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Abstract 16 

Extracting uranium from uranium-mine wastewater is highly important from both the 17 

environmental protection and the resource preservation perspectives. However, conventional 18 

adsorption methods and zero-valent-iron induced reductive precipitation methods have intrinsic 19 

limitations. Here we demonstrate a spontaneous electrochemical (SPEC) method that spatially 20 

decouples the uranium-adsorption-reduction reactions and the iron oxidation reaction, enabling 21 

stable and efficient uranium extraction with net electrical energy output. U(VI) species are 22 

firstly adsorbed on a carbonaceous electrode, and subsequently reduced by electrons derived 23 

from iron oxidation. In simulated wastewater, the SPEC method achieves a 12 times higher 24 

uranium extraction efficiency without saturation of the carbonaceous electrode, in comparison 25 

with the adsorption method. In real wastewater, the uranium extraction efficiency reaches 352 26 

mg∙g-1 during 60 h operation with simultaneous net electrical energy production (0.65 Wh∙m-2), 27 

and the operation cost is only 3.46~5.99 USD∙kgU-1. This work potentially opens a new avenue 28 

for cost-effective uranium recovery from mine wastewater. 29 

 30 
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As a reliable low-carbon energy source, nuclear power has avoided ~74 Gt of CO2 31 

emissions over the past 50 years, hence playing a crucial role in attaining carbon neutrality 1. 32 

The nuclear power production is predicted to increase in the near future 2. However, concerns 33 

about its sustainability have arisen. First, the security of nuclear fuel supply is questioned. 34 

Uranium, a vital nuclear fuel, is mainly supplied from terrestrial mines, but recent predictions 35 

have warned that the terrestrial uranium reserves could be depleted within a century at the 36 

current consumption rate 3, 4, 5. Another concern is the environmental impact of uranium mining 37 

activities. Mining and milling of uranium ores generate large quantities of wastewater 38 

containing highly mobile and toxic hexavalent uranium, i.e. U(VI) (present as UO2
2+, or its 39 

complexes). If not properly treated, these uranium-bearing wastewaters will contaminate the 40 

adjacent environment and threaten the local eco-system 6, 7. Extracting uranium from mine 41 

wastewater is therefore highly interesting, because it simultaneously reduces the negative 42 

environmental footprint of the nuclear power industry and alleviates the depletion of 43 

conventional uranium resources. 44 

One possible avenue is the physicochemical adsorption methods 8, 9, 10, 11, 12. The uranium 45 

extraction capacity of a physicochemical adsorption process is constrained by the number of 46 

active sites available and accessible to U(VI) species. The availability of active adsorption sites 47 

would decrease as the adsorption proceeds, and the adsorbed U(VI) species would repulse other 48 

incoming U(VI) species due to Coulomb repulsion, lowering the overall accessibility of 49 

available active sites 3. Once all accessible active sites are saturated, the adsorption of U(VI) 50 

stops. This is an intrinsic limitation of physicochemical adsorption methods. Recent studies 51 

have shown that the application of a direct current can reduce the surface-adsorbed U(VI) 52 

species and avoid Coulomb repulsion, and therefore significantly promote uranium extraction 53 

3, 13, 14, 15, but these methods are rather energy-consuming. Meanwhile, as uranium in its 54 

tetravalent state, i.e. U(IV), is sparingly soluble and much less toxic, reducing U(VI) to U(IV) 55 

is another viable approach for uranium extraction. Among different reductants, zero-valent-iron 56 

(ZVI) has attracted tremendous research interests, because of its inexpensive and easily 57 

accessible nature, and the Fe/Fe2+ redox couple has high reactivity and reduction power to drive 58 
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U(VI)-to-U(IV) reduction 7, 16, 17. During ZVI-driven uranium extraction, soluble U(VI) species 59 

are firstly adsorbed onto the surface of ZVI, and subsequently reduced to U(IV) deposits 7, 18. 60 

Nanoscale ZVI materials (nZVI) are therefore favorable because of their large specific surface 61 

area 19, 20, 21, 22. However, as the extracted U(IV) products co-precipitate with nZVI, costly 62 

separation processes for their recovery are required. In addition, nZVI is prone to oxidation in 63 

air and surface passivation in aqueous solutions, and tend to form aggregation in complex water 64 

matrices, leading to significant reactivity loss of nZVI over operation time 23, 24, 25. If the Fe-to-65 

