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Enhancing radiostrontium uptake by a
layered titanate perovskite via sustainable
electrochemically switched ion exchange

Zhi-Hua Chen1,2, Feng-Hua Ding3, Shao-Qing Jia4, Hai-Yan Sun1, Shuang-Jiang Li1,
Jun-Hao Tang1, Xiao-Ying Huang 1,2, Mei-Ling Feng 1,2,5 & Zhang Lin 1,3

Green and sustainable 90Sr uptake is urgently needed for radionuclides
remediation. Herein, we propose an efficient strategy based on electro-
chemically switched ion exchange (ESIX)method to enhance 90Sr uptake using
electroactive ion exchange material. A titanate perovskite (Na2La2Ti3O10) with
outstanding acid, irradiation resistance, and thermal stability can effectively
capture Sr2+ and achieve remediation of actual acidic 90Sr-containing liquid
waste (RSr > 99%). Na2La2Ti3O10 is prepared as working electrode C@NaLaTiO
to enhance Sr2+ uptake via ESIX. Remarkably, the Sr2+ adsorption capacity
increases (from 104.84 to 175.43mg·g−1) and high selectivity for Sr2+ is main-
tained even under strongly acidic solutions. The Sr2+ adsorption-desorption
can be controlled via facile potential modulation. Mechanism study indicates
that efficient Sr2+ capture originates from the ion exchange between Sr2+ and
interlayerNa+ inNa2La2Ti3O10 coupledwith the electrochemical redox reaction
between Ti4+/Ti3+ and the increase in oxygen vacancy. Density functional the-
ory calculations support that ESIX enhances Sr2+ adsorption by increasing the
binding energy of anionic [La2Ti3O10]n

2n− layers towards Sr2+. This study offers a
convenient and environmentally friendly way for the efficient 90Sr enrichment
from radioactive waste liquids.

The sustainable development of the nuclear industry is closely linked
to properly disposing of radioactive waste. As one of the most dan-
gerous radionuclides in the 235U fission products, 90Sr (t1/2 ~ 28 years)
exists in the form of ions (90Sr2+) in radioactive liquid waste and
releases β rays1–3. Due to its chemical similarity to calcium, 90Sr2+ can
accumulate in bones onceentering thehumanbody,whichmay lead to
serious health problems (such as bone cancer and leukemia)4,5. Fur-
thermore, the high solubility and easy environmental mobility make
90Sr2+ a significant threat to ecosystems1,4. For instance, after the
Fukushima nuclear accident in 2011, the concentration of 90Sr was
found to be four orders of magnitude higher than the environmental
background level in the offshore waters, which aroused people’s

concern about the safety of nuclear energy6. Therefore, the develop-
ment of green and efficient methods to remove 90Sr from radioactive
liquid waste is of great significance for environmental protection and
human health.

Ion exchange method has been widely employed for the removal
of Sr2+ from radioactive liquid waste2. However, traditional ion
exchange materials such as resins, clays, and zeolites suffer from low
adsorption capacity and poor selectivity for Sr2+, especially in acidic or
high-salinity environments due to their poor chemical stability and
interference from competitive ions7. The electrochemically switched
ion exchange (ESIX)method has emerged as a promising approach for
the efficient removal of radionuclides, which synergistically combines
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electrochemical adsorption with ion exchange8. This technique
employs controlled electrical potentials to modulate redox states in
electrode materials accompanied by the occurrence of ion exchange,
enabling dynamic control over ion capture and release processes.
Compared with the traditional ion exchange method, ESIX can sig-
nificantly enhance the adsorption capacity by adjusting the voltage
and minimize the formation of secondary pollutants in a more sus-
tainable and environmentally friendly way9,10. The key of ESIX is to
develop electrode materials with excellent structural stability that can
dynamically respond to electric fields and meanwhile possess ion
exchange properties. To date, hexacyanoferrates have been explored
for ESIX applications due to their ion exchange performance and
reversible redox reaction between Fe3+ and Fe2+, particularly for the
removal of Cs+ ions11. For instance, nickel hexacyanoferrate/porous
three-dimensional carbon felt (NiHCF/PTCF) and iron hex-
acyanoferrate/graphene/carbon fibers composite (PB/GN/CFs) have
both demonstrated significant Cs+ uptake capacity through ESIX12,13.
Other inorganicmaterials containingmetals with variable valency have
been used for Cs+ removal through ESIX, for example, Mo(Ⅵ)-based
inorganicmaterial Na1.5Mo6O18

14. However, ESIX has not yet been used
to treat Sr2+, whichmay originate from the fact that the large hydration
radii and high valency of Sr²⁺ can lead to difficulty in ion mobility and
reversible insertion15.

Perovskite-type oxides have emerged as a versatile class of
materials with excellent water stability, tunable structures, and abun-
dant active sites, making them ideal for applications in radionuclides
adsorption16–20. Three-dimensional (3D) perovskite-type oxides such as
CaAlOx, CaTiOx, andCaTiO3 have shownhigh adsorption capacities for
U(VI)due to their large specific surface areas and accessible adsorption
sites21,22. On the other hand, two-dimensional (2D) perovskite-type
oxides offer superior tunability in composition and structure, which
render them promising in radionuclides adsorption23. 2D perovskite-
type oxides are categorized into three main types: R-P-type
(Ruddlesden–Popper, A′2An-1BnO3n+1), D-J-type (Dion–Jacobson, A′An-

1BnO3n+1), and AV-type (Aurivillius, (Bi2O2)An-1BnO3n+1)
24. Among them,

only D-J-type perovskite-type oxides (HCa2Nb3O10·1.5H2O and
HLaNb2O7) have been reported for Cs+ removal25,26. By contrast, the R-
P-type perovskite-type oxides with two interlayer cations per formula
unit possess twice the anionic charge density of the perovskite-type
oxides. Therefore, R-P-type perovskite-type oxides possess anionic
layers with a higher negative charge, which will be beneficial to have
higher ion exchange capacities27. To date, however, R-P-type
perovskite-type oxides remain underexplored for radionuclide
capture.

