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SUMMARY

Current photocatalytic uranium (U) extraction 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 bias potential on the photoca-
talyst, the photoelectrochemical (PEC) method can address these limitations. We
demonstrate that, owing to efficient spatial charge-carriers separation driven by
the applied bias, the PEC method enables efficient and durable U extraction. The
effects of multiple operation conditions are investigated. The U extraction pro-
ceeds via single-step one-electron reduction, resulting in the formation of penta-
valent U, which can facilitate future studies on this often-overlooked U species.
In real seepage water the PEC method achieves an extraction capacity of
0.67 gU m3*-h~ " without deactivation for 156 h continuous operation, which is
17 times faster than the photocatalytic method. This work provides an alternative
tool for U resource recovery and facilitates future studies on U(V) chemistry.

INTRODUCTION

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 (Rhodes, 2017; Cui et al., 2020b; Wang et al., 2020). Along with its rapid
expansion, public concerns regarding its sustainability have arisen. One is the environmental impact, as bil-
lions of tons of U mine tailings have been disposed worldwide owing to mining and processing of U ores
(Dang et al., 2018). Untreated, these tailings derive large quantities of U-containing (mg/L level) seepage
waters (Dang et al., 2018). As U is highly hazardous to the biosphere, the seepage water would threaten the
ecosystem if not properly treated (Bourrachot et al., 2014; Zheng et al., 2020; Zhang et al., 2019). 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 (Yuan et al., 2021; Liu et al., 2017; Tsouris,
2017; Lively, 2016; Cui et al., 2021b). Hence, recovering U from the seepage water is highly appealing
because it simultaneously addresses the depletion of conventional uranium resources and the negative
environmental impact of U mining.

Photocatalysis (PC) is a plausible approach for U extraction from aqueous media (Li et al., 2019¢). 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 in aquatic environment, into insoluble lower-valent U by conduction band
electrons generated within the photocatalyst upon illumination. Currently, most research efforts have
focused on developing novel photocatalysts (Liang et al., 2020; Deng et al., 2019), but two intrinsic obsta-
cles persist (Figure 1A): the fast recombination of charge carriers upon their formation(Lianos, 2017),and
the blockage of catalyst active sites by precipitated U (Li et al., 2017; Deng et al., 2019). Consequently,
the efficiency of the PC method is limited, and catalyst regeneration is required, which hinders the long-
term continuous operation. Suppressing the recombination of charge carriers and spatially separating
the uranium deposition sites from photocatalyst active sites are the keys to tackle these challenges.

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
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Figure 1. Schematic representations of different uranium extraction methods
(A) The PC uranium extraction method.
(B) The PEC uranium extraction method.

without further optimization, which is 17 times faster than the photocatalytic method using identical photo-
catalyst, at a compulsory energy cost of 125 kWh/kgU ($15.63/kgU). We further show that the bias-driven
spatial charge-carriers separation is the key to obtain fast U extraction and high stability. The PEC U extrac-
tion 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 summary, our work opens an appealing avenue for obtaining nuclear fuel and reducing the environ-
mental footprint of U mines, contributing to the sustainability of the nuclear power industry.

RESULTS

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). The experimental setup
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Figure 2. Performance of the PEC uranium extraction method

(A) Time-resolved uranium extraction performance by the PEC method and the PC method.

(B) The current-time plots during PEC U extraction experiments.

(C) Total U extraction efficiencies of different methods after 120 min operation.

(D) The synergy factors of the PEC method at varied bias potentials. Conditions: [U(VI)]o = 0.05 mM, [NaCl] = 20 mM,
natural pH (~4.2). The error bars represent the standard deviation between replicates.

consisted of a TiO; nanotube array (TNA) photoanode and a Ti foil cathode. TiO, is the most developed
and most commonly used photocatalyst (Yang et al., 2008), and its conduction band edge potential is
suitable for U(VI) reduction (Li et al., 2017). Moreover, among various immobilized TiO, for photoelectro-
catalysis purposes, TNAis considered to be a viable catalyst because of its large specific surface area, high
stability, and unique charge carriers transport properties (Wang et al., 2014). The Ti foil was used as the
cathode, because its capability of serving as the U deposition site has been demonstrated in previous elec-
trochemical uranium extraction studies (Liu et al., 2019).