Fe2+ oxidation and the U(VI)-to-U(IV) reduction can be spatially decoupled, the use of nZVI 66 

and the associated drawbacks can be eliminated. The electrons derived from ZVI can be utilized 67 

to reduce the surface-adsorbed U(VI) to sparingly soluble U(IV), further promoting the uranium 68 

extraction capacity of a sorbent. 69 

Inspired by these analyses, here we present a spontaneous electrochemical (SPEC) method 70 

driven by ZVI oxidation for uranium extraction with simultaneous energy recovery. In the 71 

SPEC system, the U(VI) adsorption occurs on the surface of a porous carbonaceous cathode, 72 

while the Fe0-to-Fe2+ oxidation takes place in the anodic chamber providing electrons flow 73 

through an extern circuit to the cathode to drive the U(VI)-to-U(IV) reduction. The SPEC 74 

method has achieved a uranium extraction capacity of 2438 mg∙g-1 in simulated wastewater and 75 

352 mg∙g-1 in real uranium-mine wastewater without saturation, and the uranium extraction 76 

products are easily recoverable. The whole uranium extraction-recovery process requires no 77 

energy input, and net electrical energy production has been attained. This study potentially 78 

provides a new avenue for the development of energy- and cost-efficient uranium extraction 79 

technology. 80 

Main text 81 

Theoretical feasibility of the SPEC method 82 

The concept of the proposed SPEC method for uranium extraction is illustrated in Figure 83 

1a. During operation, the anodic reaction is the Fe0-to-Fe2+ oxidation (Equation 1) because it is 84 

more thermodynamically favorable than the Fe0-to-Fe3+ oxidation 26, while the desired cathodic 85 

reaction is the U(VI)-to-U(IV) reduction (Equation 2). At standard conditions, the SPEC system 86 
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can theoretically generate an open-cell voltage (OCV) of 0.767 V (overall reaction shown in 87 

Equation 3) as a driving force for the electron flow that allows simultaneous electrical energy 88 

recovery. 89 𝑈(𝑉𝐼) + 2𝑒−  → 𝑈(𝐼𝑉)      𝐸0 = +0.327 𝑉 𝑣𝑠. 𝑆𝐻𝐸   Equation 1 90 𝐹𝑒2+ + 2𝑒− →  𝐹𝑒     𝐸0 = −0.440 𝑉 𝑣𝑠. 𝑆𝐻𝐸   Equation 2 91 𝐹𝑒 + 𝑈(𝑉𝐼) → 𝑈(𝐼𝑉) + 𝐹𝑒2+      𝐸0 = +0.767 𝑉 𝑣𝑠. 𝑆𝐻𝐸   Equation 3 92 

 93 

Figure 1. The SPEC method. (a) The schematic representation of the SPEC uranium 94 

extraction method; (b) The calculated anode potential as a function of Fe2+ 95 

concentration; (c) The calculated cathode potential as a function of U(VI) concentration. 96 

 The Fe2+ concentration and the U(VI) concentration are important factors affecting the 97 

OCV, i.e. driving force, of the SPEC system, according to the Nernst equation. In practical 98 

implementations, the concentration of Fe2+ in the anode chamber will increase as the operation 99 

proceeds, and the U(VI) concentration can vary significantly among different wastewaters and 100 

will decrease as the extraction proceeds. To further assess the theoretical feasibility of the SPEC 101 
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method, we used the Nernst equation to model the anode potential, i.e. E(Fe2+/Fe), as a function 102 

of Fe2+ concentration and the cathode potential, i.e. E(U(VI)/U(IV)), as a function of U(VI) 103 

concentration. The results show that the anode potential increases with increasing Fe2+ 104 

concentration as the operation proceeds, and the cathode potential decreases with decreasing 105 

U(VI) concentration (Figure 1b and c). Nevertheless, even when high Fe2+ concentration (1000 106 

mg∙L-1) and extremely low U(VI) concentration (0.00001 mg∙L-1) are combined, the SPEC 107 

system still has a theoretical OCV of ~0.512 V, representing sufficient driving force. Thus, the 108 

proposed SPEC uranium extraction method is feasible from the thermodynamics perspectives. 109 

Proof of principle 110 

Following the theoretical analysis described above, we carried out experiments in 111 

uranium-bearing simulated wastewater to evaluate the practical feasibility of the SPEC method. 112 

An H-type two-chambered (250 mL: 250 mL) SPEC system consisting of an iron mesh anode 113 

and a chitosan-modified carbon felt (CCF, characterizations shown in Supplementary Figure 1) 114 

cathode was constructed for the proof-of-principle tests. Diluted H2SO4 solution was used as 115 

the anolyte, while uranium-bearing simulated wastewater was filled in the cathode chamber. 116 