R-P-type titanate perovskites, including A2La2Ti3O10 (A = Li, Na, K,
Rb, and H) and ALaTiO4 (A = Li, Na, K, and H), have been reported28–30.
The presence of interlayer cations in their structures provides abun-
dant exchangeable sites for adsorption. In addition, titanium can show
a variety of valency states, including Ti2+, Ti3+, and Ti4+, which endows
layered titanates with good redox activity. As a result, titanates have
been well-suited for electrochemically controlled adsorption and
desorption processes31,32. For example, under the applied electric field,
the Cs+ adsorption capacity of Na2Ti3O7 nanotubes is greatly enhanced
due to the valency change of Ti31. The redox-active nature of R-P-type
titanate perovskites, combined with their tunable structures and high
stability, offers great potential for selective radionuclide removal via
ESIX. Therefore, it is anticipated that incorporating electroactive R-P-
type titanate perovskites into the ESIX system should be a promising
strategy for improving the capture of radioactive Sr2+.

Guided by this strategy, the R-P-type titanate perovskite
Na2La2Ti(Ⅳ)3O10 with high acid, thermal, and irradiation stability is
screened out. It exhibits high adsorption capacity (104.84mg·g−1) and
fast kinetics (30min) for Sr2+ adsorption. Na2La2Ti3O10 demonstrates
excellent treatment capability for actual acidic 90Sr-liquid-waste gen-
erated during industrial production.WhenNa2La2Ti3O10 is prepared as

the working electrode C@NaLaTiO for Sr2+ capture, under ESIX, the
Sr2+ adsorption capacity increases significantly to 175.43mg·g−1.
Impressively, the selectivity for Sr2+ in highly acidic conditions (pH = 1)
is improved by nearly two orders of magnitude (56.30mL·g−1 to
2.23 × 103mL·g−1). The Sr2+ adsorption mechanism is revealed and the
efficient Sr2+ capture is attributed to the ionexchangebetween Sr2+ and
interlayered Na+ in Na2La2Ti3O10 and electrochemical adsorption. By
employing an external potential field, Ti4+ is reduced to Ti3+, causing
the increase in oxygen vacancy and promoting Sr2+ adsorption in the
interlayer space33. On the contrary, when Ti3+ is oxidized to Ti4+ under a
reverse electric field, the material can achieve the desorption of Sr2+.
DFT calculations show that introducing ESIX enhances the binding
energy of the anionic [La2Ti3O10]n

2n- layers for Sr2+, indicating enhanced
interaction between the anionic layer [La2Ti3O10]n

2n- and Sr2+ ions
under applied voltage. This work not only advances the development
of the ESIX system for Sr2+ uptake but also provides a sustainable
approach for managing radioactive strontium contamination.

Results
Characterizations
The structure of Na2La2Ti3O10 features the anionic triple perovskite
slabs of [La2Ti3O10]n

2n- with interlayer Na+ ions (Supplementary Fig.
1a)34. The triple perovskite slabs of [La2Ti3O10]n

2n- are built up of [TiO6]
octahedra in corner-sharing mode, while La3+ ions are cavitied in the
intralyer spaces. The adjacent slabs are stacked with a displacement of
0.5 along the a-axis24. High-valency Ti4+ in the structure provides the
redox condition for the treatment of Sr2+ by ESIX.

The Sr2+ adsorption product of Na2La2Ti3O10 is denoted as
Na2La2Ti3O10-Sr. Energy dispersive spectroscopy (EDS) analysis and
elemental distribution mapping confirm the successful adsorption of
Sr2+ and its uniform distribution in the Na2La2Ti3O10-Sr sample (Sup-
plementary Fig. 1b–d). The optical adsorption edges of Na2La2Ti3O10

and Na2La2Ti3O10-Sr are 3.21 eV and 3.34 eV, respectively (Supple-
mentary Fig. 2a, b). By comparing the powder X-ray diffraction (PXRD)
patterns of Na2La2Ti3O10-Sr with the simulated one of Na2La2Ti3O10, it
can be found that the layered structure of Na2La2Ti3O10 is maintained
before and after the adsorption of Sr2+ (Supplementary Fig. 2c, d).
Thermogravimetric analysis (TGA) results show that there is almost no
weight loss of Na2La2Ti3O10 from 25 to 1200 °C (Supplementary
Fig. 2e). Due to the loss of adsorbed water molecules, Na2La2Ti3O10-Sr
has a weight loss of 0.70% from 25 to 160 °C (Supplementary Fig. 2e).
PXRD analyses confirm that Na2La2Ti3O10-Sr can maintain the original
skeleton without collapsing after heating to 1200 °C. These results
indicate excellent thermal stability of the current titanate perovskite
(Supplementary Fig. 2f). Furthermore, by comparing the scanning
electron microscope (SEM) images of Na2La2Ti3O10 and Na2La2Ti3O10-
Sr, it is evident that Na2La2Ti3O10 exhibits a sheet-like morphology,
whereas Na2La2Ti3O10-Srmaintains a similar sheet-like structure, albeit
with a slight tendency toward pulverization (Supplementary Fig. 3a, b).

