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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• Yolk-shell HTO/carbon electrodes boost 
CDI performance with enhanced charge 
transfer.

• ys-HTO@C achieves 53.1 mg/g Na⁺ 
adsorption and 70.5 % cycling stability.

• HTO/carbon electrodes show Li⁺ pref
erence, with a 60.7 Li⁺/Na⁺ separation 
factor.

• Capacity fading linked to carbon oxida
tion and HTO degradation.

• Yolk-shell construction offers potential 
for better desalination and Li⁺ 
extraction.
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A B S T R A C T

Capacitive deionization (CDI) is a highly efficient approach for sustainable water desalination and ion-selective 
separation from complex brines. Layered metatitanic acid (H₂TiO₃, HTO) is a promising platform for electro
chemical separation of monovalent ions due to its unique structural properties, but it faces lower conductivity 
when applied solely to CDI. Coupling HTO with carbon offers a valid strategy to address its charge transfer 
limitation and thereby enhance the CDI performance. Herein, we report a yolk-shell structured HTO/carbon 
electrode (denoted as ys-HTO@C) based on a stepwise nanoscale architectonic strategy that demonstrates su
perior charge transfer and storage properties and, therefore, better CDI performance relative to its core-shell 
structured and bulk counterparts (denoted as cs-HTO@C and HTO, respectively). Electrochemical desalination 
reveals that ys-HTO@C electrode has a Na⁺ adsorption capacity of 53.1 mg g− 1 in 500 mg L− 1 of NaCl solution at 
1.2 V, a charge efficiency of 0.68, and moderate cycling stability (70.5 % of capacity retention over 40 cycles) 
due to its unique void space inside. Structural analyses indicate that capacity fading during cycling is primarily 
attributed to carbon oxidation and HTO degradation over time. Additionally, lithium extractions in synthetic and 
actual brines show that the HTO/carbon electrodes exhibit preferential capture of Li⁺ over Na⁺, Ca²⁺, Mg²⁺, and 
Pb²⁺ ions, with a separation factor of Li⁺/Na⁺ up to 60.7 for the ys-HTO@C electrodes in natural brine from East 
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Taijinaier Salt Lake. It was observed that Li⁺ selectivity is concentration-dependent and likely driven by both the 
HTO’s intrinsic Li⁺ preference and the ion’s properties. The findings underscore the potential of the yolk-shell 
construction strategy for preparing novel and highly efficient electrodes for electrochemical desalination and 
selective Li⁺ extraction from complex brines.

1. Introduction

Water scarcity has emerged as one of the most pressing global 
challenges of the 21st century, threatening the health, economic sta
bility, and sustainable development of societies worldwide (Elimelech 
and Phillip, 2011). According to the United Nations, over 2.2 billion 
people currently lack access to safely managed drinking water services, 
and this number is projected to increase with the rapid growth of pop
ulation, urbanization, and industrialization. Conventional desalination 
technologies, such as reverse osmosis (RO) and thermal distillation, 
have been widely adopted to mitigate freshwater shortages. However, 
these methods suffer from high energy consumption (e.g., ~ 4 kWh m− 3 

of energy is required for 1 m3 of produced water in the state-of-the-art 
seawater RO plants), significant operational costs, and environmental 
concerns related to brine disposal (Elimelech and Phillip, 2011; Suss 
et al., 2015). As global demand for freshwater accelerates, there is an 
urgent need for innovative, sustainable, and efficient desalination 
technologies capable of mitigating water scarcity. Alternatively, elec
trochemical desalination has emerged as a promising solution due to its 
energy efficiency, scalability, and potential for integration with renew
able energy sources (Wang et al., 2019a). Among various electro
chemical techniques, capacitive deionization (CDI) stands out for its low 
energy demand, environmental friendliness, and ability to operate 
under mild conditions (Guo et al., 2024; Liu et al., 2024; Oren, 2008). 
CDI relies on the electrosorption of ions onto porous electrodes, offering 
a sustainable pathway for brackish water desalination and selective ion 
removal (Oren, 2008; Porada et al., 2013; Suss et al., 2015). Beyond 
freshwater production, CDI also offers unique opportunities for the re
covery of critical metals from brine streams, such as lithium (Li⁺) (Kong 
et al., 2025; Shang et al., 2022; Yu et al., 2025; Zhou et al., 2025), which 
has become an essential element for next-generation batteries and 
renewable energy storage systems (Gamaethiralalage et al., 2021; 
Mousset et al., 2023; Srimuk et al., 2020). Despite these advantages, the 
performance of CDI systems heavily depends on the electrode materials, 
necessitating the development of advanced electrode architectures with 
high capacitance, excellent conductivity, and long-term stability 
(Srimuk et al., 2020).

Generally, CDI operates on the principle of electrostatic ion 
adsorption when an electric field is applied between two oppositely 
charged electrodes, typically made of porous carbon materials (Oren, 
2008; Porada et al., 2012). However, carbon-based electrodes often 
suffer from poor selectivity, co-ion expulsion, and oxidation-induced 
degradation, limiting their practical applicability (Gao et al., 2015; Jin 
et al., 2020; Srimuk et al., 2017). To tackle these challenges, Faradaic 
electrode materials, particularly metal (hydr)oxides, have been explored 
due to their redox-active properties and ion-intercalation mechanisms 
(Srimuk et al., 2020). Of these, titanium-based materials, such as layered 
metatitanic acid (H₂TiO₃, HTO), have gained considerable attention 
owing to their unique properties, including low toxicity, layered struc
ture, exchangeable protons, and tunable electrochemical properties 
(Chitrakar et al., 2014; Li et al., 2023; Ren et al., 2025; Sun et al., 2023; 
Wei et al., 2020; Xu et al., 2025; Yu et al., 2025; Zhang et al., 2023a). For 
instance, HTO-based electrodes have demonstrated remarkable sodium 
(Na⁺) and Li⁺ adsorption capacities due to their layered structure, which 
facilitates efficient ion insertion/extraction (Marthi et al., 2021; Zhai 
et al., 2019). Recent studies have further highlighted the potential of 
HTO in CDI systems (Orooji et al., 2022; Yang et al., 2024; Yu et al., 
2025), where its synergistic combination with carbon materials en
hances charge transfer kinetics while maintaining structural integrity 

(Zhang et al., 2023b). Despite these advances, the practical deployment 
of HTO electrodes is still limited by poor capacity and slow kinetics (Sun 
et al., 2024), calling for innovative structural engineering strategies to 
optimize their performance.