We first assessed the electrical energy recovery capacity of the SPEC system with varied 117 

anolyte pH using linear sweep voltammetry (LSV). The obtained polarization curves and the 118 

corresponding power curves are shown in Figure 2a and b, and they suggest that the low pH of 119 

anolyte would benefit the electrical energy recovery. As the anolyte pH should not affect the 120 

redox potential of the Fe2+/Fe couple according to the Nernst equation, it might influenced the 121 

energy recovery capacity by changing the conductivity of the anolyte. 122 

We subsequently evaluated the uranium extraction performance of the SPEC method in 123 

comparison with physicochemical adsorption, in a series of simulated wastewater with varied 124 

initial uranium concentrations ranging from 5 mg∙L-1 to 100 mg∙L-1. This concentration range 125 

covers most reported uranium concentrations in real mine wastewaters 27, 28, 29, 30, 31. The 126 

physicochemical adsorption method showed a saturation uranium extraction efficiency of ~52 127 

mg∙g-1, and in contrast the SPEC method exhibited significantly higher uranium extraction 128 

efficiency (Supplementary Figure 2). The uranium extraction capacity of the SPEC system 129 
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increased drastically with the increasing initial uranium concentration (Figure 2c), and the 130 

difference in uranium extraction performance between the two methods became greater at high 131 

initial uranium concentrations (Supplementary Figure 2): with an initial concentration of 100 132 

mg∙L-1, the SPEC method achieved a uranium extraction efficiency of 606 mg∙g-1 after 23 h 133 

operation, which was 12 times higher than that achieved by adsorption at identical conditions. 134 

The superior performance of the SPEC method can be explained by the fact that the extracted 135 

U(VI) species were constantly reduced by electrons, which would alleviate the Coulomb 136 

repulsion between extracted uranium species and aqueous U(VI) 3, 13, 14, 15. These uranium 137 

species extracted by the SPEC method may also act as active sites for further uranium extraction 138 

reactions (which will be discussed in detail in the following section). As a result, the saturation 139 

uranium extraction capacity of the SPEC method is much larger than the adsorption method, 140 

when identical material is applied. To test this hypothesis, we conducted an additional SPEC 141 

extraction experiment with an extremely high initial uranium concentration (1000 mg∙L-1), and 142 

the SPEC method showed a high uranium extraction efficiency of 2438 mg∙g-1 after 46 h 143 

operation without showing a saturation trend. 144 
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 145 

Figure 2. Uranium extraction from water by the SPEC method with simultaneous 146 

energy recovery. (a) Polarization curves of the SPEC sytem containing H2SO4 solutions 147 

at varied pH as the anodic solution and simulated uranium-containing wastewater (10 148 

mg∙L-1) as the cathodic solution; (b) Power of the SPEC system calculated according to 149 

the polarization curves; (c) Total uranium extraction efficiency of the SPEC method 150 

after 23 h operation in simulated uranium-containing wastewater with varied initial 151 

uranium concentration ([U]0); (d) Total uranium extraction efficiency of the SPEC 152 
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mthod after 23 h operation in simulated uranium-containing wastewater ([U]0 = 10 153 

mg∙L-1) with varied extrernal load; (e) The accumulated output energy density as a 154 

function of operation time during SPEC uranium extraction in simulated uranium-155 

containing wastewater ([U]0 = 10 mg∙L-1) with varied external load. Conditions: effective 156 

area of the CCF electrode was 2.5 cm2. 157 

A series of SPEC uranium extraction experiments were carried out with varied external 158 

load (0 ~ 1000 Ω), to evaluate the electrical energy recovery capacity of the SPEC method. The 159 

results show that the uranium extraction performance of the SPEC system did not vary 160 

noticeably as the external load was increased from 0 Ω to 1000 Ω (Figure 2d), while the output 161 

electrical energy from the SPEC system increased with increasing external load (Figure 2e). 162 

The results present herein clearly evidenced that the proposed SPEC method can 163 

simultaneously achieve uranium extraction and electrical energy recovery. 164 

Analysis of the extracted uranium and the mechanisms of the SPEC method 165 

The extracted uranium species were analyzed to decipher the mechanisms of the SPEC 166 

uranium extraction method. First, the morphologies of the extracted uranium species after 23 h 167 

of extraction by both the SPEC method and the adsorption method were characterized and 168 

compared. A thick pale yellow layer was directly visualized on the CCF electrode after SPEC 169 

extraction, but no noticeable morphological change of the CCF electrode was seen in the case 170 

of adsorption (Figure 3a). SEM images confirmed the formation of micrometer-sized particles 171 

in the case of SPEC extraction, while the surface of the CCF electrode remained smooth without 172 

the formation of any precipitates in the case of adsorption (Figure 3b and Supplementary Figure 173 

