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Abstract

Extracting uranium (U) from mine tailings seepage water can compensate the depletion of
conventional U resources. However, current photocatalytic methods have intrinsic obstacles,
such as the recombination of charge carriers, and the deactivation of catalysts by extracted U.
Here we show that, by applying a small bias potential on the photocatalyst to drive spatial
charge-carriers separation, the photoelectrochemical (PEC) method enables much faster U
extraction and exceptional stability. In synthetic U-bearing water, the PEC U extraction
proceeds via single-step one-electron reduction. Hence stable U(V) is produced from aqueous
media under ambient conditions for the first time, implying the potential to facilitate future
studies on U(V) chemistry. In real seepage water, the PEC method achieves a capacity of 0.67
gU m3-h without further optimization, which is 17 times faster than the photocatalytic method
using identical photocatalyst. The PEC U extraction method is therefore of broad research
interests.
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Nuclear power, fueled by uranium (U), is a mature low-carbon energy technology that
plays a crucial role in the transition to a sustainable future 1. Along with the rapidly expanding
nuclear power industry, public concerns regarding its sustainability have arisen. One is the
environmental impact, as billions tons U mine tailings have been disposed worldwide due to
mining and processing of U ores 2. Untreated, the tailings derive large quantities of U-
containing (mg/L level) seepage water 2. As U is highly hazardous to the biosphere, the seepage
water would threaten the eco-system if not properly treated 3#. Another concern is the
vulnerability of the global U supply. Current U supply relies on terrestrial ores, which have
limited availabilities and could hardly meet the future demand 8. Hence, recovering U from
the seepage water is highly appealing because it not only compensates the depletion of
conventional uranium resources but also reduces the negative environmental impact of U
mining.

Photocatalysis (PC) is a plausible approach for U extraction from aqueous media °. The
core processes of the PC U extraction method are the adsorption and reduction of soluble
hexavalent U (U(V1), which is the dominant U species under ambient conditions, into insoluble
tetravalent uranium (U(1V)) by conduction band electrons generated within the photocatalyst
upon illumination. Currently, most research efforts have focused on developing novel
photocatalysts 1%, but two intrinsic obstacles persist (Figure 1a): the fast recombination of
charge carriers upon their formation*?, and the blockage of catalyst active sites by precipitated
U 113 Consequently, the efficiency of the PC method is limited, and catalyst regeneration is
required, which hinders the long-term continuous operation. Therefore, suppressing the
recombination of charge carriers, and spatially separating the uranium deposition sites from

photocatalyst active sites are the keys to tackle these challenges.
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Figure 1. Schematic representations of current PC uranium extraction methods and the
proposed PEC uranium extraction method

Here we show that the photoelectrochemical (PEC) method could effectively resolve the
aforementioned drawbacks of PC methods, by applying a bias potential on the photocatalyst
(Figure 1b). The PEC method enables much faster U extraction and exceptional stability for
both synthetic U-containing water and real U mine tailings seepage water. We further show that
the bias-driven spatial charge-carriers separation is the key to obtain fast U extraction and high
stability. In synthetic U-bearing water, the PEC U extraction proceeds via single-step one-
electron reduction. For the first time we produced stable U(V) from aqueous media under
ambient conditions without using organic ligands, implying the potential of the PEC method
for facile U(V) synthesis, which would significantly facilitate future studies on U(V) chemistry.
In real seepage water, the PEC method achieved a capacity of 0.67 gU m=-h"t without further
optimization, which is 17 times faster than the photocatalytic method using identical
photocatalyst, at a compulsory energy cost of 125 kWh/kgU ($15.63/kgU). In summary, our

work introduces a facile strategy to simultaneously address the depletion of conventional U
4
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resources and the negative environmental impacts of U mining industry, contributing to the
sustainability of nuclear power industry.
The PEC U extraction method