To improve the desalination performance of CDI electrodes, several 
strategies have been employed, including heteroatom doping, surface 
functionalization, and nanoscale architectonics (Bao et al., 2023; Ma 
et al., 2025; Srimuk et al., 2020). Recently, rational design of nano
structured electrode architectures—such as core-shell, yolk-shell, and 
other hierarchical structures—has opened new avenues for optimizing 
electrochemical performance (Liu et al., 2023; Zhang et al., 2025). 
Core-shell and yolk-shell nanostructures have emerged as particularly 
promising due to their unique properties, such as high surface area, 
optimized mass transport, and alleviated volume expansion during ion 
intercalation (Liu et al., 2023). The yolk-shell configuration, charac
terized by a movable core within a hollow shell, offers distinct advan
tages, including buffered internal space for volume changes and 
shortened ion diffusion pathways (Liu et al., 2023; Zhang et al., 2025). 
To date, yolk-shell structured HTO electrodes and their potential in CDI 
remain underexplored, and the relationship between the yolk-shell 
structure and its electrochemical performance has yet to be explored. 
Given the inherent advantages of HTO and the structural benefits of 
yolk-shell designs, combining these aspects could significantly improve 
CDI performance, warranting systematic investigation.

This work aims to design and evaluate yolk-shell structured HTO/ 
carbon electrodes for high-performance CDI by systematically 
comparing their desalination efficiency with bulk and core-shell struc
tured HTO/carbon counterparts. Specifically, we prepared three distinct 
HTO morphologies—bulk, core-shell, and yolk-shell—through nano
scale architectonic processes. The yolk-shell HTO/carbon electrode is 
expected to exhibit superior desalination capacity, cycling stability, and 
capability retention due to its unique structure, which facilitates rapid 
ion diffusion and accommodates volume changes during cycling. 
Furthermore, given the intrinsic Li⁺ preference of HTO, we also evalu
ated the Li⁺ extraction performance of the HTO/carbon electrodes in 
synthetic and natural brines. This study provides fundamental insights 
into the structure-performance relationship of HTO-based CDI elec
trodes, guiding future material design for electrochemical desalination 
and Li⁺ extraction. Beyond CDI, the proposed yolk-shell construction 
strategy could be extended to other energy storage materials.

2. Experimental section

All chemicals are of analytical grade or above and used without 
further purification. Ultrapure deionized water (DI H2O, 18.2 MΩ⋅cm at 
25 ◦C) was used for preparing all solutions in this study.

2.1. Synthesis of yolk-shell structured ys-HTO@C

As depicted in Fig. 1a, the yolk-shell structured HTO/carbon was 
facilely prepared using a stepwise nanoscale architectonics procedure. 
Briefly, 5.0 g of TiO2 powder (≥99.0 %, Aladdin Chemical Inc.) and 
4.633 g of NaCl powder (99.5 %, Macklin Inc.) were placed in a mortar 
and milled manually for 30 min using a small amount of ethanol as the 
medium. Then, the obtained homogenous mixture was heated in a 
muffle furnace to 700 ◦C at a rate of 6 ◦C/min and maintained for 4 h to 
obtain Na3Ti0.25O2 (denoted as NTO). A certain amount of the as- 
prepared NTO was then transferred to a beaker with 100 mL of 0.2 
mol L− 1 HCl solution to achieve a solid-liquid ratio of 2 g L− 1, followed 
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by stirring continuously at 60 rpm in a water bath (ca. 60 ◦C) for 12 h to 
fully exchange sodium with hydrogen ions (H⁺). The precipitate was 
separated centrifugally, washed with excessive DI H2O and ethanol 
(EtOH), and dried at 60 ◦C in a vacuum oven overnight to obtain HTO.

Subsequently, 60 mg of the as-prepared HTO was added to a mixture 
of 140 mL of EtOH, 20 mL of DI H2O, and 6 mL of NH3⋅H2O (≥ 28 %, 
Aladdin Chemical Inc.), followed by magnetically stirring (60~80 rpm) 
at room temperature for 15 min. Then, 1 mL of tetrapropyl orthosilicate 
(TPOS, ≥ 97 %, Aladdin Chemical Inc.) was added and stirred for 15 min 
to coat the as-prepared HTO particulates with a SiO2 shell. Next, 0.2 g of 
C6H6O2 (≥99 %, Macklin Inc.) and 0.28 mL of CH2O (37–40 %, Sino
pharm Chemical Inc.) were added to the above suspension, following by 
gently stirring (60~80 rpm) at room temperature for 24 h to allow the 
condensation of resorcinol formaldehyde (RF) over the surface of SiO2- 
coated HTO, yielding the core-shell-shell structured composite. The 
composite was then separated by centrifugation, washed with excessive 
DI H2O and EtOH, and dried in a vacuum oven (ca. 60 ◦C) overnight 
(denoted by css-HTO/SiO2/RF).

Next, the obtained css-HTO/SiO2/RF was heated in a muffle furnace 
under a nitrogen (N2) atmosphere to 700 ◦C (2 ◦C/min) and maintained 
for 5 h to obtain the core-shell-shell structured composite (i.e., css-HTO/ 

SiO2/C). The as-prepared css-HTO/SiO2/C was chemically etched in a 4 
M NaOH solution (ca. 60 ◦C) for 4 h to remove the intercalated SiO2 
shell. Then, precipitate was collected centrifugally, washed repeatedly 
with DI H2O and EtOH, and dried overnight in a vacuum oven at 60 ◦C to 
obtain the yolk-shell structured HTO/carbon (denoted by ys-HTO@C). 
For comparison, core-shell structured HTO/carbon was also prepared 
(Text S1, Supporting Information).