4). SEM images with higher magnification show that the micrometer-sized particles observed 174 

in the case of SPEC extraction have similar cuboid-like morphologies, and the EDS results 175 

suggest they mainly consisted of U and O (Figure 3c and d). These results reveal that uranium 176 

extraction proceeded via a phase-transforming pathway during the SPEC extraction. 177 
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 178 

Figure 3. Morphological characterizations of the extracted uranium. (a) Photographs of 179 

the fresh CCF electrode, the CCF electrode after 23 h of uranium extraction via the 180 

SPEC method, and the CCF electrode after 23 h of uranium extraction via the 181 

adsorption method; (b) SEM images of the fresh CCF electrode, and the CCF electrode 182 

after 23 h of uranium extraction using the SPEC method and the adsorption method; (c) 183 

EDS mapping showing the elemental composition and distribution of the surface 184 

deposition layer of the CCF electrode after SPEC uranium extraction; (d) EDS line scan 185 

of a microparticle in the surface deposition layer shown in (c). Conditions: Simulated 186 

wastewater with [U]0 = 100 mg∙L-1, unadjusted pH, without external load, effective area 187 

of CCF electrode was 2.5 cm2. 188 
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 The valence state of the uranium precipitates formed after SPEC extraction was studied 189 

through XPS U4f analysis. The spectrum shows two major peaks separated from each other by 190 ∼10.8 eV, and a small peak on the higher binding energy side (Figure 4a). The two major peaks 191 

located at ~380.0 eV and ~390.8 eV could be assigned to the primary peaks of U4f7/2 and U4f5/2, 192 

respectively, and the small peak at ~397.4 eV is the satellite peak of U4f5/2. The peak separation 193 

of 6.8 eV between the satellite peak and the U4f5/2 primary peak suggests the presence of U(IV) 194 

in SPEC extracted uranium 32, 33, 34, and the fitting results reveal the dominance of U(IV) content; 195 

in contrast, uranium species extracted by adsorption mainly consisted of U(VI) (Supplementary 196 

Figure 5). Through XRD characterization, the uranium precipitates obtained from SPEC 197 

extraction were identified as (UO2)O2·2H2O, a U(VI) peroxide crystal also known as 198 

metastudtite (Figure 4b). The structure of these metastudtite species was also confirmed by 199 

EXAFS analysis (Figure 4c and d, Supplementary Table 1). The lack of U(IV)-containing 200 

phases in the XRD spectrum reveals that the obtained U(IV) species were in amorphous forms. 201 

Considering that H2O2 could be generated from the reduction of DO by the negatively charged 202 

CCF electrode during SPEC extraction 3, 13. The formation of (UO2)O2·2H2O was possibly due 203 

to the oxidation of UO2 by H2O2 or ·O2
- species 3, 35, 36, or a result of the reaction of UO2+ with 204 

H2O2 37. It is worth mentioning that, although the presence of DO was often deemed detrimental 205 

in electrochemical uranium extraction processes 32, we found the beneficial role of DO in the 206 

SPEC system studied herein. We compared the uranium extraction performances of the SPEC 207 

system in ambient air atmosphere and N2 atmosphere. The results show that the uranium 208 

extraction performance of the SPEC system decreased remarkably when operating in N2 209 

atmosphere (Supplementary Figure 6). Meanwhile no pale yellow precipitates were formed and 210 

no (UO2)O2·2H2O was obtained when the SPEC system was operated in N2 atmosphere 211 

(Supplementary Figure 6), suggesting that the DO-mediated (UO2)O2·2H2O-forming pathway 212 

played a vital role in SPEC uranium extraction. 213 
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 214 

Figure 4. Chemical properties of the extracted uranium. (a) XPS U4f spectrum, (b) XRD 215 

pattern, (c) EXFAS k-space analysis and (d) EXFAS R-space analysis of SPEC extracted 216 

uranium species; (e) Nyquist plots of the CCF electrode obtained by in-situ EIS tests; (f) 217 

The equivalent circuit used for EIS spectra fitting and photographs of the CCF electrode 218 

during SPEC uranium extraction; (g) The evolution of different resistance components 219 

derived from Nyquist plots shown in (e). Conditions: Simulated wastewater with [U]0 = 220 

