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Oceans and salt lakes contain vast amounts of uranium. Uranium recovery from natural water not only
copes with radioactive pollution in water but also can sustain the fuel supply for nuclear power. The
adsorption-assisted electrochemical processes offer a promising route for efficient uranium extraction.
However, competitive hydrogen evolution greatly reduces the extraction capacity and the stability of
electrode materials with electrocatalytic activity. In this study, we got inspiration from the
biomineralisation of marine bacteria under high salinity and biomimetically regulated the electrochemical
process to avoid the undesired deposition of metal hydroxides. The uranium uptake capacity can be
increased by more than 20% without extra energy input. In natural seawater, the designed membrane

electrode exhibits an impressive extraction capacity of 48.04 mg-U per g-COF within 21 days (2.29 mg-
Received and January 2024 U per g-COF per day). Furth in salt lake brine with much higher salinity, th b
Accepted 19th February 2024 per g per day). Furthermore, in salt lake brine with much higher salinity, the membrane can
extract as much uranium as 75.72 mg-U per g-COF after 32 days (2.37 mg-U per g-COF per day). This

DOI: 10.1038/d4sc00011k study provides a general basis for the performance optimisation of uranium capture electrodes, which is

Open Access Article. Published on 23 February 2024. Downloaded on 1/20/2026 3:52:15 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

rsc.li/chemical-science

Introduction

The development of nuclear power is indispensable for global
clean energy transitions to cope with current carbon emissions
and future fossil-fuel exhaustion.’” Annual nuclear capacity
additions to 2050 are expected to grow four times in the Net
Zero Emissions by 2050 Scenario (NZE) announced by the
International Energy Agency (IEA).* Uranium is a critical
element in the nuclear industry. Owing to the limited reserves
and uneven distribution of uranium resources on land, it is
important to look for alternative uranium sources to ensure
a sufficient supply.® Oceans are estimated to contain more than
4.5 billion tons of uranium, which can ensure continued
nuclear energy delivery.® However, extracting uranium at
a concentration of 3.3 ug L™ from the hypersaline and complex
marine environment is an enormous challenge.”**

From a cost perspective, chemical adsorption has long been
recognised as the preferred method for uranium extraction
from seawater (UES).">** This method typically usually relies on
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beneficial for sustainable access to nuclear energy sources from natural water systems.

the number of accessible binding sites and their affinity for
uranium, which is limited by adsorption thermodynamics.*>*”
However, in environments with higher salinity, such as
seawater desalination rejects or salt lake brine, adsorbents
perform poorly because of increased competition from other
ions, even if these brine samples have significantly higher
uranyl concentrations.'®** Electrochemical methods are
a substitute for traditional chemical adsorption for UES.**?¢
Highly efficient electrodes for electrocatalytic uranium deposi-
tion, which directly determines external energy consumption,
are critical in this process. Hydrogen evolution under high
salinity is a major obstacle to continuous uranium extraction. A
half-wave pulse method has been reported to prevent water
splitting at the electrode.”® However, when using electrocatalytic
materials as the cathode to further improve the efficiency of
uranium extraction, the possible enhancement of hydrogen
evolution would cause stronger competition between uranium
reduction and water splitting, especially when the metal
concentration is extremely limited. Accordingly, the precipita-
tion of hydroxides resulting from hydrogen evolution will seri-
ously reduce the uranium uptake capacity and durability of the
electrode.””

Marine bacteria are single-celled organisms that live in the
ocean and account for more than twenty percent of ocean
biomass.”® Some of these bacteria could reduce heavy metals to
lower valence states, being not affected by the high salinity of
marine environments.”?*' Drawing inspiration from this

© 2024 The Author(s). Published by the Royal Society of Chemistry
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special biological phenomenon, exquisitely regulating the
process of electrochemical uranium capture is expected to avoid
hydroxide deposition under a high salinity background when
using electrocatalytic materials, further improving the extrac-
tion efficiency and operation life of electrode materials (Fig. 1).