Fast PEC U extraction kinetics were obtained at all tested bias potentials, and the total extraction effi-
ciencies after 120 min operation reached 65.2%, 78.7%, and 63.8%, at applied bias potential of 0.0 (all po-
tentials reported in this work are relative to the standard calomel electrode [SCE] unless otherwise stated),
0.5, and 1.0V, respectively (Figures 2A and 2C). 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.

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 at 0.0, 0.5, and 1.0 V were 187%, 266%, and 197%,
respectively, calculated according to previous studies (Kim et al., 2015) (Figure 2D). The bias potential
might play two roles in PEC U extraction. One is driving direct EC U extraction on electrode surfaces
(Liuetal, 2019; Kim et al., 2015). However, the dark control experiments showed insignificant U extraction
(<7%) at all tested bias potentials (Figures 2C and S2), indicating a minor contribution of the direct EC
U extraction. The other role of the bias potential is promoting the separation of charge carriers by trig-
gering band bending within the photocatalyst (Mazierski et al., 2019). In TiO2-based photoelectrochemical
processes, when the applied bias potential is greater than the flat-band potential of TiO,, band bending to
the positive direction within TiO, will be generated (Radecka, 2004; Zhang and Yates, 2012; Feng et al.,
2020). Consequently, upon illumination and excitation, conduction band electrons would migrate to the

¢? CellPress

OPEN ACCESS

iScience 24, 103230, November 19, 2021 3




¢? CellPress

OPEN ACCESS

A 50 B 25
PEC u * 0 min
F I i i
S 4.0 | 20 - 2 e o - 60 I'T\In'
£ P » 120 min
s ||
ﬁ 3.0 { =15 A e 4
£ = E )
2 u =) e ]
2 20 i 10 | O
g 'y
@ 1.0 A a 51 R Ws =
m g e FPC 7
00 »— T T T T T T T 0 T T T T —
1] 2 4 6 8 10 12 14 16 0 10 20 30 40 50
c Time (h) D
E

W PEC mPC

=]
(=]
L

[=2]
o
L

U distribution (%)
IS
1)

Figure 3. Durability of the PEC system

(A) The performances of the PEC method and the PC method during continuous cyclic runs.

B) In situ EIS plots of the Ti electrode during the PEC uranium extraction experiment.

C) SEM image of the Ti electrode after PEC uranium extraction.

D) SEM image of the Ti electrode after PC uranium extraction.

E) SEM image of the fresh Ti electrode.

(F) Comparison of the uranium content on different electrodes after PEC and PC uranium extraction operation.
Conditions: [U(VI)]p = 0.05 mM, unadjusted pH (~4.2), [NaCl] = 20 mM, E;,s = 0.50 V versus SCE.
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counter electrode (Ti electrode in this case) through the external circuit driven by the potential difference
between the photoanode and the counter electrode. In this way, the spatial separation of the charge car-
riers is achieved and the recombination of charge carriers is reduced, resulting in promoted efficiencies
(Mazierski et al., 2019). In the PEC U extraction experiments, the applied bias potentials were greater
than the flat-band potential of TiO;, (0.2 to —0.4 V) (Radecka, 2004), so it is reasonable to expect the effec-
tive separation of charge carriers. This was evidenced by the increased photocurrent with the increasing
bias potential during PEC U extraction (Figure 2B). 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.