100 mg∙L-1, unadjusted pH, without external load, effective area of CCF electrode was 221 

2.5 cm2. 222 

 The CCF electrode surface was gradually covered by uranium precipitates (Figure 4f, 223 

Supplementary Figure 7, and Supplementary Movie 1), but it did not decelerate the uranium 224 

extraction reaction (Supplementary Figure 2d). Previous studies on other electrochemical 225 

uranium extraction processes have reported similar findings 3, 13. These phenomena imply that 226 

the uranium precipitates played a vital role in SPEC extraction. Considering that interfacial 227 
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electron transfer is a key process for the SPEC uranium extraction, we carried out an in-situ 228 

EIS analysis to investigate how the development of the uranium precipitates layer would impact 229 

the electron transfer. Figure 4e shows the obtained EIS spectra (Nyquist plots). The obtained 230 

EIS spectra consist of a semicircle at the high-middle frequency region, a smaller semicircle at 231 

the middle-low frequency region, and an inclined line at the low frequency region, 232 

corresponding to the interfacial resistance (Rsuf), charge transfer resistance (Rct), and Warburg 233 

impedance (Zw), respectively 38, 39, 40, 41. The fitting results clearly show that both the Rsurf and 234 

the Rct decreased with the development of the uranium precipitates layer during SPEC 235 

extraction (Figure 4g and Supplementary Table 2). It evidenced the beneficial role of the 236 

uranium precipitates layer: it acts as an important reaction interface that would greatly promote 237 

the interfacial electron transfer. 238 

 239 

Figure 5. Mechanisms of the SPEC method. (a) The proposed working mechanisms and 240 

(b) the schematic representation of the major reaction pathways of the SPEC method. 241 

 Based on these results, a probable working mechanism of the SPEC uranium extraction is 242 

proposed (Figure 5a). First, aqueous U(VI) species (i.e. UO2
2+) are adsorbed onto the surface 243 

of the CCF electrode. Second, the adsorbed U(VI) species are reduced to amorphous UO2 by 244 

receiving electrons from the CCF electrode. As shown in Figure 5b, when DO is present, DO 245 

e-

e-

e-

e-

e-

CCF electrode

e- : electron

Stage 1

Adsorption

e-

e-

e-

e-

e-

Stage 2

Reduction of UO2
2+ to U(IV),

and formation of precipitates

Stage 3

UO2
2+ adsorption and 

reduction on precipitates

e-

e-

e-

e-

e-

: UO2
2+ : U(IV) precipitates 

a

b

: (UO2)O2(H2O)2 precipitates 

UO2
2+

e-

UO2 (s)

(UO2)O2(H2O)2 (s)

Fe2+

Fe O2

H2O2

UO2
2+



14 

 

will be reduced to H2O2 or ·O2
- species, which will subsequently oxidize part of the UO2 to 246 

(UO2)O2·2H2O. Both UO2 and (UO2)O2·2H2O are sparingly soluble, which will precipitate on 247 

the surface of the CCF electrode, and act as active sites for further uranium extraction. Third, 248 

as the electrode surface is covered by the uranium precipitates, the surfaces of precipitates 249 

become the dominant reaction venue for U(VI) adsorption and reduction, and the precipitates 250 

keep growing. 251 

Recovery of extracted uranium 252 

 253 

Figure 6. Recovery of extracted uranium. (a) Extracted uranium deposited on the 254 

surface of the electrode can be easily peeled-off; (b) The schematic representation of the 255 

U(IV)-DO cell concept for the recovery of extracted uranium with simultaneous energy 256 

recovery; (c) Uranium recovery using the U(IV)-DO cell; (d) The output current and the 257 

accumulated output energy density as a function of time during uranium recovery by 258 

the U(IV)-DO cell. 259 
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electrode, for future applications. Because SPEC uranium extraction proceeded via a reduction-261 

precipitation mechanism, the extracted uranium species were fine particles deposited on the 262 

electrode. Hence, they can be easily recovered by simply peeling-off from the electrode (Figure 263 

6a). This method is easy-to-operate and is pollution-free. Alternatively, considering that the 264 

predominant extraction products are U(IV) species, the extracted uranium can also be recovered 265 

with simultaneous electrical energy production by an electrochemical method. The positive E0 266 

value (+0.327 V vs. SHE) of the U(VI)-to-U(IV) reduction implies that part of the chemical 267 

energy from iron oxidation is stored in U(IV) species during SPEC extraction. By coupling the 268 