Here, we report a membrane electrode (denoted as S-COF
membrane) composed of single-walled carbon nanotubes
(SWCNTs) and sp” carbon-conjugated covalent organic frame-
work fibers (AO-g-C3,N6-COF) for efficient uranium extraction
from seawater and salt lake brine. The superior chemical
stability of the C=C bonds enables amidoxime functionalisa-
tion in alkaline solutions for introducing specific uranium-
binding sites. The high specific surface area, abundant selec-
tive uranium-binding sites, and spontaneous electron transfer
from SWCNTs to the fully m-conjugated frameworks synergis-
tically endow the membrane with an efficient electrocatalytic
reduction of uranium. In addition, for the serious hydroxide
deposition caused by the competitive hydrogen evolution, we
mimic the biological reduction/mineralization of marine
bacteria under high salinity and assess the effect of different
electrical signal parameters to realize biomimetic mineraliza-
tion. By avoiding the deposition of metal hydroxides, we
successfully increase the uranium uptake capacity and dura-
bility of the electrodes. The membrane electrode exhibited
a high capacity of 48.04 mg-U per g-COF (2.29 mg-U per g-COF
per day) during a long-term test for up to 21 days in natural
seawater. Furthermore, it demonstrated outstanding perfor-
mance in salt lake brine and exhibited a capacity of 75.72 mg-U
per g-COF within 32 days (2.37 mg-U per g-COF per day), and the
uranium capture performance remains stable.

Results and discussion
Synthesis and characterization

The synthesis of g-C3;4Ns-COF and its amidoxime functionali-
zation are described in the Methods section. The Fourier
transform infrared spectra of the monomers and g-C3,N4s-COF
in Fig. S1 (ESI)T confirm the generation of the carbon-carbon
double bond, whose characteristic peak is at 1627 cm ™. The

Co-exiéﬁng ions

Oceans/Salt lakes

Electrochemical
regulation

Bio-inspiration Biomineralization

Fig. 1 Schematic of the biological reduction/mineralization of marine
bacteria and the bio-inspired electrochemical regulation for contin-
uous uranium capture from oceans and salt lakes.
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stretching vibration of ¢rans -HC=CH- in the fingerprint
region at 975 cm™ ' demonstrates the trans-configurations of
olefin linkages. The COF demonstrates a feature of full -
conjugation along with C=C bond connection, leading to
improved electrochemical activity. Compared to common
imine-linked COFs, g-C3,N4-COF linked by olefinic bonds has
better chemical stability, making it possible to convert cyano
groups into amidoxime groups in alkaline solutions (Fig. 2a and
S2, ESIt).*>* As shown in Fig. 2b, the disappearance of the
nitrile peak at 2221 cm™ " and the emergence of both the C=N
peak at 1643 cm ™' and the N-O peak at 871 cm ™" illustrate the
successful functionalization of g-C;,N¢-COF. We characterised
this process using energy-dispersive spectroscopy (EDS)
elemental line scans. There was an apparent oxygen signal on
the AO-g-C34Ng-COF fibres, which was related to the introduc-
tion of amidoxime groups (Fig. 2¢).

Scanning electron microscopy was used to investigate the
topography of the synthesised COFs. The fibrous g-C;,N4s-COF
showed a uniform diameter of ~100 nm and a length of several
microns, which is consistent with previous literature (Fig. S3,
ESIt). After amidoxime functionalization, the fibrous
morphology was preserved (Fig. S4, ESIT), which makes it easy
to fabricate membranes via vacuum filtration. Gas adsorption
measurements were performed to investigate the porosities of
the powdered g-C;;Ne-COF and AO-g-C3,Ne-COF samples. N,
adsorption measurements (at 77 K) revealed permanent
porosities. The Brunauer-Emmett-Teller surface areas of g-
C34Ng-COF and AO-g-C34Ng-COF were 719 and 584 m?® g !,
respectively (Fig. S5, ESIt). The pore size distribution curves
were obtained from the adsorption branches using the QSDFT
method (Fig. S6, ESIt). Gas adsorption measurements demon-
strated that after functionalization, the specific surface area
remained high, and the pore structure was preserved. Given the
extremely low concentration of uranium in oceans, a high
surface area is necessary to provide abundant adsorption sites
during the early stages of electrodeposition, which is an
advantage of COFs. Thermogravimetric analysis was performed
to study the thermal stabilities of the two COFs (Fig. S7, ESIf).
Compared with g-C;3;Ns-COF, AO-g-C3,Ne-COF had an addi-
tional step starting at approximately 200 °C before the degen-
eration of the backbone, corresponding to the degradation of
the amidoxime group. Overall, thermal stabilisation was
preserved, enabling it to cope with temperature fluctuations
during uranium recovery.