2.2. Characterizations

The morphology, crystallography, surface functional groups, and 
elemental composition of the as-prepared HTO/carbon composites were 
examined comprehensively. Explicitly, the microscopic morphology of 
the as-prepared HTO/carbon composites was inspected on a ZEISS 
Gemini 300 field emission scanning electron microscope (SEM, ZEISS, 
Germany), along with a Philips TECNAI 12 transmission electron mi
croscope (TEM), respectively. The particle size was examined by Nano 
Measurer (ver. 1.2.0) based on SEM images. Energy dispersive X-ray 
spectroscopy (EDX) was employed to collect the elemental mapping data 
of the samples. X-ray diffraction (XRD) analysis was performed on an 
XRD-6100 diffractometer (XRD, Shimadzu, Japan) at a tube voltage of 

Fig. 1. (a) Schematic illustration of the preparation of ys-HTO@C; (b-d) SEM images of the as-prepared (b) HTO, (c) cs-HTO@C, and (d) ys-HTO@C; (e-g) TEM 
images of the as-prepared (e) HTO, (f) cs-HTO@C, and (g) ys-HTO@C; (h) SEM image and the corresponding EDX mapping of ys-HTO@C. Note in panel d, the white 
dotted circle verifies the yolk-shell structure, while the yellow arrows indicate the porous channels within the carbon shells.
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40 kV and a tube current of 30 mA with Cu-Kα radiation. X-ray photo
electron spectroscopy (XPS) was conducted on an electron spectrometer 
(UIVAC-PHI, Japan) using 300 W Al Kα radiation, with the adventitious 
carbon species C 1 s (284.8 eV) for binding energy (BE) correction. 
Fourier transform infrared (FTIR) spectrum measurement was carried 
out on an infrared spectrometer (Nicolet iS5, Thermo Fisher, USA) using 
the KBr method.

2.3. Electrochemical measurements

All electrochemical measurements were performed in a 1.0 M NaCl 
solution using a Correst CS310H electrochemical workstation (Correst 
Instruments Inc., China) with a three-electrode system: a platinum sheet 
electrode as the counter electrode, Ag/AgCl as the reference electrode, 
and the electrode containing HTO/carbon as the working electrode. The 
working electrode was prepared as follows: i) HTO/carbon, acetylene 
black (Alfa Aesar, China), and polyvinylidene fluoride (PVDF, Aladdin 
Chemical Inc.) were mixed in a mass ratio of 8:1:1; ii) the mixture was 
dispersed and milled manually with 1-methyl-2-pyrrolidone (NMP, 
≥99.5 %, Macklin Inc.) until a uniform slurry was obtained; iii) the 
slurry was then dropped onto a 1 cm × 1 cm clean graphite paper and 
dried at 80 ◦C in a vacuum oven for 2 h to obtain the working electrode. 
Cyclic voltammetry (CV) was performed at scan rates of 5, 10, 20, 50, 
and 100 mV s− 1 within a potential window of 0 to 1.0 V, galvanostatic 
charge-discharge (GCD) analysis was conducted at current densities of 
0.3, 0.4, 0.5, 1.0, 2.0, 3.0, 4.0, and 5.0 A g− 1, and electrochemical 
impedance spectroscopy (EIS) measurements were carried out in the 
frequency range of 105 to 0.01 Hz with a bias voltage and ac amplitude 
being set at open-circuit and 5 mV, respectively. The details of electro
chemical measurements are provided in Text S2.

2.4. Capacitive deionization experiments

The electrodes for CDI testing were prepared following the same 
protocol described in our earlier works (Bao et al., 2023; Zhang et al., 
2025). After preparation, the electrodes to be tested were assembled into 
the desalination cell (Fig. S1a, Supporting Information) and subse
quently mounted on the RCDI desalination platform (Fig. S1b). 
Following the same procedure described elsewhere (Zhang et al., 2025), 
the desalination test was performed in batch mode under a constant 
voltage, with short-circuiting as the desorption operation. Convention
ally, voltages of 0.6− 1.2 V and feed brines of 100− 500 ppm of NaCl 
were employed to evaluate the impacts of cell voltage and feed brines on 
the desalination performance, respectively, with the following metrics: 
salt adsorption capacity (Γ), salt adsorption rate (SAR), charge effi
ciency (Λ), cycling performance and energy consumption. More details 
on the desalination operations and calculations are given in Text S3. To 
examine the ion preference of these HTO/carbon electrodes toward 
specific ions, ion-selective adsorption tests were performed in both the 
synthetic brine (Li+:Na+:K+:Mg2+:Ca2+ = 4:79:16:18:5, molar ratio) 
and the diluted brine from the East Taijinaier Salt Lake (Table S1) 
following the same protocol described earlier (Bao et al., 2022). The 
operations of ion selectivity tests are detailed in Text S4.

3. Results and discussion

3.1. Characteristics of the as-prepared HTO/carbon materials

The morphological features of the HTO/carbon composites are 
depicted in Fig. 1b-h. The as-prepared HTO exhibits a near-oval 
morphology (Fig. 1b), consistent with previous reports on hydrated 
titanate nanostructures (Chitrakar et al., 2014; Wang et al., 2019a). 
However, upon coating with SiO₂ and/or carbon (Fig. 1a), the 
morphology transitioned into uniform spherical particles, as observed in 
both cs-HTO@C (Fig. 1c) and ys-HTO@C (Fig. 1d), with mean diameters 
of 150 and 168 nm, respectively. This morphological transformation 

may be attributed to a twofold mechanism: i) chemical 
etching-recrystallization during the SiO₂ coating process, which pro
motes structural rearrangement (Hagemans et al., 2017), and ii) 
conformal carbon deposition, which smoothens the surface and reduces 
anisotropic growth tendencies (Aramesh et al., 2017). The yolk-shell 
(ys-HTO@C) architecture is particularly evident in Fig. 1d, where a 
distinct contrast between the yolk and the hollow carbon shell is high
lighted by the dashed-line circle. This structural feature is advantageous 
for ion-storage applications, as the void space accommodates volume 
expansion during cycling, mitigating mechanical degradation (Liu et al., 
2023). TEM analysis (Fig. 1e-g) further confirms the morphology of 
these HTO/carbon observed in SEM (Fig. 1b-d), with ys-HTO@C dis
playing a well-defined carbon shell with a mean thickness of 22.7 ± 0.2 
nm (Figs. 1g, and S2a), ensuring structural integrity and enhanced 
electronic conductivity. Additionally, EDX elemental mapping (Fig. 1h) 
reveals a homogeneous distribution of C, O, and Ti, with carbon being 
the most abundant, as expected for the carbon-coated ys-HTO@C. The 
uniform dispersion of these elements supports the successful formation 
of a yolk-shell architecture, crucial for optimizing electrochemical 
performance.