We hypothesize that the key to obtaining higher efficiency and stability in PEC uranium
extraction is the application of a proper external bias potential on the photocatalyst that can
suppress the recombination of charge carriers and spatially separate the U deposition sites from
the photocatalyst active sites. To examine this hypothesis, PEC experiments were conducted at
varied bias potentials with synthetic U-containing water. Control experiments were also
performed with illumination at open-circuit condition (i.e., PC U extraction), and in the dark
with external bias (i.e., EC U extraction). Fast PEC U extraction kinetics were obtained at all
tested bias potentials, and the total extraction efficiencies after 120 min operation reached
65.2%, 78.7%, and 63.8%, at applied bias potential of 0.0 V (all potentials reported in this work
are relative to the standard calomel electrode (SCE) unless otherwise stated), 0.5V, and 1.0 V
respectively (Figure 2a and c). In the case of PC method, U extraction was much slower, where
a total efficiency of 28.9% was achieved after 120 min operation. The results implied a

significant role of the applied bias in promoting the U extraction efficiency of the PEC method.
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Figure 2. Uranium extraction by PEC and PC methods (a); the current-time plots during
PEC U extraction experiments (b); total U extraction efficiencies of different methods
after 120 min operation (c); the synergy factors of the PEC method at varied bias
potentials (d). Conditions: [U(V1)]o = 0.05 mM, [NaCl] = 20 mM, natural pH (~4.2).

By comparing the U extraction efficiencies of the EC, PC, and PEC methods, obvious
synergistic effects were observed in the PEC method: the synergy factor (calculated according
to Supplementary Note 3) at 0.0 V, 0.5V, and 1.0 V were 187%, 266% and 197%, respectively
(Figure 2d). The bias potential might play two roles in PEC U extraction: (1) promoting the
separation of charge carriers by triggering band bending within the photocatalyst 14; (2) driving
direct EC U extraction on electrode surfaces °. The first role was evidenced by the increased
photocurrent with the increasing bias potential (Figure 2b). There was much less EC U
extraction at the three bias potentials (<7%) (Figure 2c and Figure S2), indicating an
insignificant contribution of the second role. Furthermore, although the photocurrent increased
with higher bias potential, an optimal value exists. This might be attributed to the production

of oxidative species at a higher potential that can re-oxidize the precipitated U.
6
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During the PEC U extraction, as the photocurrent (Figure 2b) indicates constant extraction
of conduction band electrons from the photocatalyst to the cathode, the U deposition sites and
the photocatalyst should be spatially separated, therefore higher stability and durability of the
photocatalyst are expected. To test this expectation, we performed a reusability assay (Figure
3a). After each cycle, defined reaction solutions were directly refilled into the PEC reactor and
the PC reactor without regeneration treatment of the TiO, nanotube array (TNA) and the Ti
electrode. The PEC method indeed showed high durability, as ~0.58 mg U could be extracted
from 0.06 L synthetic U-containing water for each of the 8 tested 120-min operation cycles. On
the contrary, in the first cycle of the PC method, only 0.28 mg U was extracted, and the extracted
U decreased to 0.15 mg and 0.10 mg during the second and the third cycle, respectively. Hence,

the PEC method had exceptional stability compared to the PC method.
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Figure 3. The PEC uranium extraction and the PC uranium extraction during continuous
cyclic runs (a); in-situ EIS plots of the Ti electrode during the PEC uranium extraction
experiment (b); SEM image of the Ti electrode after PEC uranium extraction (c); SEM
image of the Ti electrode after PC uranium extraction (d); SEM image of the fresh Ti
electrode (e); comparison of the uranium content on different components after PEC and
PC uranium extraction operation (f). Conditions: [U(V1)]o = 0.05 mM, unadjusted pH
(~4.2), [NaCl] = 20 mM, Epias = 0.50 V vs. SCE.

The morphologies of the Ti electrodes upon 120 min PEC and PC U extraction experiments

were characterized by scanning electron microscopy (SEM) and compared with that of the fresh

8
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Ti electrode. The results show that, upon PEC treatment, the electrode was covered by a
nanoparticles layer (Figure 3c and e), which contains U according to energy dispersive
spectroscopy (EDS) analysis (Figure 3f and Figure S4). However, in the case of PC U extraction,
no noticeable changes in the electrode morphology (Figure 3d and e) or U deposition (Figure
3f and Figure S5) was observed. We further analyzed the distribution of extracted U on both
the TNAs and the Ti electrodes upon PC and PEC experiments (see Supplementary Note 5).
The results revealed that, in the case of PC, U extraction products were precipitated exclusively
on the TNA photocatalyst (Figure 3f), which confirmed that the blockage of the photocatalyst
active sites by extracted U was responsible for the poor stability of the PC U extraction
technology 1316, On the contrary, extracted U was predominantly (78.4%) precipitated on the
Ti cathode in the case of PEC (Figure 3f), even though a small fraction was found on the TNA
photocatalyst, most probably as adsorbed species *’. Therefore, the spatial separation of the U
precipitation sites and the photocatalyst could explain the stable photoactivity of the TNA
photoanode and therefore the stable photoelectrons output in PEC method. More interestingly,
the continuously U precipitation onto the Ti cathode in the PEC method did not decrease its U
reduction capacity (Figure 3a). To clarify this aspect, in-situ electrochemical impedance
spectroscopy (EIS) analysis '® was carried out to monitor the interfacial charge transfer
resistance changes in real-time during the PEC U extraction. The curves shrank slightly during
the experiment (Figure 3b), and the fit results revealed gradual decrease in interfacial charge
transfer resistance of the Ti cathode (Supplementary Note 6), which could facilitate the U
reduction. This finding was consistent with the slightly increasing pattern of the current during
one cycle (Figure 2b and Figure S3), and the similar currents among different continuous cycles
(Figure S3). The results here suggested that the U precipitates on the Ti cathode could facilitate
further U deposition, instead of blocking the active sites.