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,
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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 eight 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 and 0.10 mg during the second and the third cycles, respectively. Hence, the PEC
method had exceptional stability compared with the PC method. For the spatial separation of the U depo-
sition sites and photocatalyst, the role of the applied bias potential on the photocatalyst is crucial, because
it determines the direction of the electron flow. The effective spatial separation of the U deposition sites
and photocatalyst observed in the present study can be ascribed to the positive band bending (resulting
in extraction of electrons out of the photocatalyst) induced by the applied bias potential that was more pos-
itive than the flat-band potential of TiO, (Radecka, 2004; Zhang and Yates, 2012; Feng et al., 2020). On the
contrary, spatial separation of U deposition sites and the photocatalyst cannot be achieved by the appli-
cation of a bias potential that is more negative than the flat-band potential of the photocatalyst, because
the positive band bending cannot be established at such a potential (Kim et al., 2015).

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 Ti electrode. The results show that,
upon PEC treatment, the electrode was covered by a nanoparticles layer (Figures 3C and 3E), which contains U
according to energy dispersive spectroscopy (EDS) analysis (Figure S4). However, in the case of PC U extrac-
tion, no noticeable changes in the electrode morphology (Figures 3D and 3E) or U deposition (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. The results revealed that, in the case of PC, U extraction products were precipitated
exclusively on the TNA photocatalyst (Figures 3F and Sé), which confirmed that the blockage of the photoca-
talyst active sites by extracted U was responsible for the poor stability of the PC U extraction technology (Li
et al., 2017, 2019a; Deng et al.,, 2019). 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 photo-
catalyst, most probably as adsorbed species (Bonato et al., 2012). 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 continuous 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 (Li et al., 2020) 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 (Table S1; Scheme S1), which could facilitate the U reduction. This finding
was consistent with the slightly increasing pattern of the current during one cycle (Figures 2B and S3) and the
similar currents among different continuous cycles (Figure S3). The results here suggested that the U precip-
itates 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 9.0. The results show that a similar U extraction
rate in the first 60 min was achieved for all the tested pH values, whereas a lower rate was observed for higher
pH at 60-120 min (Figure 4A). One plausible explanation would be the changes in the speciation of agqueous
U(VI) with the increasing pH (Figure S7). At acidic pH (4.2), U(VI) was predominantly present as uranyl (U0,
ions, and the complexation of UO,2* with OH™ or CO32~ ions increased with the increasing pH (Kim et al.,
2015). Inthe case of higher pH, as the U extraction proceeded, the residual aqueous U concentration decreased,
so the proportion of UO3 " ~OH™ and UO3 " ~CO3~ complexes increased with the extraction time. Cyclic voltam-
metry (CV) curves of the Ti cathode in the synthetic U-containing water at various pH show that these
UO2*~OH~ and UO3%*~CO?%~ complexes had more negative reduction potentials than UO3* ions (Figure S8),
implying that the reduction of these hydroxyl and carbonate complexes predominant at higher pH was less ther-
modynamically 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 UO3* -OH~ and UO2%* —-CO3™ species and the Ti cath-
ode surface might also obstruct the U reduction.

Thereafter, we evaluated the PEC U extraction performance at different initial U concentrations ranging
from 0.025t0 0.20 mM (Figures 4B and S9). The high initial U concentrations, i.e., 0.10 and 0.20 mM, enabled
faster kinetics in the first 30 min. As for the low initial U concentrations, i.e., 0.025 and 0.05 mM, the
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Figure 4. Effects of operation conditions on PEC uranium extraction

(A) PEC uranium extraction performance at varied pH.

(B) PEC uranium extraction performance at varied initial uranium concentration.

(C) PEC uranium extraction performance with the presence of different anions.

(D) PEC uranium extraction performance with different electrolyte concentrations. The error bars represent the standard
deviation between replicates.

accumulation of U precipitates on the Ti cathode, which was beneficial for the extraction of aqueous U, was
more difficult (Liu et al., 2019), 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 (Li et al., 2019b).

NO;3 and SOi_ are abundant in many U mining effluents (Dlamini et al., 2019), so their effects on PEC
methods were examined. The results show that slightly higher U extraction rates were obtained by replac-
ing the 20 mM NaCl with 20 mM NaNOj3 or Na;SOy in the synthetic U-containing 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(VI). The electrochemical interactions of these different
U(VI) complexes could vary greatly, which was evidenced by CV scans (Figure S10).

