essentially, other
parameters, including crystal phase, particle size, pore geometry, con-
ductivity, and rate capability, also play a critical role in determining the
desalination performance [53,68,69]. For instance, TiO2(A) exhibits
faster charge/discharge rates and greater charge storage capacity

through a pseudocapacitive mechanism when reduced to the nanoscale
[68], exemplifying the nanoscale effect of the defect-rich titanium (sub)
oxides in electrochemical energy storage and desalination. Recall that
among the titanium (sub)oxides studied here, TiO2(A) shows the
smallest particle size (Fig. 2), which further offers charge storage and
kinetics benefits relative to other titanium suboxides.

A recent theoretical study also showed that abundant Oy can effec-
tively lower the adsorption energy barrier of Na* ions onto TiO5 and is
likely to provide more active sites, thereby enhancing Na*t ion adsorp-
tion [33]. Nevertheless, future works are needed for correlating other
parameters with desalination capacities and exploring the mechanism
theoretically based on density function theory (DFT) calculations of Na™
adsorption energies and diffusion pathways on surfaces with controlled
Oy concentrations on a single phase, providing fundamental insights
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into the ‘structure-performance’ relationship and the mechanisms for
enhanced Na* capture. Collectively, the TiOz(A) electrode demonstrates
the superior desalination performance, which is probably attributed to
its smaller particle size, higher specific capacitance, and a faster charge
transfer rate driven by the oxygen vacancies.

4. Conclusions

This study systematically investigates the electrochemical properties
and desalination performance of four titanium (sub)oxides (anatase
TiO2(A), Ti20s, TisOs, TiaO-) in a hybrid capacitive deionization (HCDI)
system. Electrochemical characterization (CV, GCD, EIS) reveals TiO2(A)
achieves the highest specific capacitance (252.5 F g% at 0.3 A g™ ).
TisOs, featuring the highest oxygen vacancies, exhibits the lowest charge
transfer resistance and fastest interfacial ion kinetics among these tita-
nium (sub)oxides. Desalination tests demonstrate TiO2(A) attains a
maximum salt adsorption capacity of 37.1 mg g~ ! in 500 mg L ™! NaCl at
1.2 V, outperforming other oxides due to its open [TiOs] octahedral
framework and superior synergistic electron/ion transport synergy.
TiO2(A) also maintains robust performance across varying voltages and
salt concentrations, coupled with optimal cycling stability attributed to
its fine particle size, high capacitance, and fast charge transfer driven by
abundant oxygen vacancies. While Ti«Or shows moderately lower per-
formance than TiO2(A), it significantly surpasses Ti=0s and TisOs,

indicating good potential. Correlation analysis reveals an oxygen
vacancy-driven charge transfer mechanism within these electrodes and
dictates future investigations for elucidating the roles of other parame-
ters and theoretical insights into the Na* capture mechanism. Collec-
tively, defect-rich titanium (sub)oxides are promising HCDI electrode
materials. This work elucidates structure-performance relationships in
desalination and exemplifies an optimization strategy for oxygen
vacancy-engineered electrodes, advancing electrochemical desalination
technology.
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