U(IV)-to-U(VI) oxidation with a proper electron acceptor, this chemical energy can be 269 

recovered. Meanwhile the rest U(VI) precipitates can be directly dissolved into the recovery 270 

solution. Here we chose DO as the electron acceptor, because of its strong oxidation power and 271 

its high availability in aqueous solutions exposed to an air atmosphere. Figure 6b shows the 272 

schematic representation of the proposed method (more descriptions can be found in the 273 

Methods section). The recovery experiment results show that all of the SPEC extracted uranium 274 

can be rapidly recovered within a short time frame (Figure 6c), and ~830 mWh∙m-2 electrical 275 

energy was generated. 276 

Validation in real uranium-mine wastewater 277 

 SPEC uranium extraction experiments were carried out in real uranium-mine wastewater 278 

to validate its feasibility in realistic applications. Photographs of the SPEC modules are shown 279 

in Figure 7a. When operated in real-mine wastewater, a single SPEC module could generate an 280 

OCV of ~0.820 V and a short-circuit current (SCC) of 0.946 mA (Figure 7b). Similar to the 281 

case in simulated wastewater, the electrical energy recovery capacity varies greatly when 282 

changing the pH of the H2SO4 solution (Supplementary Figure 8). Connecting multiple SPEC 283 

modules in series can linearly increase the OCV, while the parallel connection can increase the 284 

SCC (Figure 7b), implying the good potential for system scaling up. 285 
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 286 

Figure 7. SPEC uranium extraction from real uranium-mine wastewater. (a) 287 

Photographs of the SPEC system used for uranium extraction from real wastewater; (b) 288 

System OCV (connected in series) and SCC (connected in parallel) versus module 289 

numbers; (c) The equivalent circuits of the two-module SPEC system connected in 290 

different modes; (d) The long-term uranium extraction performance and (e) electrical 291 

energy production performance of the SPEC system. 292 
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We then tested the uranium extraction performance using two SPEC modules, operated in 293 

different connection modes (equivalent circuit shown in Figure 7c). The results show that the 294 

uranium performance of the SPEC system did not vary greatly between different modes (Figure 295 

7d). Upon 60 h continuous operation without changing the CCF cathode, the SPEC system 296 

operated in serial connection mode achieved a uranium extraction efficiency of 316 mg∙g-1, and 297 

the extraction efficiency was 352 mg∙g-1 in parallel mode. The extraction kinetics remained 298 

stable throughout the operation (6 mg∙g-1∙h-1 in parallel connection mode and 5 mg∙g-1∙h-1 in 299 

serial connection mode). It is noteworthy that, although the uranium-mine wastewater was 300 

rather complex with many co-existing metal ions, the uranium was still the predominant metal 301 

species in the extraction products as revealed by EDS analysis (Supplementary Figure 9), 302 

implying high applicability of the SPEC method in complex water matrices. In addition, during 303 

uranium extraction, the SPEC system simultaneously achieved stable electrical energy output 304 

(Supplementary Movie 2): upon 60 h operation, 0.65 Wh∙m-2 and 0.60 Wh∙m-2 electrical energy 305 

in serial connection mode and parallel connection mode was recovered, respectively (Figure 306 

7e). These results prove the uranium extraction and electrical energy generation capabilities of 307 

the SPEC method in a realistic application. 308 

Discussion 309 

Uranium extraction from uranium-mine wastewater is of high interest from both the 310 

environmental protection and the resource preservation perspectives. In this study, we introduce 311 

a spontaneous electrochemical method powered by iron oxidation that can achieve efficient 312 

uranium extraction from real mine wastewater, with high stability and relatively good 313 

selectivity. The formation of a uranium precipitates layer that provides reactive sites and 314 

conducts electron flows is the key to obtaining stable and efficient uranium extraction in 315 

electrochemical uranium extraction processes. The mechanistic study reveal a vital role of DO 316 

in uranium extraction, which eliminates the need for inert gas atmosphere during operation that 317 

was required by previous studies on other electrochemical uranium extraction methods 32. 318 