Structurally, layered HTO crystallizes in a framework analogous to 
layered titanates, comprising edge- and corner-sharing TiO₆ octahedral 
layers intercalated with protons (H⁺), often as structural water or hy
droxyl groups (Fig. 2a). This structural arrangement facilitates cation 
exchange and intercalation, making HTO a promising candidate for 
energy storage and ion-exchange applications (Chitrakar et al., 2014; 
Zhang et al., 2023b). XRD analysis (Fig. 2b) confirms the successful 
synthesis of HTO, with patterns basically matching the standard Li₂TiO₃ 
phase (JCPDS #33–0831), indicating a crystallized structure (Chitrakar 
et al., 2014). The broad diffuse hump over a 2θ range of 15− 30 in the 
HTO (black curve) appears to be attributed to the amorphous phases. 
Notably, both cs-HTO@C and ys-HTO@C exhibit a broad diffuse hump 
spanning the 2θ range of 15–30◦, characteristic of amorphous carbon 
coatings, which is consistent with previous studies on 
carbon-encapsulated metal oxides (Liu et al., 2023, 2019). This amor
phous carbon phase contributes to enhanced electronic conductivity, a 
critical factor for electrode materials in batteries and supercapacitors. 
Further chemical bonding characteristics were probed using 
Fourier-transform infrared (FTIR) spectroscopy. The FTIR spectra 
(Fig. 2c) of pristine HTO are marked by typical stretching (3432 and 
3203 cm⁻¹) and bending (1624 and 1380 cm⁻¹) vibrations corresponding 
to –OH groups of water—either adsorbed or structural—as well as a 
dominant broad absorption in the 400–800 cm⁻¹ region assignable to 
Ti–O lattice vibrations (Chitrakar et al., 2014; Tian et al., 2023). Upon 
carbon encapsulation, the carbon-coated composites (cs-HTO@C and 
ys-HTO@C) exhibit additional IR bands at 1118 cm⁻¹ (C–O stretching), 
confirming the presence of carbonaceous functional groups (Smith, 
2022). The persistence of the Ti–O characteristic at 472 cm⁻¹ and 798 
cm⁻¹ (Ti–O–Ti bending) in the composites indicates retention of the HTO 
framework despite surface modification (Bandina et al., 2025). Notably, 
coating with carbon shell appears to slightly improve the hydrophilicity 
of the as-prepared HTO/carbon, as evidenced by the changes in the 
C––O (at 1720 cm⁻¹) stretches (inset in Fig. 2c), thereby favoring the 
initial ion adsorption kinetics. XPS analysis (Fig. 2d-f) further corrobo
rates the presence of C, O, and Ti within the composites, and critically, 
deconvolution of the Ti 2p spectrum yields a spin-orbit splitting (ΔE ≈
5.7 eV) consistent with Ti(IV) oxidation state, thereby confirming the 
preservation of the chemical environment of titanium atoms across all 
composites. Note that both the as-prepared ys-HTO@C and cs-HTO@C 
demonstrated high sp²/sp³ ratios (i.e., 0.84 and 0.89) as evidenced in 
the C 1s regional XPS spectra (Fig. S2b), endowing their high conduc
tivity when applied to CDI. These findings collectively demonstrate the 
successful integration of carbon coatings while preserving the structural 
integrity of HTO, thus rendering them structurally robust and chemi
cally versatile.
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3.2. Electrochemical properties of HTO/carbon electrodes

The electrochemical characteristics of the three HTO/carbon elec
trodes—ys-HTO@C (yolk-shell), cs-HTO@C (core-shell), and pristine 
HTO—were systematically evaluated using cyclic voltammetry (CV), 
galvanostatic charge-discharge (GCD), and electrochemical impedance 
spectroscopy (EIS) in 1 M NaCl solution. The CV curves of these elec
trodes are depicted in Fig. S3. As the scan rate was increased from 5 to 
100 mV s⁻¹, all HTO/carbon electrodes exhibited a notable distortion in 
their voltammogram profiles, culminating in a distinctly leaflike shape 
at the highest scan rate. This characteristic behavior is indicative of 
pseudocapacitive charge storage commonly associated with Faradaic 
electrodes dominated by ion insertion or surface redox processes—the 
so-called capacitor-like Faradaic electrodes (Srimuk et al., 2020; Wang 
et al., 2019b) rather than carbon-based electrodes interfered by polari
zation, particularly at higher scan rates (Wang et al., 2014). Notably, the 
integrated CV area at 5 mV s⁻¹ (Fig. 3a) followed the order ys-HTO@C >
cs-HTO@C > HTO, reflecting the superior charge storage capacity of 
ys-HTO@C relative to the other electrodes, given the direct propor
tionality between CV area and stored charge. Further deconvolution of 
charge storage mechanisms (Fig. 3b,c) revealed contributions from 
capacitive (surface-mediated) and diffusion-controlled (bulk insertion) 
processes (Wang et al., 2007). The total charge storage in these elec
trodes arises from three components: (i) diffusion-controlled Na⁺ inser
tion, (ii) pseudocapacitive charge transfer with surface and interlayer Ti 
atoms, and (iii) non-Faradaic electric double-layer capacitance (EDL). 
However, EDL contributions typically account for <10 % of total 
capacitance in metal oxide electrodes (Brezesinski et al., 2010), 

suggesting that pseudocapacitive mechanisms dominate in these 
HTO/carbon composites. Specifically, the reversible redox process 
(H₂TiO₃ + 2Na⁺ + 2e⁻ ↔ Na₂TiO₃ + 2H⁺) at or near the electrode surface 
is believed to be the principal pseudocapacitive reaction (Li et al., 2005; 
2006). Consistently, the quantified pseudocapacitance at 5 mV s⁻¹ (see 
Fig. 3c and supplementary Figs. S4–S6) exhibits the order ys-HTO@C >
cs-HTO@C > HTO, supporting the assertion that the charge storage 
capabilities of these electrodes are directly linked to their pseudocapa
citive performance.