The conductivity of the aqueous media, which is correlated to the electrolyte concentration, may affect
photoelectrochemical water treatment processes (Garcia-Segura and Brillas, 2017). To examine this
aspect, PEC U extraction experiments were conducted at different electrolyte concentrations. The conduc-
tivity of the reaction solution was measured to be 1.27, 2.37, 5.55, and 10.76 mS/cm, when the concentration
of NaCl was 10, 20, 50, and 100 mM, respectively. The results show that the extraction rate did not vary
significantly while the electrolyte (NaCl) concentration increased dramatically from 10 to 100 mM (the con-
ductivity of the reaction solution increased from 1.27 to 10.76 mS/cm) (Figure 4D). In typical (photo)electro-
chemical 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 (Chen et al., 2016). The cur-
rents 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.
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Figure 5. Mechanistic investigations

(A) Cyclic voltammograms of the Ti electrode in synthetic water with/without uranium, at a scan rate of 100 mV/s.
(B) Cyclic voltammograms of the Ti electrode in synthetic water with 0.05 mM uranium at varied scanning rate.
(C) XPS survey scan spectra of the Ti electrode before and after PEC uranium extraction.

(D) XPS U4f scan of the Ti electrode after PEC uranium extraction.

(E) XRD spectrum of the Ti electrode after PEC uranium extraction.

The geological conditions, climate conditions, and applied mining techniques differ significantly among U
mines. Consequently, the pH, the concentration of U, the type of co-existing anions, as well as the conduc-
tivity in different mine tailings seepage waters can vary significantly (Dang et al., 2018). The results present
herein imply that the PEC method has good compatibility with different water matrices and resilience to the
variation of pH, U concentration, and co-existing anions in a broad 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 CV, and the results are shown in Figures 5A and 5B. 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(VI). Considering that no redox peaks were detected in the
absence of U(VI), all these observed redox peaks can be assigned to the redox changes of U species on
the Ti electrode. Furthermore, on increasing the scanning rate, the reduction peaks shifted to lower poten-
tials, whereas the oxidation peaks moved to higher potentials (Figure 5B). These reflected the kinetics of
the redox reactions (Yuan et al., 2015a). Linear relations between the reduction/oxidation peak current

iScience 24, 103230, November 19, 2021 7



¢? CellPress

OPEN ACCESS

values and the square root of scanning rates were identified (Figure S12), suggesting that both the reduc-
tive conversion and the oxidative conversion were diffusion-controlled reactions that could be described
by the Randles-Sevcik model (Yuan et al., 2015a; Gao et al., 2017; Li et al., 2021). Fit with the Randles-Sevcik
model, the CV data revealed a one-electron U(VI) reduction process on the Ti electrode (see Figure S14).
Therefore, the reduction peaks at around —0.85V versus SCE can be assigned to the one-electron reduc-
tion of U(VI) to pentavalent U (U(V)) (Liu et al., 2017; Kim et al., 2015; Hennig et al., 2010; Morris, 2002), and
the oxidation peaks at —0.36 V versus SCE represents the oxidation of U(V) to U(VI) (Liu et al., 2017). 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.