To confirm the acid stability of Na2La2Ti3O10, Na2La2Ti3O10 sam-
ples were placed in various solutions (pH = 7 to 4mol·L−1 HNO3) at
room temperature (RT) with soaking for 12 h, respectively. In the pH
range of 4 to 7, the PXRD patterns of the immersed materials are
consistent with that of the original Na2La2Ti3O10 (Supplementary Fig.
3c). As the acidity increases from pH of 3 to 2mol·L−1 HNO3, the
immersed samples transform into the H2La2Ti3O10 according to the
PXRD results, whereas the layered framework remains stable (Sup-
plementary Fig. 3c). More importantly, the leaching rates of La3+ and
Ti4+ for Na2La2Ti3O10 in the pH range from 1 to 7 and even in 1–2mol·L−1

HNO3 solutions are less than 6.17% and 5.51%, respectively (Supple-
mentary Fig. 3d and Table 1).

Further, Na2La2Ti3O10 was combined with carbon black and
polyvinylidenefluoride, and then coatedon the surfaceof carbon cloth
to prepare the working electrode C@NaLaTiO for Sr2+ capture (Fig. 1a
and Supplementary Fig. 4a, b). The adsorption product of C@NaLaTiO
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is denoted as C@NaLaTiO-Sr. EDS analysis confirms the successful Sr2+

adsorption and uniform distribution in C@NaLaTiO-Sr (Supplemen-
tary Fig. 4c, d). Cyclic voltammograms of C@NaLaTiO in the solutions
(50mg·L−1 SrCl2·6H2O) at different scanning rates of 0.02–0.1 V·s−1

were tested (Fig. 1b). It can be seen that the redox peak is very wide,
indicating that C@NaLaTiO has good electrochemical activity. As the
scanning rate increases, there is a peak shift, but the overall shape of
the redox peak remains, whichmeans that the capacity of C@NaLaTiO
is still reversible even at high scanning rates. The diffusion-controlled
contribution reaches 66.83% at 0.08 V·s−1, suggesting that the partial
current generated by the insertion and release of Sr2+ in the interlayer
space has a significant effect on the total current (Supplementary
Table 2). In addition, when the scanning rate increases from 0.02 V·s−1

to 0.1 V·s−1, the capacitance contributions increase from 50.29% to
69.23%. Therefore, the kinetics of the capacitance contribution on the
surface is a rate-determining process rather than a diffusion-controlled
process9. Furthermore, after 100 times of the electrochemical redox
process, the CV curves do not change significantly, which proves that
C@NaLaTiO has good stability during the electrochemical process
(Fig. 1c). Additionally, there is no obvious change in the CV curves after
100 electrochemical redox processes in the voltage range of –4 V to
4 V, demonstrating the exceptional cycling stability of C@NaLaTiO
under high-voltage operation (Supplementary Fig. 4e). The SEM ima-
ges of C@NaLaTiO and C@NaLaTiO-Sr reveal a characteristic stacked
plate-like morphology, which facilitates efficient ion transport path-
ways and provides abundantly accessible sites for Sr2+ adsorption
(Supplementary Fig. 4f, g).

Batch adsorption experiments of Na2La2Ti3O10

The adsorption capacity of Na2La2Ti3O10 for Sr2+ at RT has been mea-
sured by static batch adsorption experiments. The Sr2+ adsorption
equilibrium curve of Na2La2Ti3O10 has been fitted with the Langmuir,
Freundlich, and Langmuir-Freundlich adsorption isotherm models
(Fig. 2a and Supplementary Table 3)35. It is found that the isotherm
curve can be better fitted with the Langmuir-Freundlich isotherm
model with a higher correlation coefficient of 0.99028 (Supplemen-
tary Table 4). According to the Langmuir-Freundlich adsorption

isotherm model, the maximum Sr2+ adsorption capacity (qmSr) of
Na2La2Ti3O10 is 104.84mg·g−1 (Supplementary Table 4). Compared
with Na2TinO2n+1 (49.6mg·g−1), titanate nanotube (66.72mg·g−1),
K2Ti6O13/SiO2 (14.631mg·g−1), Fe3O4-titanate fiber magnetic composite
(37.1mg·g−1), and other titanate materials, Na2La2Ti3O10 has a higher
Sr2+ adsorption capacity36–39. The qmSr of Na2La2Ti3O10 is also higher
than that of traditional adsorption materials such as ZrO2-Sb2O5

(22.21mg·g−1), thorium tungsten phosphate (57mg·g−1), Sb(III)/Sb2O5

(25.7mg·g−1), and hex-WO3 (28mg·g−1)40–43.
It is important that a material can rapidly capture the target

radioactive ions in solutions44,45. Thus, the kinetic adsorption experi-
ment was carried out to evaluate the Sr2+ capture ability of
Na2La2Ti3O10 (Fig. 2b). The removal rate R (%) of Sr2+ quickly reaches
more than 90% within 30min (Supplementary Tables 5 and 6). The
kinetic data of Na2La2Ti3O10 for Sr2+ capture can be fitted better with
the pseudo-second-order kinetics (R2 = 0.98423) rather than the
pseudo-first-order kineticsmodel (R2 = 0.93519), which proves that the
adsorption process of Sr2+ is chemical sorption46.