Complementary to the CV results, the GCD measurements 
(Fig. S7a–c) further corroborated these findings, with all electrodes 
exhibiting symmetrical triangular curves, indicative of highly reversible 
charge-discharge behavior in NaCl electrolyte. The iR drops were 
observed to increase linearly with discharge current within the range of 
0–40 mV for these HTO/carbon electrodes (Fig. S7d), with the lowest 
values in the ys-HTO@C electrode, validating its lowest internal charge- 
transfer resistances (Jin et al., 2020). Notably, the ys-HTO@C electrode 
exhibits a substantially longer charge-discharge duration (cf. GCD 
curves at 1 A g⁻¹ in Fig. 3d), signifying its enhanced capacitive perfor
mance and corroborating the CV findings. Quantitative analysis of the 
specific capacitance, as derived from the discharge branches of GCD 
curves (excluding the iR drop, Fig. 3e), reveals a decreasing trend with 
increasing current density, yet consistently follows the order ys-HTO@C 
> cs-HTO@C > HTO across all tested scenarios. For instance, these 
HTO/carbon demonstrated specific capacitances of 506.53, 134.35, and 
116.76 F g− 1 for ys-HTO@C, cs-HTO@C, and HTO at 0.3 A g⁻¹, 
respectively (Table S2). This further substantiates the superior charge 
storage capacity of the ys-HTO@C electrode. Additionally, EIS 

Fig. 2. (a) Crystal structure of the layered H2TiO3 (HTO) with the while, cyan, and red balls corresponding to H, Ti, and O atoms, respectively (created by VESTA); 
(b) XRD patterns, (c) FTIR, (d-f) XPS spectra of the as-prepared HTO, cs-HTO@C, and ys-HTO@C: (d) survey XPS spectra, (e) O 1s , and (f) Ti 2d regions.
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measurements (Fig. 3f, Table S2) show that the charge transfer resis
tance (Rct) values for ys-HTO@C, cs-HTO@C, and pure HTO are 2.55, 
3.29, and 3.44 Ω, respectively, while their equivalent series resistance 
(Rs) values are marginally low and comparable (0.20, 0.21, and 0.30 Ω). 
The lowest Rct for ys-HTO@C indicates most facile charge transfer ki
netics at the electrode/electrolyte interface, likely promoted by the 
improved conductivity, yolk-shell hierarchical structure, and tailored 
surface chemistry of the carbon coating. Furthermore, the slope of the 
straight lines refers to the Warburg impedance (Zw), signifying the 
interfacial ion migration from the electrolyte to the electrodes. Notably, 
the slope demonstrates a trend of ys-HTO@C ≈ cs-HTO@C < HTO, 
indicating a higher interfacial ion transfer rate in both the ys-HTO@C 
and cs-HTO@C than the bulk HTO electrode (Table S2). Collectively, 
these results demonstrate that ys-HTO@C exhibits the most favorable 
electrochemical properties among the tested electrodes, including 
optimal charge storage kinetics, minimal charge transfer resistance, and 
exceptional pseudocapacitance, thereby positioning it as the prime 
candidate for CDI applications.

3.3. Capacitive deionization performance

To systematically evaluate the electrochemical desalination perfor
mance of the HTO/carbon electrodes, batch mode experiments were 
performed on a rocking-chair capacitive deionization (RCDI) platform. 
In a typical charging-discharging cycle (corresponding to adsorption- 
desorption) using a 100 mg L⁻¹ (1.71 mM) NaCl solution at 1.2 V, all 
electrodes exhibited an immediate and significant decline in solution 

conductivity, rapidly approaching a plateau as ion adsorption pro
ceeded, followed by swift recovery of conductivity to near-initial levels 
upon electric discharge (Fig. 4a). This pronounced reversibility in con
ductivity change underscores the excellent electrochemical reversibility 
of all HTO/carbon electrodes, which is consistent with their GCD pro
files (Fig. 3d).

The calculated salt adsorption capacities (Γ) for these electrodes 
demonstrate a clear hierarchy: 48.7 mg g⁻¹ for ys-HTO@C, 17.6 mg g⁻¹ 
for cs-HTO@C, and 11.6 mg g⁻¹ for pristine HTO (Fig. S8a). This result 
confirms the superior Na⁺ storage capability of the ys-HTO@C electrode, 
which can be attributed to the distinct void space enabled by its yolk- 
shell architecture, effectively facilitating cation storage (Liu et al., 
2023). In line with this, current response curves and charge efficiency 
(Λ) analyses (Fig. 4b) further differentiate the three electrodes, with Λ 
values of 0.68 for ys-HTO@C, 0.59 for cs-HTO@C, and 0.52 for HTO, 
respectively. Such results highlight the remarkable charge utilization 
efficiency of the yolk-shell structured electrode relative to the others, a 
trend that is further substantiated by the Kim-Yoon plot analyses 
(Fig. 4c). Specifically, for the ys-HTO@C electrode, the shortest distance 
to the upper-right corner in the SAR versus Γ plots reveals its ability to 
trap ions at both the fastest rate and with the highest storage capacity 
compared to the other electrodes, indicating a synergistic enhancement 
derived from the yolk-shell configuration.

Further explorations into the influence of operational parameters, 
including applied cell voltage and feed saline concentration, provide 
additional insight into the CDI performance of these HTO/carbon elec
trodes (Figs. 4d, 4e, and S8). Since the driving force for the capacitive 