The precipitated U was further characterized to elucidate the PEC U extraction mechanisms. In the X-ray photo-
electron spectroscopy (XPS) survey scan spectra, two characteristic U4f peaks emerged after the extraction (Fig-
ure 5C), indicating U deposition on the Ti electrode, consistent with the SEM-EDS results (Cui et al.,, 20214,
2021b; Zhang et al., 2019). 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 26 =
28.55°, 33.09°, 47.50°, and 56.36° emerged, which could be assigned to uraninite structures. This finding sug-
gests that the PEC extracted U is present in the form of uraninite. Although uraninite is nominally UO, with a
fluorite-type (CaF,) structure, its actual stoichiometry can vary significantly (UO,,,, 0 < x < 0.61) owing to
the variance of the oxidation state of U (Janeczek and Ewing, 1992). XPS high-resolution U4f scan was then per-
formed to further confirm the oxidation state of the extracted U. The spectrum shows two major peaks sepa-
rated from each other by ~10.8 eV (Figure 5D). These two peaks could be assigned to the U4f;,, and U4fs,,
respectively, and the separation of these two peaks was due to the spin-orbit split (Eloirdi et al., 2018). In addi-
tion, two small peaks at 399.7 and 388.8 eV were also observed (Figure 5D), which could be assigned to the sat-
ellite peaks of U(V) (Schindler et al., 2009; Eloirdi et al., 2018). Furthermore, the U4fs/, and U4f;,, peaks were fit
(Schindler et al., 2009; Yuan et al., 2015a; Butorin et al., 2017), and the results show two strong peaks at 391.8 and
381.0 eV, both separated from their corresponding satellite peak by 7.8 eV. Although the primary peak-satellite
peak separation for U(V) may vary slightly depending on the bonding environment, it is a powerful diagnostic
tool for identifying U(V), and the 7.8-8.5 eV primary peak-satellite peak separation is a robust indicator of U(V)
(Ilton et al., 2007; Yuan et al., 2015a; El Jamal et al., 2021; Butorin et al., 2017). Based on these data, the two U4f
peaks could both be assigned to U(V) (Schindler et al., 2009; Yuan et al., 2015a; Butorin et al., 2017; Gouder et al.,
2018; Eloirdi et al., 2018; El Jamal et al., 2021). The absence of spectral patterns of either U(VI) or U(IV) shows that
the PEC extracted U was pentavalent, consistent with the CV characterization. Although some previous studies
on the homogeneous photoreduction of U(VI) showed that the photosensitization of aqueous U(VI) may lead to
the formation of U(V) (Tsushima et al., 2010; Haubitz et al., 2021; Li et al., 2019d), upon illumination aqueous U(V)
is very unstable and prone to re-oxidation if halide ions and/or dissolved oxygen are present in the reaction so-
lution (Haubitz et al., 2021; Tsushima et al., 2010). We examined the UV-vis absorption spectra of the reaction
solution before and after illumination, and no characteristic peaks of U(V) were observed, suggesting no forma-
tion of stable U(V) via the homogeneous photosensitization pathway. Thus, the formation of U(V) via the photo-
sensitization of aqueous U(VI) can be excluded. Alternatively, a few studies have shown that solid-phase U(V)
could be stabilized by the surface where it is sorbed via coordination with the surface atoms (Yuan et al.,
2015a, 2015b; Pan et al., 2020; llton et al., 2005; Pidchenko et al., 2017). For instance, llton et al. reported the
formation of U(V) via heterogeneous reduction of aqueous U(VI) on the surface of ferrous mica surfaces, and
the sorbed U(V) showed significantly better stability over a broad range of solution pH and ionic strength
than aqueous U(V) obtained under the same conditions (Ilton et al., 2005). Pan et al. recently studied the hetero-
geneous reduction of aqueous U(VI) on the surface of magnetite and found the formation of stable U(V) on the
surface of magnetite (Pan et al., 2020). In the present study, stable U(V) was only obtained on the Ti electrode
upon PEC extraction experiments. Under the same conditions, the PC-extracted U on the TNA electrode was a
mixture of U(IV) and U(VI) (Figure S15). Hence, it is reasonable to hypothesize that the Ti surface stabilized the
U(V). Future studies on the interactions between the surface-sorbed U(V) and the Ti surface are needed to further
elucidate the mechanisms of the stabilization of U(V) on the Ti surface on atomic level.

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 Figure S16). As shown in Figure S16, by the physicochem-
ical method, the 0.1 M HCl could recover 66.3% of the extracted U. By applying a bias voltage, the elution of
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the extracted U could be promoted. In the 0.1 M HCl elution solution, the U recovery rate was 83.2% at 1.0V
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.