The pH values of solutions have a strong influence on the
adsorption due to the competition of protons and the influence of the
material’s acid stability47. Therefore, the Sr2+ adsorption experiment of
Na2La2Ti3O10 under a wide pH range has been carried out (Supple-
mentary Fig. 5b and Table 7). In the pH range of 4–12, Na2La2Ti3O10

maintains high distribution coefficients (Kd
Sr > 3.68 × 103mL·g−1). In

particular, it can remove more than 81% of Sr2+ ions with the Kd
Sr of

4.31 × 103mL·g−1 at pH of 4. Even under strongly alkaline conditions
(pH = 12), Na2La2Ti3O10 can maintain high removal performance
(Kd

Sr = 7.37 × 104mL·g−1). However, in the pH range of 1–3, Kd
Sr decrease

to lower than 103.56mL·g−1. The significant decrease of Kd
Sr is attrib-

uted to the competitive adsorption of protons, because H+ intercala-
tion leads to the formation of the H2La2Ti3O10 phase (Supplementary
Fig. 3c). The above pH-dependent experiment demonstrates that
Na2La2Ti3O10 can maintain excellent Sr2+ removal capacity in the pH
range of 4 to 12.

Sr2+ adsorption performances of Na2La2Ti3O10 before and after
100 and 200 kGy (kilogray) γ irradiations were studied (Supplemen-
tary Table 8). After γ irradiation, the parent structure of Na2La2Ti3O10

Fig. 1 | Schematic diagram of ESIX and the characterization of C@NaLaTiO.
a Diagram of electrochemical adsorption and desorption process of Sr2+ on the
C@NaLaTiO electrode. b CV curves of C@NaLaTiO at different scan rates in
50mg·L-1 SrCl2·6H2O solutions. c CV curves of C@NaLaTiO from the 1st to 100th
cycle at 0.08V·s-1 in 50mg·L-1 SrCl2·6H2O solutions. Source data are provided as a
Source Data file.

Fig. 2 | The Sr2+ removal performance of Na2La2Ti3O10. a The Sr2+ adsorption
equilibrium data of Na2La2Ti3O10 fitted with the Langmuir, Freundlich, and
Langmuir-Freundlich isothermmodels.bThekinetics curve ofNa2La2Ti3O10 for Sr

2+

adsorption. c Kd (mL·g-1) and R (%) of Na2La2Ti3O10 for Sr2+ and Cs+ removal under
different Cs/Sr molar ratios. d The treatment capacity of Na2La2Ti3O10 for 5mL
acidic (pH= 3.75) 90Sr-liquid-waste plotted as radioactivity concentration and RSr

(%) vs the mass of adsorbent (mg), respectively. Source data are provided as a
Source Data file.
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can remain unchanged, which is confirmed by comparing the PXRD
patterns of the pristine and irradiated samples (Supplementary
Fig. 5c). The RSr of the pristine Na2La2Ti3O10 is 96.37%, while samples
after 100 and 200 kGy γ irradiation can still retain high RSr (more than
95.12%) (Supplementary Fig. 5d). These results demonstrate that
Na2La2Ti3O10 has excellent irradiation stability.

Selectivity is one of the important indexes of adsorption
materials48–50. Therefore, the Sr2+ capture performance ofNa2La2Ti3O10

in the presence of individual Cs+, K+, and Ca2+ was investigated. When
Cs/Sr molar ratios vary from 10.36 to 938.43, the Kd

Sr can be main-
tained in the range from 6.83 × 103 to 1.94 × 104mL·g−1, corresponding
to the RSr greater than 87%, whereas the Kd

Cs are only in the range of
1.28 × 102 to 2.25 × 102mL·g−1 (Fig. 2c and Supplementary Table 9). Even
at very high concentration of Cs+ (Cs/Srmolar ratio up to 4574.04), the
Kd

Sr of Na2La2Ti3O10 still reaches 1.58 × 103mL·g−1, whereas the Kd
Cs is

lower than 20mL·g−1. Similarly, under K/Sr molar ratios of 17.57 to
2633.29, theKd

Sr values ofNa2La2Ti3O10 can bemaintained in the range
from 5.3 × 103 to 2.26 × 104mL·g−1, while theKd

K only vary from93.50 to
2.44 × 102mL·g−1 (Supplementary Table 10). Apparently, Na2La2Ti3O10

can selectively capture Sr2+ in the presence of excess Cs+ and K+. In
addition, Kd

Sr range from 5.7 × 103 to 1.86 × 104mL·g−1 (RSr > 85%) when
Ca/Sr molar ratios are in the range of 6.52 to 637.01 (Supplementary
Table 11). At the same time, Kd

Ca are all lower than 5.13 × 102mL·g−1. This
indicates that in the presence of interferingCa2+ ions, Na2La2Ti3O10 can
still maintain high Sr2+ removal performance.

Further, the selective Sr2+ capture ability of Na2La2Ti3O10 under
the coexistence of K/Ca/Na/Mg/Sr/Cs/Eu/Zr was also investigated.
When the mass concentrations of competing ions (K+, Na+, Cs+, Ca2+,
and Mg2+) are close to that of Sr2+, the Kd

Sr remains higher than
7.24 × 103mL·g−1, whereas Kd of competing ions (K+, Na+, Cs+, Ca2+, and
Mg2+) are all less than 5.56 × 102mL·g−1 (Supplementary Table 12). Even
if themass concentrations of competing ions are five times higher than
that of Sr2+ under the coexistence of K+/Ca2+/Na+/Mg2+/Sr2+/Cs+, the Kd

Sr

still reaches 3.66 × 103mL·g−1 (Supplementary Table 13). Moreover, the
Kd

Sr is higher than 2.95 × 104mL·g−1 with the RSr more than 96.73%when
Sr2+ coexists with equal mass concentrations of Mn+ ions (Mn+ = Cs+,
Eu3+, and Zr4+), while the Kd