Fig. 3. Electrochemical characterizations of HTO/carbon electrodes: (a) CV curves at a scan rate of 5 mV s− 1 in 1 M NaCl solution; (b) Capacitive- and diffusion- 
controlled contribution to the charge storage of the ys-HTO@C electrode at 5 mV s− 1; (c) Contribution percentages of capacitive- and diffusion-controlled capacity for 
the ys-HTO@C electrode at varying scan rates; (d) GCD curves at 1 A g− 1 in 1 M NaCl solution; (e) specific capacitance at different current densities; (f) Nyquist plots 
of EIS and the fitting curves, inset at the lower right is the equivalent circuit.
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deionization process fundamentally stems from the externally applied 
electric field (Suss et al., 2015), a systematic decrease in cell voltage 
from 1.2 V to 0.6 V led to concomitant declines in solution conductivity 
and the relevant Γ values, as anticipated (Figs. 4d, and S8). Importantly, 
upon restoring the cell voltage from 0.6 to 1.2 V, the electrodes regained 
their original desalination performance, demonstrating the robust 
reversibility and electrochemical stability (Oren, 2008; Suss et al., 
2015). In parallel, the performance of the electrodes was also observed 
to be dependent on the initial concentration of the saline feed (Figs. 4e, 
and S8). Higher NaCl concentrations resulted in more rapid adsorption 
equilibria and greater adsorption capacities, a trend exemplified by the 
ys-HTO@C electrode, which achieved Γ values of 48.7, 50.1, and 53.1 
mg g⁻¹ in 100, 200, and 500 mg L⁻¹ of NaCl solutions, respectively 
(Fig. 4f). This serial enhancement in salt removal can be rationalized not 
only by the increased concentration gradient providing an additional 
driving force for ion migration beyond the electric field (Han et al., 
2013)—but also by the improved accessibility of the inside channels to 
ions at higher concentrations. Notably, among the three electrodes, 
ys-HTO@C consistently outperformed both cs-HTO@C and pristine HTO 
across all concentrations (Fig. 4f), firmly reaffirming the structural 
merits (especially the internal void for ion accommodation and trans
port) of the yolk-shell design (Gan et al., 2023; Liu et al., 2023; Seo et al., 
2023).

Additionally, when compared with other yolk-shell structured elec
trodes previously applied to CDI (Fig. S8f and Table S3), ys-HTO@C 
achieves a significantly higher Γ under similar conditions, aligning it 
at the forefront of current CDI electrode materials. This demonstration of 

consistently superior desalination capacity and efficiency, together with 
its rapid adsorption kinetics and excellent operational stability, collec
tively highlights the practical and scalable potential of the ys-HTO@C 
electrode for practical applications. The integrated results explicitly 
establish that the yolk-shell architecture of ys-HTO@C imparts a 
compelling advantage in both capacity and rate capability, thereby of
fering a promising direction for the development of advanced CDI 
electrodes.

3.4. Cycling performance

The cycling stability of electrode materials stands as a critical crite
rion for their practical application. To comprehensively evaluate the 
cycling performance of these HTO/carbon electrodes (i.e., ys-HTO@C, 
cs-HTO@C, and HTO), repeated cycling tests were conducted in 500 
mg L⁻¹ NaCl solution at two voltages (i.e., 1.2 V and 0.8 V), given that 
carbon oxidation—particularly at 1.2 V—is a well-documented 
contributor to capacity fading during the consecutive charge-discharge 
operations (Gao et al., 2015; Jin et al., 2020; Srimuk et al., 2017). 
When initially subjected to 60 continuous charge–discharge cycles in 
500 mg L⁻¹ NaCl solution at 1.2 V (Fig. S9a-c), all electrodes exhibited 
high initial Γ values in the early cycles (e.g., 0–10 cycles). However, this 
capacity deteriorated markedly with progressive cycling, resulting in 
poor Γ retention outcomes: specifically, 51.8 % for ys-HTO@C, 50.0 % 
for cs-HTO@C, and 47.2 % for pristine HTO, respectively (Fig. S9d). The 
pronounced capacity fading observed at 1.2 V for all electrode types is in 
good agreement with previous studies and can be primarily attributed to 

Fig. 4. (a) Plots of conductivity versus time in one charge-discharge operation of CDI cell with HTO/carbon electrodes in 100 mg L− 1 NaCl solution at 1.2 V; (b) 
Current response and the corresponding charge efficiency of these HTO/carbon electrodes; (c) Kim-Yoon plots; (d-e) Plots of conductivity versus time of CDI cells 
with the ys-HTO@C electrode (d) at varying voltages in 100 NaCl solution and (e) in feed brines with varying concentrations at 1.2 V; (f) Comparison of the salt 
adsorption capacity (Γ) of these HTO/carbon electrodes in feed brines with varying concentrations at 1.2 V.
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the irreversible oxidation and subsequent degradation of the carbon 
shell or matrix within the composite electrodes (Gao et al., 2015; Srimuk 
et al., 2017). High voltage, while accelerating the kinetics of ion capture 
and initially enhancing ion storage, thereby fundamentally compro
mises the structural durability and lifespan of these materials, as evi
denced by the pronounced Γ retention drop.

To gain further insight into the interplay between operational 
voltage, cycling stability, and ion adsorption performance, we subse
quently performed parallel cycling tests at the reduced voltage of 0.8 V. 
Interestingly, all electrodes exhibited lower initial Γ values relative to 
their high-voltage counterparts, which is consistent with the expectation 
that lower driving force limits maximum ionic intercalation or adsorp
tion during each cycle (cf. Figs. 5a, b, and S9d). Nevertheless, all elec
trodes demonstrated significantly improved Γ retentions—70.5 % for ys- 
HTO@C, 66.5 % for cs-HTO@C, and 64.1 % for HTO—thereby signi
fying a clear trade-off between capacity magnitude and cycling perfor
mance. This inverse relationship between operational voltage and 
cycling stability underscores a critical balance between maximizing ion 
storage versus maintaining electrode integrity over extended cycling 
operations: higher voltages maximize initial capacity but compromise 
longevity of the electrodes, whereas lower voltages extend electrode 
lifespan at the expense of adsorption capacity (Figs. S9 and S10a,b).