As the operation conditions may vary greatly among seepage waters from different U
mines, the effects of different operation conditions on the performance of the PEC method were

examined. We first evaluated the PEC uranium extraction performance at pH from 4.2 to
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9.0. The results show that similar U extraction rate in the first 60 min was achieved for all the
tested pH values, while lower rate was observed for higher pH at 60-120 min (Figure 4a). One
plausible explanation would be the changes in the speciation of aqueous U(VI) with the
increasing pH (Figure S7). At acidic pH (4.2), U(VI) was predominantly present as uranyl
(UO2*) ions, and the complexation of UO,?* with OH or COs? ions increased with the
increasing pH. In the case of higher pH, as the U extraction proceeded, the residual aqueous U
concentration decreased, so the proportion of UO,2*-OH- and UO,2*-COs? complexes increased
with the extraction time. CV curves of the Ti cathode in the synthetic U-containing water at
various pH show that these UO,?*-OH" and UO.?**-COs*> complexes had more negative
reduction potentials than UO,%* ions (Figure S8), implying that the reduction of these hydroxyl
and carbonate complexes predominant at higher pH was less thermodynamically favorable.
Moreover, as U reductive precipitation mostly took place on the Ti cathode, the adsorption of
U(VI) to the Ti electrode surface should be a prerequisite for its reduction. In the case of higher
pH, the electric repulse between the negatively charged UO2?*-OH" and UO,2*-CO3* species
and the Ti cathode surface might also obstruct the U reduction.

Thereafter, we evaluated the PEC U extraction performance at different initial U
concentrations ranging from 0.025 mM to 0.20 mM (Figure 4b and Figure S9). The high initial
U concentrations, i.e., 0.10 mM and 0.20 mM, enabled faster kinetics in the first 30 min. As for
the low initial U concentrations, i.e., 0.025 mM and 0.05 mM, the accumulation of U
precipitates on the Ti cathode, which was beneficial for the extraction of aqueous U, was more
difficult 5, so slower initial rates were obtained. But once some U precipitates were deposited,
the extraction was accelerated and resulted in similar kinetics with high initial U concentrations
in the later phase. In the case of the 0.20 mM U experiment, the extraction rate in the later phase
declined and became the slowest, which might be due to the saturation of the active sites °.

NO; and SO* are abundant in many U mining effluents 2°, so their effects on PEC
methods were examined. The results show that slightly higher U extraction rates were obtained

by replacing the 20 mM NaCl with 20 mM NaNO;z or Na,SQ; in the synthetic U-containing

10
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water (Figure 4c). The speciation of aqueous U(VI) could be different in the presence of
different anions, because of the different complexation abilities of different anions with U(V1).
The electrochemical interactions of these different U(VI) complexes could vary greatly, which

was evidenced by CV scans (Figure S10).
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Figure 4. U extraction by PEC at varied pH (@), with varied initial U concentration (b),
with the presence of different anions (c), with different electrolyte concentration (d).

The conductivity of the aqueous media, which is correlated to the electrolyte concentration,
may affect photoelectrochemical water treatment processes .. To examine this aspect, PEC U
extraction experiments were conducted at different electrolyte concentrations. The results show
that the extraction rate did not vary significantly while the electrolyte (NaCl) concentration
increased dramatically from 10 mM to 100 mM (Figure 4d). In typical (photo)electrochemical
water treatment systems, the overall charge carriers transfer resistance mainly consists of two
components, i.e., the solution/ohmic resistance due to the resistance of the ions transfer in the

reaction solution, and the charge transfer barriers at the solution/electrode interfaces 2. The