U extraction in real U 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 presented in Figure 6. The U extraction capacity of the PC method was only 0.04 gUm=3-h~",
and it decreased dramatically to 0.02 gU m~3-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 excep-
tional stability and high efficiency with U mine seepage water compared with the PC method. The U extraction
capacity is calculated to be 0.48 and 0.67 gU m~3-h~" at applied bias potentials of 0.5 and 1.0V, respectively,
which are 12-17 times higher than in 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. 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 and 1.0 V bias potential, respectively. In comparison,
for the conventional terrestrial U resources, the acceptable exploitation cost is $260/kgU (NEA & IAEA,
2021). Hence, the extraction of U from U mine tailings seepage water should be economically feasible.

DISCUSSION

On the global scale, a considerable amount of U is overlooked in over billions of tons of mine tailings and is
released into the environment via seepage water (Dang et al., 2018). The present work successfully demon-
strated 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—
2,190 kg, which accounts for up to 1.5%, of the annual gross domestic U production of China (NEA & IAEA,
2021). Given the obtained U extraction capacity (0.48-0.67 gU m~3.-h™") of the PEC method, this amount of
Uis 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 (IAEA, 2004); 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. This can largely hedge the risks of the global U supply chain,
as well as reduce the negative environmental impacts of U mining industry.

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 (Olauson et al., 2016), so it is of vital
importance to implement energy storage technology to mitigate such fluctuations. For long-term energy stor-
age, converting and storing intermitting renewable electricity in the form of energy-dense chemicals (e.g., Hy
gas, H,0y) is of particular interest to the energy sector (Tang et al., 2021). On average, the net electrical energy
density of U is estimated to be 43.3 MWh/kgU. In comparison, the gross energy densities of concentrated H,O,
(70% concentrated) and H, gas, the state-of-art energy storage chemicals, were 0.58 and 33.35 kWh/kg, respec-
tively (Tang et al., 2021). Hence, the net electrical power density of U is at least three and five orders of magnitude
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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 calcu-
lated to be 70-125 kWh/kgU (Table S3), without further optimization, 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.

Moreover, the proposed PEC method opens a new avenue toward the facile synthesis of U(V), an often “over-
looked” 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 (Molinas et al., 2021; Chen et al.,
2005). And a facile U(V) synthesis method is useful for assisting future studies on the U(V) chemistry. In addition,
because of its unique electronic structure (Zhang et al., 2021), stable U(V) materials is also highly desired for pho-
tocatalysis, magnetism, and energy storage applications (Nocton et al., 2008; Zhang et al., 2021). However,
owing to fast disproportionation (Liu et al., 2017), U(V) species are usually very unstable (Li et al., 2017, 2019b,
2019c; Cui et al., 2020a). 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 (Tondreau et al., 2018; Zhang et al., 2021; Nocton et al.,, 2008; Arnold
et al, 2012; El Jamal et al., 2021; Gouder et al., 2018; Chen et al., 2005). To 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.

Limitations of study

Here we have demonstrated efficient and durable uranium extraction from uranium mine seepage water. By
applying a bias potential on the photocatalyst, the PEC method indeed enables much faster U extraction
with exceptional stability, compared with the PC method operating under identical conditions: in real seepage
water the PEC method achieves an extraction capacity of 0.67 gU m~-h~" without deactivation for 156 h contin-
uous operation, which is 17 times faster than the photocatalytic method. However, further optimizations of the
proposed method can be done to further increase the energetic efficiency. Possible approaches include
enlarging the ratio of the electrode surface to the reactor volume, modification of the photocatalyst to make
better use of the solar light, and modification of the uranium deposition electrode to increase its selectivity.