M are lower than 2.66 × 103mL·g−1 (Supple-
mentary Table 14). Despite the mass concentrations of Mn+ being five
times higher than that of Sr2+ under the coexistence of Sr2+/Cs+/Eu3+/
Zr4+, theKd

Sr remains above 2.49 × 104mL·g−1 (SupplementaryTable 15).
Moreover, to evaluate the feasibility of removing Sr2+ in actual water
systems, the adsorption experiment of Na2La2Ti3O10 was further car-
ried out in Sr2+-contaminated actual water samples (Supplementary
Table 16). Na2La2Ti3O10 shows good removal efficiency of Sr2+ in lake
water, river water, and tap water with Kd

Sr of 3.65 × 103mL·g−1,
4.24 × 103mL·g−1, and 6.18 × 103mL·g−1, respectively.

To study the reusability of Na2La2Ti3O10, adsorption-desorption
experiments were carried out. The adsorption-desorption efficiency of
Na2La2Ti3O10 was systematically investigated for four adsorption-
desorption cycles. It is found that Na2La2Ti3O10 can still maintain the
stability of its layered skeleton after four adsorption-desorption cycles,
and RSr can still reach more than 98% (Supplementary Table 17
and Fig. 5e).

Na2La2Ti3O10 was also used for the treatment of acidic (pH= 3.75)
90Sr-liquid-waste generated from the production of radioactive sources
at CNNC HTA Co., Ltd (Fig. 2d). 90Sr-liquid-waste contains 60Co2+ and
Na+ ions and so on in addition to 90Sr2+. The results show that only 5mg
of Na2La2Ti3O10 can remove 98.80% of 90Sr from 5mL acidic 90Sr-liquid-
waste, and the 90Sr activity concentration of wastewater is reduced by
two orders of magnitude (Supplementary Table 18). When 40mg of
Na2La2Ti3O10 is used (solid-liquid ratio m/V = 8mg·mL−1), the RSr

reaches 99.18%. Therefore, a small amount of Na2La2Ti3O10 can
significantly reduce the radioactivity of acidic radioactive 90Sr waste-
water. Na2La2Ti3O10 exhibits excellent

90Sr removal performance under
actual working conditions, highlighting the current layered titanate-

based perovskite as a 90Sr scavenger with practical application
potential.

Electrochemical adsorption experiments of C@NaLaTiO
Electrochemical adsorption experiments were carried out in a three-
electrode system, in which C@NaLaTiO was the working electrode,
carbon cloth was the counter electrode, and the saturated calomel
electrode (Hg/Hg2Cl2/KCl saturated solution) was the reference elec-
trode. The electrochemical adsorption experiment was performed by
applying a potential of 0 to –4 V in 50mL SrCl2·6H2O solution
(C0

Sr = 57.89mg·L−1) to determine the effect of the voltage on the Sr2+

adsorption (Fig. 3a and Supplementary Table 19). In the electro-
chemically controlled adsorption process, the adsorption capacity
remains almost stable in the voltage range of 0 to –1 V. When the
negativepotential is up from–2 to–4 V, the adsorption capacity begins
to increase significantly and finally reaches 175.43mg·g−1. Compared
with the batch adsorption experiment, the adsorption capacity
increases from 104.84mg·g−1 to 175.43mg·g−1. The Sr2+ adsorption
capacity of C@NaLaTiO ismore than that of someSr2+ adsorbents such
as FZU-1 (62.84mg·g−1), SSAC hydrogel (134.40mg·g−1), and SA-PA-H
(151.70mg·g−1)51–54. Meanwhile, it is found that the applied voltage has a
great influence on the electrochemical adsorption performance; thus,
the applied voltage of –4 V was used in the subsequent experiments.

The kinetic studywas carried out to evaluate the capture ability of
C@NaLaTiO toward Sr2+ ions (Supplementary Fig. 6a and Table 20).
The concentration of Sr2+ decreases rapidly in the neutral aqueous
solution as the contact proceeds. After 240min, the Sr2+ adsorption of
C@NaLaTiO reaches equilibrium, and the adsorption capacity of Sr2+

rapidly achieves 164.29mg·g−1. Kinetic data of the electrochemical
experiment can be well fitted by the pseudo-second-order kinetic
model with a high correlation coefficient R2 of 0.9899 (Supplementary
Fig. 6b and Table 21).

In the pH-dependent experiments, C@NaLaTiO shows satisfac-
tory removal rates on Sr2+ in a wide pH range. The Kd

Sr of C@NaLaTiO
reaches 5.90 × 103mL·g−1 at pH of 7 (Fig. 3b and Supplementary
Table 22). Importantly, Kd

Sr can still be maintained above 103mL·g−1

under acidic conditions (pH < 4). Even at pH of 1, C@NaLaTiO can
retain efficient adsorption capacity for Sr2+ (Kd

Sr = 2.23 × 103mL·g−1).