Moreover, unlike conventional adsorption methods, the extraction products are ready to recover 319 

by peeling, without the requirement of desorption operation. In summary, the present study 320 
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provides a cost-effective, energy-producing, stable, and easy-to-operate technique for uranium 321 

removal and recovery from mine wastewater, contributing to the sustainability of the uranium 322 

supply and nuclear power industry. 323 

The iron oxidation reaction is the driving force for the proposed SPEC method. By 324 

spatially decoupling the iron-oxidation and the U(VI)-adsorption-reduction reactions, the 325 

proposed SPEC method eliminates the drawbacks of conventional nZVI-based methods and 326 

adsorption methods. The spatial separation of redox reactions also enables simultaneous 327 

electrical energy recovery, eliminating the dependency on electricity input for the 328 

electrochemical reduction of U(VI). In addition, part of the chemical energy derived from iron 329 

oxidation is stored in the SPEC extracted uranium species, and the stored energy can be 330 

subsequently recovered during the recovery of these extraction products. Consequently, unlike 331 

current electrochemical extraction technologies that require electricity input, the SPEC uranium 332 

extraction process has a net electrical energy production. 333 

Because the SPEC method requires no electricity input, the main operating cost depends 334 

on iron consumption. Iron is a very inexpensive resource, and is even available as waste 335 

products in many industries 26. In our bench-scale SPEC uranium extraction experiments with 336 

real mine wastewater without process optimization, the operation cost for uranium extraction 337 

is calculated to be 3.46~5.99 USD∙kgU-1 (details in Supplementary Text 1). As a comparison, 338 

the current uranium market price is ~152.09 USD∙kgU-1 in May 2022. Hence, using the 339 

proposed SPEC method for uranium extraction from real wastewater is practical and highly 340 

cost-effective. 341 

Further optimization and development of the SPEC method are needed to make it fully 342 

commercially applicable. For instance, our preliminary investigations found that the flow 343 

dynamics and the total area of the CCF working electrode have exerted a noteworthy influence 344 

on the uranium extraction kinetics (Supplementary Figure 10). Future studies are encouraged 345 

to perform more systematic investigations into the effects of reactor design and operation 346 

parameters on SPEC uranium extraction.  347 
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Methods 348 

Thermodynamics calculations 349 

Equation 4 shows the general form of the Nernst equation, where E0(Mn+/M) is the 350 

potential of a given redox couple under standard conditions, E(Mn+/M) is the potential of the 351 

redox couple under specific conditions, R is the gas constant, T is the absolute temperature, n 352 

is the number of electrons transferred, and F is the Faraday constant. At room temperature 353 

(298K), the Nernst equation can be simplified to Equation 5. 354 𝐸(𝑀𝑛+/𝑀) = 𝐸0(𝑀𝑛+/𝑀) + 𝑅𝑇𝑛𝐹 𝑙𝑛 [𝑀𝑛+][𝑀]    Equation 4 355 

𝐸 = 𝐸0 + 0.0592𝑛 𝑙𝑔 [𝑀𝑛+][𝑀]    Equation 5 356 

Uranium extraction experiments 357 

For uranium extraction experiments in simulated wastewater, simulated wastewater was 358 

prepared by dissolving UO2(NO3)2·6H2O (Analytical grade, Hubei Qifei Chemical, China) into 359 

natural sea water collected from Bohai Bay (China). The sea water used was filtered through a 360 

0.24-μm filter to remove particles and microorganisms. Seawater has high conductivity and 361 

contains various co-existing ions, thus it can better mimic the complexity of real wastewaters 362 

than ultra-pure water. An H-type two-chambered (300 mL: 300 mL) electrochemical cell was 363 

used as the reactor. An iron mesh (20.5 cm2) was placed in the anode chamber, a CCF electrode 364 

(2.5 cm2, 0.02 g) was placed in the cathode chamber, and an anion exchange membrane (AMI-365 

7001, Membranes International, US) was used to separate the two chambers. 250 mL diluted 366 

H2SO4 solution with designated pH was filled in the anode chamber, and 250 mL simulated 367 

wastewater was filled in the cathode chamber. Unless otherwise noted, the experiments were 368 

done in an ambient air atmosphere, and rigorous stirring was applied. 369 

For uranium extraction experiments in real wastewater, uranium-mine wastewater was 370 

collected from a granite-type U mine located in western China. The uranium concentration in 371 

the real uranium-mine wastewater was measured to be ∼7.7 mg∙L-1
 after filtration through a 372 