In aqueous solutions, under ambient atmosphere, U(V) species is prone to re-oxidation, as documented in
the literature. We have revealed in this work that stable U(V) can be produced via the reduction of aqueous
U(VI) on the Ti electrode, under ambient atmosphere. Some previous studies have indicated that the sur-
face of some minerals (e.g., micas, magnetite) could stabilize solid U(V). In this study, by comparing the
valence states of the extracted U on different electrodes (namely, TNA and Ti), we hypothesized that the
U(V) we obtained was stabilized by the Ti surface. However, more detailed structural information of the pro-
duced U(V) compound and the possible interactions between the U(V) species and the Ti surface at the U-Ti
interface remain unknown. Further mechanistic investigations into these aspects are needed, to under-
stand how the Ti surface induced the formation of stable U(V).
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Chemicals, peptides, and recombinant proteins

Soudium Nitrate (Analytical grade) Shanghai Chemical Reagent Co., Ltd CAS: 7631-99-4
Hydrochloric Acid (Analytical grade) Shanghai Chemical Reagent Co., Ltd CAS: 7647-01-0
Arsenazo Il (Analytical grade) Macklin CAS: 1668-00-4
Sodium Hydroxide (Analytical grade) Shanghai Chemical Reagent Co., Ltd CAS: 1310-73-2
Titanium foil (0.3 mm thickness, 99.7%) Haiyuan CAS: 7740-32-6
Uanyl Nitrate Hexahydrate (Analytical grade) Hubei Qifei Chemical Co., Ltd CAS: 13520-83-7
Sodium Chloride (Analytical grade) Shanghai Chemical Reagent Co., Ltd CAS: 7647-14-5
Sodium Sulfate Anhydrous (Analytical grade) Macklin CAS: 7757-82-6

Software and algorithms

Visual MINTEQ 3.1 KTH https://vminteq.lwr.kth.se/
Nova 2.1.3 Metrohm Autolab https://www.metrohm-autolab.com/news/
NOVA213.html

Other

Shimadzu UV-1780 UV-Visible Shimadzu https://www.shimadzu.com.cn/an/spectro/uv/

Spectrophotometer uv-1780/2136.html

Hitachi SU8010 Scanning Electron Microscope Hitachi https://www.hitachi-hightech.com/file/ca/pdf/
library/literature/SU8000FamilyBrochure.pdf

Thermo ScientificK-Alpha+X- Thermo Scientific https://tools.thermofisher.com/content/sfs/

ray photoelectron spectrometer brochures/BR52586_E_0714M_K-
AlphaPlus_web_H_2.pdf#:~:text=The%
20Thermo%20Scientific%E2%84%A2K-Alpha
%2BX-ray%20photoelectron%20spectrometer
%20features%20a%20low,the%20feature%
200f%20interest%20to%20maximize%20the%
20signal.

Rigaku Rigaku https://www.rigaku.com/products/xrd/

D Max 2500 Pc Powder X Ray Diffractometer smartlab

CHI660E Electrochemical Workstation Shanghai Chenhua http://www.chinstr.com/product/274590875

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources should be directed to and fulfilled by the lead contact, Yin
Ye (yeyinO1@hotmail.com; yin.ye@nwpu.edu.cn).

Materials availability

This study did not generate new unique reagents.

Data and code availability

@ All data reported in this paper will be shared by the lead contact upon request.
® This paper does not report original code.

® Any additional information required to reanalyze the data reported in this paper is available from the
lead contact upon request.
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METHOD DETAILS
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 X 3 cm TiO, nanotube array (TNA) was used as the anode (Figure S1),
as TiO; is the most developed and most commonly used model photocatalyst (Yang et al., 2008), and its
conduction band edge potential is suitable for U(VI) reduction (Li et al., 2017). A 3 cm x 3.5 cm Ti foil
was used as the cathode, because its capability of serving as the U deposition site has been demonstrated
in previous electrochemical uranium extraction studies (Liu et al., 2019). A saturated calomel electrode
(SCE) was used as the reference electrode. An electrochemical workstation (CHI640E) 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 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 UO,(NO3),-6H,0 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 tail-
ings deposit was used after filtration by 0.2 um filter membrane to remove suspended solids and microor-
ganisms which may interfere the measurements. Detailed characterizations of the seepage water can be
seenin Table S2. Upon each cycle (12 h) of the real U-mine tailings seepage water experiment, fresh Ti cath-
ode 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 spectrophoto-
metric method as described in the literature (Kim et al., 2015). The extracted mass of the U was calculated
by comparing the difference between the remaining and the initial U concentration in the reaction solution.