Post-cycling structural characterizations of the ys-HTO@C electrode 
reveal further insights into degradation mechanisms. XRD and FTIR 
analyses of the cycled ys-HTO@C electrode confirm not only carbon 
oxidation but also significant HTO phase deterioration (Fig. 5c, d), 

consistent with our earlier findings observed in MnO₂ and NiHCF/car
bon electrodes (Bao et al., 2023, 2022; Jin et al., 2025, 2020; Zhang 
et al., 2025). Furthermore, quantitative analysis by ICP-OES shows that 
the cumulative titanium (Ti) leaching from HTO into the solution fol
lowed the trend ys-HTO@C < cs-HTO@C < HTO, with the highest Ti 
release (0.74 mg L⁻¹) from the uncoated HTO electrode (Fig. S10c). This 
observation suggests that structural degradation of HTO contributes 
majorly to the progressive Γ loss. The yolk-shell architecture of 
ys-HTO@C appears to mitigate HTO dissolution to some degree, as its 
carbon shell likely shields the HTO core from direct electrolyte expo
sure, thus preserving electrode function more effectively over time. 
Collectively, these findings demonstrate that ys-HTO@C offers the best 
compromise between Γ retention and durability, highlighting the 
yolk-shell design’s superiority in stabilizing both carbon and HTO 
components. Specifically, the unique void space within the yolk-shell 
structure serves a dual function: it not only buffers volumetric expan
sion and contraction during ion insertion/extraction (thereby reducing 
mechanical rupture) but also creates additional diffusion paths and 
limits direct exposure of HTO to the electrolyte, slowing down both 
physical and chemical degradation processes (Liu et al., 2023). How
ever, the persistent capacity recession across all electrodes—driven by 
carbon oxidation and HTO degradation—calls for further research into 
advanced strategies to achieve long-term stability (e.g., over hundreds of 
cycles) without sacrificing performance for practical applications.

Fig. 5. Cycling performance of HTO/carbon electrodes in 500 ppm NaCl solution at 0.8 V: (a) Plots of conductivity and the corresponding Γ of ys-HTO@C; (b) 
comparison of Γ and Γ retention ( %) of HTO/carbon electrodes; (c) XRD patterns and (d) FTIR spectra of the as-prepared ys-HTO@C composite and the ys-HTO@C 
electrode after the 40th cycle of CDI operations.
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3.5. Ion selectivity

The electrochemical characterizations of three HTO/carbon elec
trodes (HTO, cs-HTO@C, and ys-HTO@C) reveal a pronounced selec
tivity for lithium ions (Li⁺) over competing cations, reflecting HTO’s 
established intrinsic preference for monovalent ions, particularly Li⁺ 
(Chitrakar et al., 2014; Li et al., 2023; Xu et al., 2016; Zhang et al., 
2023b). To rigorously evaluate the Li⁺ ion selectivity of these electrodes, 
electrosorption experiments were carried out both in synthetic bri
ne—comprising equimolar cations (10 mM of Li⁺, Na⁺, Ca²⁺, Mg²⁺, and 
Pb²⁺)—and in actual brine from East Taijinaier Salt Lake (Qinghai, 
China) mimicking real-world salinities and ion ratios (Table S1). In 
synthetic brine, the adsorption behavior of each cation as a function of 
time shows nearly linear increases in concentration variation (ΔC) for all 
electrodes (Figs. 6a, S11a, and S12a), following a consistent sequence: 
ΔC (Li⁺) > ΔC (Na⁺) > ΔC (Ca²⁺) > ΔC (Mg²⁺) > ΔC (Pb²⁺). This trend is 
also mirrored in the cation adsorption capacity (Γ, mmol g⁻¹), where Γ 
(Li⁺) > Γ (Na⁺) > Γ (Ca²⁺) > Γ (Mg²⁺) > Γ (Pb²⁺), confirming the superior 
affinity of HTO/carbon electrodes toward Li⁺ over Na⁺, Ca²⁺, Mg²⁺, and 
Pb²⁺ (i.e., the cation affinity of these electrodes follows Li⁺ > Na⁺ > Ca²⁺ 
> Mg²⁺ > Pb²⁺). Notably, the ys-HTO@C electrode exhibits the highest 
Li⁺ adsorption capacity (Γ (Li⁺) = 7.06 mmol g⁻¹), surpassing cs-HTO@C 
and uncoated HTO, which present capacities of 4.75 and 4.63 mmol g⁻¹, 
respectively (Figs. 6b, S11b, and S12b). These data indicate that the 
yolk-shell architecture substantially enhances Li⁺ uptake, presumably by 
improving electronic conductivity and providing void space for ion 

storage (Liu et al., 2023; Zhang et al., 2025).
In contrast, actual brine—with non-equimolar cation concentrations 

(Table S1)—shows that adsorption capacities for Na⁺, Mg²⁺, Ca²⁺, and 
Pb²⁺ correlated positively with their respective bulk concentrations, 
following Γ (Na⁺) > Γ (Mg²⁺) > Γ (Ca²⁺) > Γ (Pb²⁺) across all HTO/ 
carbon electrodes (Figs. 6d, S11d, and S12d). Interestingly, Li⁺ adsorp
tion dose not strictly depend on its concentration, underscoring the 
dominance of HTO’s material-driven selectivity mechanisms over mere 
concentration effects (Chitrakar et al., 2014). This is further supported 
by their exceptionally high separation factors for Li⁺ over Na⁺ (βLi/Na, 
Text S4): 60.7, 63.1, and 69.3 for ys-HTO@C, cs-HTO@C, and HTO, 
respectively (Figs. 6d, S11d, and S12d), in actual brine with Na⁺/Li⁺ 
molar ratio as high as 55.4 (Table S1). This high selectivity for Li⁺ over 
Na⁺ outperforms the state-of-the-art electrodes, including HTO/RGO-TA 
electrode (βLi/Na =56.9) (Zhang et al., 2023b), FLA-MnO₂ electrode 
(βLi/Na =4.37) (Bao et al., 2025), and HMO-GOH/GO electrode (βLi/Na 
=47.1) (Mi et al., 2025) for Li⁺ extraction from Na⁺-rich brines, exem
plifying their superb preference of these HTO/carbon electrodes for Li⁺ 
even under strongly competitive conditions. Notably, the pristine HTO 
electrode achieves the highest βLi/Na, likely attributable to its minimal 
carbon content, which mitigates non-specific Na⁺ capture (Γ (Na⁺) =
20.7 mmol g⁻¹ vs. 25.3 and 39.5 mmol g⁻¹ for cs-HTO@C and 
ys-HTO@C, respectively; Figs. S11d, and S12d). Analysis of Li⁺/Mg²⁺ 
selectivity (βLi/Mg)—critical due to the physicochemical similarity be
tween Li⁺ and Mg²⁺—reveals the same relative trend as for Na⁺, con
firming the inherent Li⁺ ion preference endorsed by the HTO frameworks 