11
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currents at varied NaCl concentrations (corresponding to varied conductivity and therefore
varied solution/ohmic resistance) were similar (Figure S11), implying that charge transfer
barriers at the electrode/solution interfaces dominated the charge transfer resistance in the tested
NaCl concentration range.
Mechanisms: formation of stable pentavalent U

To decipher the mechanisms governing the PEC U extraction processes, the
electrochemical interactions of aqueous U and the Ti electrode were studied using cyclic
voltammetry (CV), and the results are shown in Figure 5a and b. In the presence of U(VI), a
reduction peak at around -0.85 V emerged. Meanwhile, an oxidation peak emerged at -0.36 V,
in the presence of U(V1). Considering that no redox peaks were detected in the absence of U(V1),
all these observed redox peaks can be assigned to the redox changes of U species on the Ti
electrode. Further, when increasing scanning rate, the reduction peaks shifted to lower
potentials, whereas the oxidation peaks moved to higher potentials (Figure 5b). These reflected
the kinetics of the redox reactions . Linear relations between the reduction/reduction peak
current values and the square root of scanning rates were identified (Figure S12), suggesting
that both the reductive conversion and the oxidative conversion were diffusion-controlled
reactions that could be described by the Randles-Sevcik model 2%, Fit with the Randles-Sevcik
model, the CV data revealed a one-electron U(VI) reduction process on the Ti electrode (see
Supplementary Note 8 for details). Therefore, the reduction peaks at around -0.85 V vs. SCE
can be assigned to the one-electron reduction of U(V1) to pentavalent U (U(V)) &%, and the
oxidation peaks at -0.36 V vs. SCE represents the oxidation of U(V) to U(VI) 8. The small
variation of the positions of these peaks compared with those in the literature could be attributed
to the differences in over potentials of the different applied electrodes and the scan rates.
Furthermore, the transferred charges of the oxidation and the reduction peaks were similar
(Figure S13), suggesting no significant disproportionation of the U(V) upon its formation on

the Ti electrode.

12
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Figure 5. Cyclic voltammograms of the Ti electrode in synthetic water with/without
uranium, at a scan rate of 100 mV/s (a), and in synthetic water with 0.05 mM uranium at
varied scanning rate (b); XPS survey scan spectra of the Ti electrode before and after
PEC uranium extraction (c); XPS U4f scan of the Ti electrode after PEC uranium
extraction (d); XRD spectrum of the Ti electrode after PEC uranium extraction (e).

The precipitated U was further characterized to elucidate the PEC U extraction
mechanisms. In the X-ray photoelectron spectroscopy (XPS) survey scan spectra, two

characteristic U4f peaks emerged after the extraction (Figure 5c¢), indicating U deposition on
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the Ti electrode, consistent with the SEM-EDS results. The mineralogical composition of the
PEC extracted U was characterized by X-ray diffraction (XRD). As shown in Figure 5e, upon
PEC U extraction, broad Bragg reflection peaks at 20 = 28.55< 33.09< 47.50< and 56.36°
emerged, which could be assigned to uraninite structures. This finding suggests that the PEC
extracted U present in the form of uraninite. Although uraninite is nominally UO, with a
fluorite-type (CaF») structure, its actual stoichiometry can vary significantly (UO2.x, 0<x<0.61)
due to the variance of the oxidation state of U ?°. XPS high-resolution U4f scan was then
performed to further confirm the oxidation state of the extracted U. The spectrum shows two
major peaks separated from each other by ~10.8 eV (Figure 5d). These two peaks could be
assigned to the U4f7, and U4fs,, respectively, and the separation of these two peaks was due to
the spin-orbit split *°. Additionally, two small peaks at 399.7 eV and 388.8 eV were also
observed (Figure 5d), which could be assigned to the satellite peaks of U(V) %L, Furthermore,
the U4fs, and U4f;, peaks were fit 223132 and the results show two strong peaks at 391.8 eV
and 381.0 eV, both separated from their corresponding satellite peak by 7.8 eV. Based on these
data, the two U4f peaks could both be assigned to U(V) 22303, The absence of spectral patterns
of either U(V1) or U(IV) shows that the PEC extracted U was pentavalent, consistent with the
CV characterization. A few studies have shown that U(V) could be stabilized by coordination
with iron oxides, carbonate or organic ligands 23*-3, However, iron oxides and carbonate were
not detected by the XRD analysis, and Fe and organic ligands were absent in the synthetic U-
containing water. In comparison, the PC extracted U was a mixture of U(1V) and U(V1) (Figure
S15). Hence, one hypothetical explanation could be the stabilization of U(V) in UO_s uraninite
structure on the surface of the Ti electrode, which needs further investigations.