Powder X-ray diffraction (PXRD) measurements were used to
evaluate the crystallinity of the two COFs and the possible
influence of amidoxime functionalization on the crystal struc-
ture (Fig. 2d). In the experimental PXRD profile of g-C;,Ns-COF,
a strong peak at 5.69° along with relatively weaker peaks at
9.05°, 10.83° and 26.10° were assigned to (100), (110), (200), and
(001) planes, respectively. The experimental PXRD pattern is in
good agreement with the Pawley refinement of the AA-eclipsed
layer stacking model, with reliability parameters Ry, = 0.99%
and R, = 0.78%. After converting the cyano groups into ami-
doxime, the PXRD pattern of AO-g-C;,N-COF was comparable
to that of g-C3,Ng-COF. The (110) and (200) diffraction peaks
shifted slightly to higher angles, whereas the (001) diffraction
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Fig. 2 Amidoxime functionalization of g-Cz4Ng-COF. (a) Structural unit of g-Cz4Ng-COF and AO-g-Cz4Ng-COF. (b) Fourier transform infrared
spectra of g-Cs4Ng-COF and AO-g-Cz4Ng-COF. The disappearance of the nitrile peak and the appearance of new characteristic peaks related to
amidoxime confirm the successful functionalization of g-Cs4Ng-COF. (c) Energy dispersive spectroscopy elemental line scan of AO-g-Cz4Ng-
COF. The signal of oxygen proved the introduction of amidoxime groups. The inset shows the transmission electron microscopy of AO-g-
C34Ng-COF and the length of elemental analysis. The scale bar is 500 nm. (d) PXRD patterns for g-Cz4Ng-COF and AO-g-C3z4Ng-COF. The peak
shifts demonstrate that amidoxime functionalization leads to lattice changes. (e) Side views of final optimized models of g-C34Ng-COF and AO-
g-C34Ng-COF. The interlayer shifting and interlayer spacing variation could be observed.

peak shifted to a lower angle. This indicates that the steric
hindrance arising from the introduction of the functional group
resulted in slight interlayer shifting and interlayer spacing
variation. Geometric optimisation of the model of AO-g-C;,N,-
COF also displayed a degree of lattice change (Fig. S8, S9, Tables
S1 and S2, ESIt). The calculated layer spacing increased from
3.65 A to 3.73 A (Fig. 2e). Interlayer shifting correlated with the
introduction of groups has recently been reported. This lattice
deformation can lead to a quasi-AA stacking structure that is
similar, but not identical, to AA stacking.*

Electronic properties and membrane fabrication

The electronic properties of the two COFs were investigated
using photophysical and electrochemical methods. Their
ultraviolet-visible diffuse reflectance spectra displayed broad
absorption bands in the UV and visible regions. The spectrum
of AO-g-C;4N4-COF showed a slight blueshift of the adsorption
edge compared with that of g-C;,Ng-COF, indicating that ami-
doxime functionalization affected the m-conjugated structure to
some extent. However, overall, the extended m-conjugated
skeleton was well preserved (Fig. S10t). Accordingly, the optical
band gaps were calculated using the Kubelka-Munk function,
and g-C3,Ns-COF demonstrated an optical band gap of 1.38 eV,
while AO-g-C34N¢-COF had an optical band gap of 1.64 eV
(Fig. 3a). Mott-Schottky measurements were conducted to
further estimate the semiconductor behaviour of AO-g-C3,Ng-
COF.** The positive slopes indicated typical n-type semi-
conductor characteristics, suggesting that the majority carriers
are electrons (Fig. 3b). Density functional theory (DFT)

4540 | Chem. Sci., 2024, 15, 4538-4546

calculations using the Perdew-Burke-Ernzerhof functional
predicted that AO-g-C3,N¢-COF had an indirect bandgap of 1.58
eV, which was close to the measured optical band gap (Fig. 3c).
The DFT-calculated band structures had large band dispersions
along the out-of-plane direction (I'-X, I'-L, I'-N, and I"-R) in
both the valence and conduction bands.?”*® In contrast, the in-
plane direction (I'-Y, I'-Z, and I'-M) exhibited different band
dispersions. These results suggest that the charge transport in
AO-g-C3,N-COF might be anisotropic. The corresponding
partial density-of-states curves illustrate that the bands mainly
originate from the 2p-orbitals. Collectively, these results indi-
cate that AO-g-C;,Ng-COF is a narrow band gap organic semi-
conductor. According to a recent study, n-type semiconductors
have a universal self-gating characterization that favours
cathodic reactions,**** implying that AO-g-C34N¢-COF has the
potential for electrocatalytic uranium extraction from seawater
or salt-lake brine.