Fig. 6. Selectivity for lithium against other cations of the ys-HTO@C electrodes applied in RCDI cells: (a) Cation concentration variation (ΔC) over time in the 
synthetic brine (10 mM of Li+, Na+, Ca2+, Mg2+, Pb2+); (b) the corresponding cation capacity (Γ, mmol g− 1) and separation factor (β) for Li+; (c) cation concentration 
variation (ΔC) over time in the brine of the East Taijinaier Salt Lake (59.4 mM Li+, 3289.8 mM Na+, 32 mM Ca2+, 269.1 mM Mg2+, and 8.9 mM Pb2+); (d) the 
corresponding Γ and separation factor; (e) the proposed mechanisms depicting the exceptional Li⁺ selectivity of these HTO/carbon electrodes.
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(Figs. 6c, S11c, and S12c) that has been fully demonstrated by earlier 
reports via either batch adsorption or density functional theory (DFT) 
calculations (Gu et al., 2018; Ren et al., 2025; Zhang et al., 2023a, 
2023b). This intrinsic Li⁺ selectivity also endows the ys-HTO@C elec
trodes with superior efficiency when compared to other electrodes 
applied in CDI for Li⁺ extraction from brines (Table S4).

The exceptional Li⁺ selectivity of these HTO/carbon electrodes can 
be rationalized from both material and ion-specific perspectives 
(Fig. 6e). From the ion perspective, tabulated data for hydrated radius, 
dehydration energy, and valency (Table S5) suggest that, among these 
cations, only Li⁺ and Na⁺ (monovalent) can physically accommodate 
within HTO crystal tunnels, as divalent cations are sterically excluded 
(e.g., Ca²⁺, Pb²⁺) or thermodynamically hindered (e.g., Mg²⁺ with a 
higher dehydration energy) (Chitrakar et al., 2014; Zhang et al., 2023b). 
Nevertheless, despite Na⁺ having a smaller hydrated radius (3.58 Å) and 
lower dehydration energy than Li⁺ (Table S5), all HTO/carbon elec
trodes still exhibit superior Li⁺ selectivity (Figs. 6, S11, and S12). This 
counterintuitive preference arises mostly from the unique thermody
namics and kinetics associated with HTO’s reversible proton–lithium 
exchange process (H⁺ ⇌ Li⁺) (Chitrakar et al., 2014), which is both 
energetically and structurally optimized for Li⁺ (Lu et al., 2024). The 
dehydrated Li⁺ ion (0.76 Å) is perfectly sized to occupy tetrahe
dral/distorted lattice sites in the [TiO₆] framework without imparting 
strain, and forms stronger, more stable bonds with lattice oxygens (high 
charge density), leading to more robust incorporation compared to Na⁺ 
(Chitrakar et al., 2014; Xu et al., 2017). The exchange reaction is further 
facilitated by rapid H⁺ mobility and favorable coordination shift path
ways, allowing quick and efficient Li⁺ intercalation (Chitrakar et al., 
2014). Importantly, the so-called “structural memory” of HTO—where 
acid regeneration restores the pristine H⁺ form without degrading the 
Li⁺-optimized lattice—enables repeated cycling and selective Li⁺ uptake 
(Chitrakar et al., 2014; Zhang et al., 2023b). In contrast, Na⁺ exhibits 
poor compatibility: its larger ionic size induces lattice strain, weaker 
binding, slower diffusion, and more difficult desorption/regeneration, 
leading to its consistently lower uptake and mixed selectivity (Chitrakar 
et al., 2014; Xu et al., 2017). Recall that the unique void space inside the 
ys-HTO@C electrodes not only contributes significantly to the enhanced 
ion storage capacity but also improves the cycling performance (both for 
Na⁺ ions), and thus probably facilitates the lithium storage and insertion 
as compared to the other counterpart electrodes.

In summary, the combination of material-intrinsic selectivity and 
ion-specific properties drives the outstanding Li⁺ separation perfor
mance and Li⁺ storage capacity in both synthetic and natural brines, 
validating HTO/carbon electrodes as promising candidates for targeted 
lithium recovery from Li-containing brines. This study also provides 
critical insights into designing high-performance Li⁺ ion-selective 
electrodes.

4. Conclusion

In summary, material nano-scale architectonics is a promising 
strategy for constructing novel electrodes for highly efficient and se
lective ion capture from brines, allowing for control of capacity and 
preference by tailoring the configuration of electrodes. In this work, we 
explored the potential of yolk-shell construction in optimization of 
H₂TiO₃/carbon electrodes for highly efficient electrochemical desalina
tion as well as selective lithium extraction via an RCDI platform. We 
observed that the yolk-shell structured H₂TiO₃/carbon electrode (ys- 
HTO@C) exhibits improved electrochemical properties, including a 
higher specific capacitance, faster ion diffusion rate, and lower charge- 
transfer resistance compared to its core-shell structured and bulk 
counterparts (i.e., cs-HTO@C and HTO electrodes). Electrochemical 
desalination tests in synthetic NaCl demonstrate that ys-HTO@C elec
trode shows a higher Na⁺ adsorption capacity, faster SAR, higher charge 
efficiency, and higher capacity retention relative to the counterpart 
electrodes due to its unique void space inside. Structural analysis reveals 

that carbon oxidation and HTO degradation account for the capacity 
fading during the cycling operations. Lithium extractions demonstrate 
that Li⁺ ion is preferred over Na⁺, Ca²⁺, Mg²⁺, and Pb²⁺ ions in both the 
synthetic and actual brines by the HTO/carbon electrodes, and the 
adsorption shows a distinct concentration-dependent selectivity in 
actual brine. We identify that carbon content in electrodes plays a crit
ical role in determining their Li⁺ selectivity, namely, a higher fraction of 
carbon constituent lower selectivity, partially impairing the intrinsic 
preference of HTO toward Li⁺. Our observations also validate that the Li⁺ 
selectivity is driven by both the inherent preference of HTO (i.e., proton- 
Li⁺ exchange, size match, “structural memory”, and favorable kinetics) 
and the ion’s properties (i.e., hydrated radius, dehydration energy, and 
valency). Future work may be needed to elucidate the mechanisms 
behind the enhanced performance of the yolk-shell HTO/carbon elec
trodes by DFT calculations and to address the capacity fading issue by 
modulating the carbon shell characteristics. Nevertheless, this study 
provides crucial insights into constructing electrodes for highly efficient 
desalination and selective Li⁺ separation via CDI platforms.
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