Fig. 3 | The removal performance of C@NaLaTiO for Sr2+. a Sr2+ adsorption
capacity by C@NaLaTiO at different potentials. b Kd

Sr (mL·g-1) of C@NaLaTiO at
various pH values. c Kd (mL·g-1) of various metal ions by C@NaLaTiO in the coex-
istence of K+, Na+, Cs+, Ca2+, Sr2+, andMg2+ under neutral conditions. d Kd (mL·g-1) of
various metal ions by C@NaLaTiO in the coexistence of K+, Na+, Cs+, Ca2+, Sr2+, and
Mg2+ at pH of 3. Error bars present the standard deviation of the mean of three
experiments. Source data are provided as a Source Data file.
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The Sr2+ removal performance of C@NaLaTiO in solutions con-
taining K+/Na+/Cs+/Sr2+/Ca2+/Mg2+ was studied. C@NaLaTiO exhibits
selective Sr²⁺ capture in complex neutral and acidic solutions with the
coexistence of K+/Na+/Cs+/Sr2+/Ca2+/Mg2+. Its Kd

Sr reaches
4.23 × 103mL·g−1 in neutral solutions, whereas the Kd

M (Mn+ = K+, Na+,
Cs+, Ca2+, andMg2+) are all lower than 2.53 × 103mL·g−1 (Fig. 3c; Kd

Na and
Kd

K are shown in Supplementary Tables 23–25). Remarkably,
C@NaLaTiO can maintain good Sr²⁺ adsorption capacity under acidic
conditions (Kd

Sr = 2.95 × 103mL·g−1 at pH of 3; Kd
Sr = 7.56 × 102mL·g−1 at

pH of 1) (Fig. 3d and Supplementary Fig. 6c, Tables 24 and 25).
To further test the complete electrochemical adsorption and

desorption cycle, four cyclic reuse experiments of C@NaLaTiO were
carried out. The adsorption process of Sr2+ was studied in solutions
containing 67.70mg·L−1 Sr2+ at –4 V, and the desorption process was
carried out in 0.5mol·L−1 NaCl solution at 4 V (Supplementary Fig. 6d
and Table 26). The experimental results show that C@NaLaTiO main-
tains excellent cycling stability and the adsorption capacity remains
above 170.32mg·g−1.

Capture mechanism
X-ray photoelectron spectroscopy (XPS) spectra of Na2La2Ti3O10 and
Na2La2Ti3O10-Sr were tested (Supplementary Fig. 7a and Fig. 4a, b). By
comparing the XPS spectra of Na+, it is found that the characteristic
peak of Na 1s near 1072 eV is significantly weakened after the adsorp-
tion of Sr2+ (Fig. 4a)55. In XPS of Na2La2Ti3O10-Sr, Sr 3d5/2 and Sr 3d3/2
characteristic peaks of Sr 3d appear at 133.5 eV and 135.1 eV, respec-
tively (Fig. 4b)55,56. The above results verify that the Sr2+ adsorption of
Na2La2Ti3O10 is due to the ion exchange between Sr2+ and interlayer
Na+ in Na2La2Ti3O10.

Moreover, in the above electrochemical adsorption experiments,
we found that the adsorption capacity of C@NaLaTiO exceeded the
theoretical exchange capacity of Na2La2Ti3O10 (139.66mg·g−1), and the
selectivity under acidic conditions was also improved. Therefore, we
speculate that in addition to ion exchange, there are redox reactions in

C@NaLaTiO that promote the Sr2+ adsorption. To verify this point, XPS
spectra of C@NaLaTiO and C@NaLaTiO-Sr were tested (Supplemen-
tary Fig. 7b). After Sr2+ adsorption, the XPS peak intensity of Na 1s
decreases, indicating that the content of Na+ reduces (Fig. 4c)57. Peaks
of Ti 2p3/2 and Ti 2p1/2 at 459.6 eV and 465.6 eV can be observed in XPS
of C@NaLaTiO, showing the presence of Ti4+ (Fig. 4d)58. In addition,
after the adsorption of Sr2+, the Ti 2p peak shifts to the low energy
compared with C@NaLaTiO, suggesting that C@NaLaTiO-Sr obtains
many electrons, and Ti4+ is partially reduced (Fig. 4e)59. The distinct Sr
3d3/2 and Sr 3d5/2 characteristic peaks in the survey spectrum of
C@NaLaTiO-Sr are observed at 135.6 and 133.8 eV, respectively (Sup-
plementary Fig. 7c)47. Importantly, comparedwithNa2La2Ti3O10-Sr, the
relative intensity of the characteristic peaks of Sr 3d in the XPS spec-
trum of C@NaLaTiO-Sr is stronger, which indicates that C@NaLaTiO
has high adsorption capacity for Sr2+.

To investigate the structural evolution during Sr2+ adsorption,
synchrotron X-ray diffraction (SXRD) patterns of Na2La2Ti3O10,
Na2La2Ti3O10-Sr, and C@NaLaTiO-Sr were collected (Supplementary
Fig. 8). Rietveld refinement confirmed the phase purity of the pristine
Na2La2Ti3O10 (Supplementary Fig. 8a). Upon Sr2+ adsorption, both
Na2La2Ti3O10-Sr and C@NaLaTiO-Sr exhibited peak splitting, particu-
larly in the 004 and 006 reflections (Supplementary Fig. 8b). This
splitting may indicate a symmetry lowering, structural distortion, or
interlayer displacement induced by Sr2+ intercalation. Notably, the
relative intensity of the split peaks is higher in C@NaLaTiO-Sr com-
pared with Na2La2Ti3O10-Sr, suggesting the higher Sr2+ uptake capacity
of C@NaLaTiO-Sr.