For the uranium recovery from the Ti electrode, a two-chamber (40 mL: 40 mL) two-electrode electrochem-
ical reactor was used (Figure S16). The desorption experiments were carried out under open-circuit
conditions (physicochemical desorption), 1.0 V bias voltage, and 1.5V bias voltage. For each desorption
experiment, samples were taken from the anodic chamber to examine the uranium concentration in the
electrolyte (0.1 M HCI).

Characterizations

Cyclic voltammetry (CV) characterizations of the Ti electrode were carried out using the CHI640E electro-
chemical workstation, with a 4 cm X 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-Max 2500PC) was carried out using Cu Ka radiation.

Cost-effectiveness analysis

Considering the fact that the artificial light source can be omitted when solar light is employed as the light
source, so the compulsory artificial energy input in the PEC method is the electricity consumption due to
the application of the bias potential. So, the electrical energy input for the PEC extraction of uranium can be
calculated based on the following equation:

t

1000 X Ucey .
Ei, = m Z | dt (Equation 1)
Where E;, (kWh/kg-uranium) represents the electricity required for the extraction of per unit mass uranium,
Ucenn (V) is the voltage between the TNA anode and the Ti cathode under certain applied bias potential, [ (A)
is the recorded current under the applied bias potential without light illumination to exclude the current
derived from photocatalytic process, C, represents the uranium concentration (mg/L) at time t (h), Co rep-
resents the initial uranium concentration (mg/L), Ve is the volume of the treated seepage water (L). If the
current | reaches steady-state fast and is stable throughout the reaction, this equation can be then simpli-
fied to the following form:

1000 X Ugey X Is X t

E,' =
(Ct - CO) X Vce//

(Equation 2)
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Where I5 (A) is the measured steady-state current under the applied bias potential. The electricity price for
industrial users in China (~$0.125/kWh) was used to compute the operation cost.

Estimation of the global recoverable uranium in uranium mine tailings

Due to the lack of statistics of the global uranium mine tailings reservation and the characteristics and
amount of the seepage water derived, it is difficult to accurately assess the annually recoverable uranium
from mine tailings on the global scale. Hence, we hereby provide a rough estimation. For the mine
tailings (volume = 313000 m®) we studied herein, annually 219~2190 kgU was extractable. We therefore
assume that on average the annual extractable uranium from per unit volume mine tailings was
0.0007~0.0070 kgU/m>-tailings. According to a report by IAEA on the global uranium mine tailings, there
were 908 million m® U mine tailings distributed in 163 U mining sites around the world (IAEA, 2004), so glob-
ally the annually extractable uranium from these tailings was approximately 635310~6353100 kgU
(635.31~6353.1tU). The annual global uranium consumption by the nuclear power industry was 59200 tU
(according recent statistical data by IAEA (NEA & IAEA, 2021)), so the extractable uranium in tailings could
be calculated to meet 1.07%~10.7% of the global nuclear power related uranium demand.

Calculation of the energy density of uranium

Calculation of the electricity generation capacity (i.e. energy density) of uranium was based on the world
annual nuclear power reactor-related uranium consumption data and the global annual nuclear power pro-
duction data provided in a recent joint statistics report published by the Nuclear Energy Agency (NEA) and
the International Atomic Energy Agency (IAEA) (NEA & IAEA, 2021). In detail, as of January 2019, the sta-
tistics data show an annual world reactor-related uranium consumption of 59200 tU in the year of 2018,
while a gross global net electricity generation from nuclear power industry was 2562.7 TWh in the same
year. So it can be easily calculated from these data that the net electricity generation capacity of U is
43.3 GWh/tU (i.e. 43.3 MWh/kgU), by dividing the electricity generation data by the U consumption data.
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