0.24-μm filter to remove suspended solids and microorganisms. The reactors used for real 373 

uranium-mine wastewater experiments were two-chambered (50 mL: 50mL) electrochemical 374 
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stack modules (Figure 7a and Supplementary Figure 11). An iron mesh (20.5 cm2) was placed 375 

in the anode chamber, a CCF electrode (4 cm2, 0.032g) was placed in the cathode chamber, and 376 

an anion exchange membrane (AMI-7001, Membranes International, US) was used to separate 377 

the two chambers. For each module, 1 L diluted H2SO4 solution and 1 L wastewater were stored 378 

in storage tanks, respectively. Peristaltic pumps were used to circulate the H2SO4 solution and 379 

the wastewater through the reactive chambers. The equivalent circuits of the assembled SPEC 380 

system using two modules are shown in Figure 7c. During long-term operation, the iron mesh, 381 

the H2SO4 solution, and the wastewater were changed and refilled every 12 h, without changing 382 

the CCF electrode. 383 

During experiments, the current was recorded using an EMK1080 current recorder (Emkia 384 

Technology, China). Accumulated output energy density was calculated following the equation 385 

below: 386 𝐸𝑜𝑢𝑡 =  ∫ 𝐼2𝑅 𝑑𝑡𝑡0 /𝐴𝐶𝐶𝐹 Equation 6 387 

where Eout refers to the accumulated output energy density at time t, I refers to the current, R 388 

refers to the external load, ACCF refers to the area of the CCF electrode. 389 

The residual uranium concentration in simulated wastewater was measured by the 390 

Arsenazo III spectrophotometric method 13, and the extracted mass of uranium was calculated 391 

by comparing the difference between the remaining and the initial uranium concentration in the 392 

reaction solution, as instructed by the following equation: 393 𝑞𝑡 = (𝐶0−𝐶𝑡)×𝑉𝑚   Equation 7 394 

where qt refers to the uranium extraction efficiency at time t, C0 refers to the initial uranium 395 

concentration in the reaction solution, Ct refers to the uranium concentration in the reaction 396 

solution at time t, m refers to the mass of the CCF electrode, V refers to the volume of the 397 

reaction solution. 398 

Recovery of extracted uranium 399 

For extracted uranium recovery experiments, an H-type two-chambered (300 mL: 300 mL) 400 

electrochemical cell was used as the reactor. The CCF electrode covered by the known amount 401 
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of SPEC extracted uranium (2.5 cm2) was placed in the anode chamber, a carbon felt electrode 402 

(4.5 cm2) was placed in the cathode chamber, and an anion exchange membrane (AMI-7001, 403 

Membranes International, US) was used to separate the two chambers. 250 mL of air-saturated 404 

0.1M H2SO4 solution was filled in both chambers. A 100 Ω resistor was connected between the 405 

two electrodes. Blank control experiments were also performed, by replacing the uranium-406 

covered CCF electrode with a fresh CCF electrode. 407 

During experiments, the current was recorded using an EMK1080 current recorder (Emkia 408 

Technology, China). The uranium concentration in anolyte was measured by the Arsenazo III 409 

spectrophotometric method, and the recovery rate was calculated by comparing the difference 410 

between the mass of recovered uranium in anolyte and the initial uranium mass on the CCF 411 

electrode, as instructed by the following equation: 412 𝑅𝑡 = 𝐶𝑡×𝑉𝑎𝑀𝐶𝐶𝐹 × 100%  Equation 8 413 

where Rt refers to the uranium recovery rate at time t, Ct refers to the uranium concentration in 414 

the reaction solution in the anode chamber at time t, MCCF refers to the initial uranium mass on 415 

CCF electrode, Va refers to the volume of the reaction solution in the anode chamber. 416 

Characterizations 417 

Scanning electron microscopy (SEM) and energy dispersive spectroscopy (EDS) were 418 

conducted using a Tescan Mira 4 FE-SEM equipped with an Xplore 30 EDS system. X-ray 419 

photoelectron spectroscopy (XPS) characterization was carried out using a Thermo K-Alpha+ 420 

XPS with an Al (Kα) source. X-ray diffraction (XRD) characterization was carried out using a 421 

Rigaku D-Max 2500PC XRD with Cu Kα radiation. For EXAFS analysis, the CCF electrode 422 

deposited with SPEC uranium extraction products was analyzed at the BL14W1 beamline of 423 

the Shanghai Synchrotron Radiation Facility at room temperature with a Zr foil serving as the 424 

reference for calibration. The obtained spectrum was processed by using the ATHENA and 425 

ARTEMIS programs 42. The crystal structure of metastudtite was archived from Weck et al.43, 426 

and used as the starting model for EXAFS fitting, following the procedures described by Walshe 427 

et al.44. Linear sweep voltammetry (LSV) and in-situ electrochemical Impedance Spectroscopy 428 
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(EIS) characterizations of the CCF electrode were carried out using a CHI660E electrochemical 429 

workstation. 430 
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