Since the peak shift of Ti 2p is observed in the XPS spectrum of
C@NaLaTiO-Sr, the defect structures of C@NaLaTiO and C@NaLaTiO-
Sr are further characterized by electron paramagnetic resonance (EPR)
(Fig. 4f). Compared with C@NaLaTiO, the EPR spectrum of C@NaLa-
TiO-Sr shows that the intensity at 2.003 is gradually getting stronger,
which is caused by the rise of oxygen vacancy concentration in
C@NaLaTiO-Sr33. And in the XPS spectrum of C@NaLaTiO-Sr, the Ti

Fig. 4 | The capturemechanism study of Na2La2Ti3O10 and C@NaLaTiO for Sr2+.
aXPS spectra ofNa 1s for Na2La2Ti3O10 andNa2La2Ti3O10-Sr.b The XPS spectrumof
Sr 3d for Na2La2Ti3O10-Sr. c XPS spectra of Na 1s for C@NaLaTiO and C@NaLaTiO-

Sr. d XPS spectra of Ti 2p for C@NaLaTiO and C@NaLaTiO-Sr. e The XPS spectrum
of Ti 2p for C@NaLaTiO-Sr. f EPR spectra of C@NaLaTiO and C@NaLaTiO-Sr.
Source data are provided as a Source Data file.
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2p3/2 and Ti 2p1/2 of Ti4+ are located at 458.9 eV and 465.1 eV, respec-
tively, and two relatively weak peaks appear at 457.9 eV and 463.5 eV,
corresponding to Ti 2p3/2 and Ti 2p1/2 of Ti3+, respectively60. The reason
is the partial reduction of Ti4+ to Ti3+ under the applied voltage
induction, which increases the electron cloud density of oxygen atoms
and promotes the formation of oxygen vacancies. When Ti3+ is trans-
formed to Ti4+ after applying the opposite voltage, two Ti 2p peaks in
C@NaLaTiO-Sr XPS appear at 459.4 eV (Ti 2p3/2) and 465.2 eV (Ti 2p1/2),
respectively, and the oxygen electron cloud density decreases (Sup-
plementary Fig. 7d). Consequently, Sr2+ is successfully released (Sup-
plementary Fig. 7e). Thus, the electrochemical adsorption and
desorption of Sr2+ is achieved. Therefore, the XPS, SXRD, and EPR
confirm that the capture mechanism of C@NaLaTiO for Sr2+ is the ion
exchange between Sr2+ and interlayer Na+ in Na2La2Ti3O10 and elec-
trochemical reduction of Ti4+ to Ti3+ under –4 V potential, which gen-
erates oxygen vacancies and promotes Sr2+ adsorption. Conversely,
when the negative voltage (4 V) is applied to the electrode, the reverse
oxidation of Ti3+ to Ti4+ reduces the oxygen vacancies and facilitates
the desorption of Sr2+ (Fig. 5a).

Density functional theory calculations
In order to further elucidate the mechanism of introducing ESIX to
increase the adsorption capacity of Sr2+, density functional theory
(DFT) calculations on the interaction of the [La2Ti3O10]n

2n- layer with
Sr2+ ion before and after applying the voltage (–4 V) were performed.
The DFT results reveal that the binding energy of the anionic
[La2Ti3O10]n

2n- layer to Sr2+ decreases from –0.376 eV to –0.998 eV
under the action of the electric field (Fig. 5b, c). The binding energy of
Sr2+ to the anionic layer [La2Ti3O10]n

2n- during electrochemical
adsorption is more negative than that of batch adsorption, suggesting
a stronger interaction between the anionic layer [La2Ti3O10]n

2n- and the
Sr2+ ions under the influence of the applied voltage. And it is easier to
replace Na+ ions with Sr2+ ions in the interlayer when the voltage is
applied. DFT results indicate that through using themethod of ESIX, as
the voltage is applied, Na2La2Ti3O10 shows a much higher adsorption

capacity for Sr2+ from the energy perspective, providing a more effi-
cient way to remove specific ions from solutions.

Discussion
We develop an efficient strategy for Sr2+ capture through an envir-
onmentally friendly ESIXmethod using an electroactive titanate-based
perovskite (Na2La2Ti(Ⅳ)3O10) with exceptional acid and irradiation
resistance, and thermal stability. It demonstrates an excellent treat-
ment capability for actual acidic 90Sr-liquid-waste generated during
industrial production. Comprehensive characterizations (SXRD, EDS,
XPS, EPR) reveal that Sr²⁺ capture and release occur through Na+/Sr2+

ion exchange and electrochemically controlled Ti3+/Ti4+ redox reac-
tions, enabling efficient electrochemical adsorption and desorption.
DFT calculations further confirm that the introduction of ESIX sig-
nificantly enhances the Sr2+ adsorption capacity of Na2La2Ti3O10. By
synergistically combining ion exchange with electrochemical adsorp-
tion, the current strategy provides a sustainable approach to Sr2+

removal and lays the foundation for the development ofmore efficient
materials for radiostrontium treatment. Ultimately, this work expands
the potential of electroactive titanate-based perovskites for Sr²⁺ cap-
ture via ESIX, supporting the safe and sustainable advancement of the
nuclear industry.

Methods
Materials
Na2CO3 (AR, Shanghai Hongguang Chemical Plant Co., Ltd), TiO2 (RG,
Acros), La2O3 (99.99%, Sinopharm Chemical Reagent Co., Ltd), HNO3