Given its fibrous morphology, AO-g-C;,N¢-COF can be easily
mixed with commercially available carboxylated single-walled
carbon nanotubes (SWCNTs) and dispersed in organic
solvents. A self-supporting S-COF membrane was prepared on
a nylon filter using vacuum-assisted filtration. The content
(20%) of COF is a balance between its uranium extraction
capacity and membrane mechanical properties. More COF
would result in the membrane becoming brittle (Fig. S11, ESI{).
As shown in Fig. 3d, the S-COF membrane exhibited excellent
flexibility. Hydrogen bonds between the carboxyl and amidox-
ime groups can improve the mechanical strength of the
membrane. The top-view SEM image shows that AO-g-C;4Ne-

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Electronic properties and characterization. (a) Band gaps of g-Cz4Ng-COF and AO-g-Cz4Ng-COF determined from the Kubelka—Munk-
transformed reflectance spectra. The amidoxime functionalization process led to the widening of the band gap. (b) Mott—Schottky plots for g-
C34Ng-COF and AO-g-Cz4Ng-COF measured in 0.2 M Na,SO,4 (pH 6.8) with an Ag/AgCl reference electrode. The positive slopes suggested that
the COF is a typical n-type semiconductor. (c) Electronic band structures and corresponding partial density-of-states of AO-g-Cz4Ng-COF
determined using DFT calculations. The Brillouin zone is shown on the right. (d) Digital photograph of a free-standing S-COF membrane. The
membrane presented impressive flexibility and can be highly curved. (e) Scanning electron microscopy image showing that the AO-g-Cz4Ng-
COF fibres are tightly tangled in the nanotubes. The scale bar is 500 nm. (f) Differential charge density distribution of the AO-g-Cs4Ng-COF/
graphene heterointerface calculated using DFTB+. Yellow and blue areas represent charge density increase and decrease, respectively. (g) Plane-
average electron difference perpendicular to the AO-g-C34Ng-COF/graphene heterointerface.

COF was tightly tangled in the carbon nanotubes (Fig. 3e). To
estimate the electron transport performance of the composite
membrane, we used the density-functional tight-binding
(DFTB+) method, which is an approximate density functional
theory method based on the tight-binding approach, to analyse
the electronic interactions. For computational expediency, the
SWCNTs were simplified to a periodic graphene substrate, on
which the geometry-optimised AO-g-C34Ns-COF  was
modeled.*** As shown by the differential charge density
distribution in Fig. 3f and plane-average electron difference in
Fig. 3g, the graphene substrate (electron-deficient, blue colour)
injects delocalised electrons into AO-g-C34Ng-COF (electron-
rich, yellow colour), resulting in an n-doping effect on the
COF. Delocalised electrons serving as excessive carriers can
change the electrochemical activity of the COF.*® This process
can be mainly attributed to the support effects in carbon-
supported catalysts, which is the reason why we choose
carbon nanotubes as the component.**

Extraction performance in uranium-spiked seawater

Cyclic voltammetry (CV) was performed to measure the
uranium reduction activities. The CV scan curves at a scan rate
of 10 mV s™' of natural seawater spiked with 50 ppm and

© 2024 The Author(s). Published by the Royal Society of Chemistry

100 ppm uranyl nitrate at pH 8.2 are shown in Fig. 4a. In
comparison with seawater without extra uranium(vi), additional
reduction peaks at —0.65 Vgcg and anodic peaks at —0.46 Vgcg
were observed, corresponding to uranium reduction/oxidation
reactions. It is worth mentioning that this membrane elec-
trode based on AO-g-C;,N-COF has a more positive reduction
potential than those previously reported for semiconductor/
carbon-based electrodes for uranium extraction from seawater
measured under similar experimental conditions.?***** This
means that energy consumption can be further reduced when
an electric field is applied.

In order to investigate the role of selective adsorption and
spontaneous electron transfer in adsorption-assisted electro-
chemical enrichment, a series of control experiments were
carried out. Two pieces of control membranes with g-C;,Ns-COF
(SWNT-COOH membrane with g-C3,N4-COF) and without COF
(SWNT-COOH membrane) were prepared. Three membranes
were tested in seawater with various uranium concentrations by
applying a square-wave pulse with a frequency of 400 Hz and
a duty ratio of 75% for 24 h (Fig. S12, ESIf). When the uranium
concentration is high, three membranes all showed the ability
to extract uranium and the membrane having AO-g-C;,N4-COF
had the highest capacity. The facilitation effect of COFs