The proposed PEC method opens a new avenue towards the facile synthesis of this often
“overlooked” U oxidation state. U(V) chemistry is important for elucidating the
biogeochemical behaviors of U in the environment and understanding the properties of the f
electrons of actinide ions %4, And a facile U(V) synthesis method is useful for assisting future

studies on the U(V) chemistry. Additionally, because of its unique electronic structure #?, stable
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U(V) materials is also highly desired for photocatalysis, magnetism, and energy storage
applications #4243, However, due to fast disproportionation ¢, U(V) species are usually very
unstable %3194 Attempts have been made by pioneers in synthesizing stable U(V), but the
state-of-the-art methods are complicated and time-consuming, requiring the addition of organic
ligands, heating, high pressure, and/or high voltage 333441434546 Tg our best knowledge, this
study is the first in successfully producing stable U(V) from aqueous media without adding
organic ligands, under ambient conditions and in open air. This would significantly facilitate
future studies on U(V) chemistry.
Recovery of extracted U from the Ti electrode

The recoverability of the extracted U on Ti electrode was evaluated. Both the
physicochemical method and the electrochemical method were examined (see Supplementary
Note 9 for details). As shown in Figure S16, by the physicochemical method, the 0.1 M HCI
could recover 66.3% of the extracted U. By applying a bias voltage, the elution of the extracted
U could be promoted. In the 0.1 M HCI elution solution, the U recovery rate was 83.2% at 1.0
V bias voltage and 100.0% at 1.5V, respectively. Therefore, the PEC extracted U species on

the Ti electrode could be fully recovered by applying a dilute acid and a low bias voltage.
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Figure 6. Long-term uranium extraction performances of the PEC method and the PC
method during continuous cyclic runs in real uranium-mine tailings seepage water

The U extraction performance of the proposed PEC method in real U-mine seepage water
was also evaluated, and the results are present in Figure 6. The U extraction capacity of the PC
method was only 0.04 gU m=-h?, and decreased dramatically to 0.02 gU m=-h'! after only 2
cycles. For comparison, the PEC method extracted 5.54 mg U from 0.78 L seepage water after
13 cycles without noticeable efficiency decrease, revealing its exceptional stability and high
efficiency with U-mine seepage water compared with the PC method. The U extraction capacity
is calculated to be 0.48 gU m=-h and 0.67 gU m3h at applied bias potentials of 0.5 V and
1.0 V, respectively, which are 12 — 17 times higher than the PC method. Moreover, the bias
potential applied here served only as a driving force to separate the charge carriers (Figure S17).
These results show that the PEC method has both higher U extraction efficiency and higher
stability than the PC method in practical applications.

For the analysis of the feasibility of the proposed PEC U extraction method from the
economic perspective, a cost-effective analysis is provided in Supplementary Note 11. We
estimate that the cost for PEC U extraction from real U mine seepage water was $8.75/kgU and
$15.63/kgU at 0.5 V and 1.0 V bias potential, respectively. In comparison, for the conventional

terrestrial U resources, the acceptable exploitation cost is $260/kgU #’. Hence, the extraction of
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U from U mine tailings seepage water should be economically feasible.

On the global scale, a considerable amount of U is overlooked in over billions tons of mine
tailings and is released into the environment via seepage water 2. The present work successfully
demonstrated the potential of the PEC method for U extraction from these seepage waters. For
the U mine tailings where the studied seepage water was collected, the annual extractable U in
the seepage water was 219 kg to 2190 kg, which accounts for up to 1.5%o of the annual gross
domestic U production of China #’. Given the obtained U extraction capacity (0.48 ~ 0.67 gU
m=-h?1) of the PEC method, this amount of U is fully recoverable if the PEC method is
implemented. There are more than 908 million m® U mine tailings distributed in 163 U mining
sites around the world “8, hence if the PEC method proposed herein can be applied to all of
them, the annually extractable U could reach up to 10.7% of the annual global U consumption
by the nuclear power industry (see Supplementary Note 12 for details). This can largely hedge
the risks of the global U supply chain, as well as reduce the negative environmental impacts of
U mining industry.