(65~68%, Sinopharm Chemical Reagent Co., Ltd), NaOH (AR, Tianjin
Guangfu Reagent Co., Ltd), CsCl (99.99%, Shanghai Longjin Metallic
Material Co., Ltd), KCl (AR, Tianjin Fuchen Chemical Reagent Co., Ltd),
NaCl (AR, Sinopharm Chemical Reagent Co., Ltd), CaCl2·2H2O (74%,
Shanghai Sili Chemical Plant), MgCl2 (AR, Adamas Reagent Co., Ltd),
SrCl2·6H2O (AR, Tianjin Guangfu Reagent Co., Ltd), EuCl3·6H2O (AR,
RUIKE State Engineering Research Center of Rare Earth Metallurgy and
Functional Materials Co., Ltd), ZrOCl2·8H2O (98%, Adamas Reagent Co.,
Ltd), carbon black (CP, Qingdao Chenyang Graphite Co., Ltd), poly-
vinylidene fluoride (PVDF) (99%, Shanghai McLean Biochemical Tech-
nologyCo., Ltd), N-methylpyrrolidone (NMP) (AR, SinopharmChemical
Reagent Co., Ltd), carbon cloth (Suzhou Zhengtairong New Material
Co., Ltd). All the chemicals were used without further purification. For
economic and safety reasons, we used non-radioactive strontium
instead of radionuclide strontium in the batch adsorption and elec-
trochemical adsorption experiments. Radionuclide strontium was only
used in the actual treatment of acidic 90Sr-liquid-waste generated from
the production of radioactive sources at CNNC HTA Co., Ltd.

Synthesis of Na2La2Ti3O10 and C@NaLaTiO
According to the previously reported synthesis method, Na2La2Ti3O10

was prepared by the solid phase reaction34. Na2CO3 (2.8mmol,
0.2968 g), TiO2 (6mmol, 0.4792 g), and La2O3 (2mmol, 0.6516 g) were
mixed stoichiometrically and groundwell. Themixturewas placed in a
20mL round-bottomed alumina crucible and kept at 900 °C for 24 h,
followed by cooling slowly for 48 h to RT. Products were rinsed several
times with deionized water and ethanol, and they were separated by
filtration and finally dried in an oven at 80 °C overnight to obtain white
powder Na2La2Ti3O10 as pure phase. About 1.1936 g of Na2La2Ti3O10

couldbeobtainedwith a yield of 95.12% (basedonTi),which is stable in
water and air. The synthesized Na2La2Ti3O10, carbon black, and PVDF
were dispersed into NMP at a mass ratio of 8:1:1 at RT and dried in an
oven at 60 °Covernight. The prepared slurry was coated on the carbon
cloth (1.0 × 1.0 cm2) as the working electrode (C@NaLaTiO).

Characterizations
PXRD patterns were obtained at RT using a Miniflex II diffractometer
with CuKα (λ = 1.54178 Å) at 30 kV and 15mA within the angular range

Fig. 5 | Schematic diagram of the “electrochemically switched ion exchange”
process and results of density functional theory calculations. a Schematic
diagram of the Sr2+ adsorption/desorption process of C@NaLaTiO ([Ti4+O6] octa-
hedra and [Ti3+O6] octahedra are presented in light blue and dark blue colors,
respectively). The calculation on binding energies of the [La2Ti3O10]n

2n- layer to Sr2+

ions before (b) and after applying voltage (c).
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of 2θ = 5–65°. Elemental analysis and mapping of the samples were
performed using a JEOL JSM-6700F SEM and energy-dispersive X-ray
spectroscopy (EDS). Solid-state optical diffuse reflectance spectra
were recorded on a Shimadzu 2600 UV/vis spectrometer at RT in the
range of 800–200nm. TGA was performed on a NETZSCH STA 449F3
DTA-TG analyzer under a N2 atmosphere from RT to 1200 °C with a
ramp rate of 10 °C·min−1. XPS was performed on the ThermoFisher
ESCALAB 250Xi XPS spectrometer system, with all binding energies
referenced to the C1s peak of adventitious carbon at 284.8 eV. EPRwas
recorded using an EPR spectrometer (Elexsys E500, Bruker, Germany).
Metal ion concentrations in solutions were determined by inductively
coupled plasma mass spectrometry (ICP-MS) or inductively coupled
plasma optical emission spectrometry (ICP-OES), utilizing an XSeries II
and a Thermo 7400 instrument, respectively. Powder SXRD data were
collected at SPring-8’s BL02B2 beamline (Japan) using high-energy
radiation (λ =0.42 Å). The samples were encapsulated in borosilicate
capillaries before measurement. Structural refinement was subse-
quently performed using GSAS software. The pH of all solutions was
measured with Shanghai Lexmark Electronics 201F. The supernatant
was separated using theG16-WS centrifuge. Electrochemical tests were
conducted using an electrochemical workstation (CHI660E, CH
Instruments, China). Sampleswere irradiatedwith γ-rays at a total dose
of 100 kGy (1.2 kGy·h−1 for 89 h) and 200 kGy (1.2 kGy·h−1 for 175 h)
using a 60Co irradiation source (2 million curies) provided by the
Detection Center of Suzhou CNNCHuadong Radiation Co., Ltd, China.

Density functional theory calculations
All the calculations areperformed in the frameworkof theDFTwith the
projector augmented plane-wave method, as implemented in the
Vienna ab initio simulation package (VASP, version number 5.4.4)61.
The generalized gradient approximation proposed by Perdew, Burke,
and Ernzerhof is selected for the exchange-correlation potential62. The
long-range van der Waals interaction is described by the DFT-D3
approach63. The cut-off energy for the plane wave is set to 500 eV. The
energy criterion is set to 10−6 eV in the iterative solution of the
Kohn–Shamequation. TheK-mesh resolved in real space is0.04 2π·Å−1.
All the structures are relaxed until the residual forces on the atoms
have declined to less than 0.02 eV·Å−1.

Data availability
The ion exchange data generated in this study are provided in the
Supplementary Information/SourceDatafile. Source data are provided
in this paper. Additional information can be obtained from the corre-
sponding author upon request. Source data are provided with
this paper.
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