Chem. Sci., 2024, 15, 4538-4546 | 4541


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc00011k

Open Access Article. Published on 23 February 2024. Downloaded on 1/20/2026 3:52:15 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Chemical Science Edge Article
a b c d
i 124
1.0 - Seawater A Voltage : h z AV before
—— Seawater spiked with 50 ppm uranium ' : T s o—5V
Seawater spiked with 100 ppm uranium £ Ts ! i 13 7
054 reduction e y Time ¢ |
= >
_ 5
< .
=00 On | off 500
= ) 5
IAmplitude
DxTs (1-D)xTs mphce g 600 -
-0.54 8
Oxidation g 400 4
-— E
5 2001
-1.04 g
= Iy
-1.5 -1.0 -0.5 0.0 05 1.0 Ts: Pulse period D: Duty ratio 50 55 60 65 70 75 5 V+75 % duty ratio
E versus SCE (V) Duty ratio (%)
e | f g
ative ©  2cmx2cm substrate 2cm x 2cm substrate Chemical adsorption
8001 @ 3cmx3cm substrate oy —— Electrodeposition
X 3 ﬁ = U 4f,, U dfy,
Electric field 2600 z
< 3cm x 3cm substrate :
v 3 s
. 9, 8400 r----- Z s &
. | . 4
s () £
> twli 41 E
2200 ' S0 =
[ 1 4 g,m 4cm x 4cm substrate
-S-COF membrane =] ! ! ! S
o{ié 3 3
Graphite paper substrate . , o ;

T T T T T T T T
0 5 10 15 20 25 400 396 392 388 384 380 376
Time (h) Binding energy (eV)

Fig. 4 Uranium extraction performance of the S-COF membrane in spiked seawater. (a) Cyclic voltammograms of uranium-spiked natural
seawater with concentrations of 50 ppm and 100 ppm compared to unspiked seawater. (b) Schematic of the pulse applied to the working
electrode. The amplitude and the duty ratio were adjustable parameters. (c) Effective values of current and the corresponding uranium extraction
amount of the electrode when pulses were applied with different amplitudes and duty ratios. (d) Digital photographs of the S-COF membrane
before (top) and after (bottom) extracting uranium at 5 V voltage with a 75% duty ratio. The membrane was wrapped tightly by white deposits. (e)
Schematic of the current density regulation strategy. The S-COF membrane was bonded to graphite papers of different sizes to control the
current density. (f) Uranium extraction from spiked seawater using the S-COF membrane with varying substrate sizes. The error bars represent
the standard deviation (n = 3). The digital photographs correspond to the S-COF membrane with substrate sizes of 2cm x 2 cm (top panel), 3cm
x 3 cm (middle panel), and 4 cm x 4 cm (bottom panel) after extracting uranium for 24 h. (g) High-resolution X-ray photoelectron spectroscopy
profile of the S-COF membrane used for uranium uptake by chemical adsorption and electrodeposition. The 4fs,, and U 4f;,, peaks shifted to

lower binding energy, indicating the reduction reaction of U(v).

gradually increased with the uranium concentration decreased.
When the uranium concentration was low at 1 ppm, the SWNT-
COOH membrane could hardly extract uranium from seawater.
The SWNT-COOH membrane with g-C;,N¢-COF retained some
extraction capacity and the S-COF membrane still performed
robustly. The results indicate that spontaneous electron trans-
fer cooperates with selective adsorption in complex environ-
ments to promote effective uranium extraction from seawater
through electrochemical methods.

To further evaluate the uranium uptake performance, the S-
COF membrane was cropped into 1 cm X 1 cm pieces and
clamped using a glassy carbon clip as the working electrode. A
graphite rod was used as the counter electrode. A series of
square-wave pulses at a frequency of 400 Hz were applied to the
membrane electrode. In these experiments, the voltage ampli-
tude and duty ratio were set as adjustable parameters (Fig. 4b).
We recorded the instantaneous current using a multimeter
when the electrode worked for 5 min to evaluate the variations
in current density caused by parameter adjustment. The
uranium extraction system was operated continuously in
uranium-spiked natural seawater (~8 ppm) for 24 h, and the
extraction amount was determined based on changes in the
concentration of uranium in the solution. The uranium