Other implications

Besides nuclear power, alternative renewable energies, e.g. wind, solar, and tidal energies,
are also playing important roles in decarbonization. However, these non-nuclear alternative
renewable energies are causing increasing load variability to the power grids due to their
intermittent nature “°, so it is of vital importance to implement energy storage technology to
mitigate such fluctuations. For long-term energy storage, converting and storing intermitting
renewable electricity in the form of energy dense chemicals (e.g. Hz gas, H20) is of particular
interest to the energy sector %°. On average, the net electrical energy density of U is estimated
to be 43.3 MWh/kgU (Supplementary Note 13). In comparison, the gross energy densities of
concentrated H202 (70% concentrated) and Hz gas, the state-of-art energy storage chemicals,
were 0.58 kWh/kg and 33.35 kWh/kg, respectively *. Hence, the net electrical power density
of U is at least three and five orders of magnitude higher than the gross energy of H, gas and
concentrated H.O-, respectively. Therefore, U is an ideal candidate for power-to-chemical

energy storage. For the PEC U extraction method, the compulsory energy input is calculated to
17
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be 70 ~ 125 kWh/kgU, without further optimization (Supplementary Note 11), which is only
0.16% ~ 0.29% of the energy density of the extracted U. This analysis implies that the PEC U
extraction method has also great potential for energy storage applications.
Conclusions

In summary, we demonstrated the application of a PEC method to extract U from both
synthetic U-containing water and mine tailings seepage water. The proposed PEC method can
overcome the intrinsic drawbacks of the current photochemical methods by applying a bias
potential on the photocatalyst, which drives spatial charge-carriers separation and decouples
the U deposition sites and the photocatalyst active sites. As a result, the PEC method enables
much faster U extraction and exceptional stability for both synthetic U-containing water and
real U mine tailings seepage water. The economic analysis reveals that the proposed PEC U
extraction method is an economically feasible approach. For the first time stable U(V) from
aqueous media under ambient conditions was produced, implying the potential of the PEC
method for the facile synthesis of U(V), which would facilitate future studies on U(V) chemistry.
Further, the PEC U extraction method also exhibits high potential in energy storage applications.
The present work is of interest to the nuclear power industry, uranium mining industry,
geochemistry, and material chemistry.
Methods

Uranium extraction experiment

U extraction experiments were carried out using a single-compartment three-electrode
reactor, which has an effective volume of 0.06 L. A 3 cm %3 cm TiO; nanotube array (TNA)
was used as the anode, as TiO; is the most developed and most commonly used model
photocatalyst 5%, and its conduction band edge potential is suitable for U(V1) reduction 3. A 3
cm x3.5 cm Ti foil was used as the cathode, because its capability of serving as the U deposition
site has been demonstrated in previous extraction studies *°. A saturated calomel electrode (SCE)
was used as the reference electrode. An electrochemical workstation (CHI660E) was used to
provide the designated bias on the TNA anode, and a UV-LED array with 60 mW/cm?

irradiation was used as the light source. In the case of the PC method, the reactor was operated
18



350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

367

368

369

370

371

at open-cell conditions without circuit connection between the TNA anode and the Ti electrode
under illumination. In the case of the EC method, the system was operated in dark at designated
bias potentials. Synthetic U-containing water was made by dissolving UO2(NQ3), 6H20 into
ultra-pure water to reach desired concentrations. Meanwhile, 20 mM NaCl was also added as
the supporting electrolyte, unless otherwise stated. For the real U-mine tailings seepage water
experiments, seepage water collected from a decommissioned granite-related U mine tailings
deposit was used after filtration by 0.2 um filter membrane to remove suspended solids and
microorganisms which may interfere the measurements. Detailed characterizations of the
seepage water can be seen in Supplementary Note 10. Upon each cycle of the real U-mine
tailings seepage water experiment, fresh Ti cathode was used while the TNA was continuously
used without any means of regeneration. All experiments were conducted in the open-air. The
U concentration was measured by a well-established spectrophotometric method as described
in the literature . The extracted mass of the U was calculated by comparing the difference
between the remaining and the initial U concentration in the reaction solution.

Characterizations

Cyclic voltammetry (CV) characterizations of the Ti electrode were carried out using the
CHI660E electrochemical workstation, with a 4 cm > 3 cm graphite plate as the counter
electrode and a SCE reference electrode. Scanning electron microscopy (SEM) and energy
dispersive spectroscopy (EDS) were conducted using a SU8010 ultra-high-resolution FE-SEM
equipped with an X-Max N EDS system. X-ray photoelectron spectroscopy (XPS) was carried
out using a Thermo K-Alpha+ XPS with an Al (Ka) source. X-ray diffraction (XRD) (Rigaku

D-Mas 2500PC) was carried out using Cu Ko radiation.
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