concentrations were measured from ultraviolet-visible

4542 | Chem. Sci., 2024, 15, 4538-4546

absorption spectra (Fig. S13, ESIt). As shown in Fig. 4c, the
measured current was approximately proportional to the duty
ratio. When the voltage amplitude was 4 V, the uranium
extraction amount increased with increasing duty ratio and
reached a maximum value of 675.9 mg-U per g-membrane at
a 75% duty cycle. This phenomenon is reasonable because
higher duty cycles imply higher input energy. When the voltage
amplitude was 5 V, the extracted uranium continued to increase
as the duty ratio increased from 50% to 60%. However, the
extraction amount decreased anomalously at higher duty ratios.
To determine the reason for this decline in electrode perfor-
mance, we recorded the macroscopic changes at the electrode
surface over time. When a voltage of 5 V (75% duty ratio) was
applied, the electrode was quickly wrapped by large amounts of
white deposits in the first hour (Fig. 4d). In contrast, deposition
on the electrode at 4 V (75% duty ratio) was significantly slower.
Its wrapping state was not as compact as that at 5 V until
electrolytic deposition continued for 24 h (Fig. S14, ESI{). This
suggests that although high-frequency pulses could reduce
water splitting to some extent and there were no visible bubbles
on the electrode, hydrogen evolution was still not completely
avoided. Fast electron transfer depletes the uranyl cations near
the electrode and causes concentration polarisation. Further
polarisation of the electrode promotes a competitive hydrogen

© 2024 The Author(s). Published by the Royal Society of Chemistry
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evolution reaction and changes the pH near the electrode,
leading to the deposition of alkaline earth metal hydroxides.
These compact deposits prevent uranyl cations from migrating
to the electrode, thereby reducing uranium extraction.

To address the negative effects of undesired deposition on
the electrochemical process, we tried to further decrease the
operating voltage. However, we found it difficult to achieve
a balance between keeping high uptake capacity and avoiding
hydroxide deposition. Although the surface deposition gradu-
ally slowed down, the uranium extraction capacity of the elec-
trode also decreased substantially, diminishing its practicality.
Hence, we attempted to regulate the current density of the
membrane without changing the working voltage. We used
graphite paper as the substrate to support the S-COF membrane
(Fig. 4e and S15, ESIT). The introduction of the inert area would
lower the local current density, decreasing the reaction rate of
the electrode. In this way, the concentration polarization of
uranium could be decreased, reducing the competition between
uranium reduction and hydrogen evolution. The cumulation
and expulsion of hydroxide ions could gradually reach an
equilibrium, averting the generation of deposition. The current
density was controlled by varying the substrate size to 2 cm X
2 cm, 3 cm X 3 cm, and 4 cm X 4 ¢cm, and the size of the S-COF
membrane was fixed at 1 cm x 1 cm. The test device is shown in
Fig. S16 (ESI).t The possible influence of the substrate on the
uranium extraction amount was excluded using graphite paper
alone as the working electrode. Fig. S17 (ESI)T shows that the
uranium concentration in the spiked seawater remained virtu-
ally unchanged under the same conditions. The current
changes also demonstrated this phenomenon. The measured
instantaneous current was only slightly enhanced with an
increase in the substrate (Fig. S18, ESIt). These slight variations
were mainly due to an increase in the non-faradaic current. We
studied the dynamics of composite electrodes with different
substrate sizes during uranium extraction (Fig. 4f). The inset
shows the partially enlarged kinetic curves. It can be seen that
the kinetics of uranium extraction on the electrode with a size of
2 cm X 2 cm was the most rapid during the first 5 h because it
had the maximum current density. However, the electrode was
gradually wrapped by undesired deposits, and the amount of
extracted uranium slowed. There was almost no increase in this
amount for the remaining time. The digital photograph in
Fig. 4f (top panel) shows the S-COF membrane to which dense
deposits were attached after the electrode was operated for 24 h.
When the substrate size was 3 cm x 3 cm (middle panel), the
amount of deposition was less than that of the electrode with
a 2 cm x 2 cm substrate, indicating that some space remained
in the membrane for uranium transport and further extraction.
Correspondingly, the electrode had a higher uranium extraction
amount of 718.72 mg-U per g-membrane after running for 24 h.
The kinetic curve also maintained a gradual increase, indicating
that electrodeposition continued. When a 4 cm x 4 cm
substrate was used, no deposits were observed on the surface of
the membrane (bottom panel). Although this composite elec-
trode had the slowest uranium extraction rate during the first
5 h, it exhibited a maximal extraction amount of 819.35 mg-U
per g-membrane at 24 h, and the enrichment process did not
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stop. The excellent uranium uptake capacity was approximately
17 times that of chemical adsorption (Fig. S19, ESIt). The
scanning electron microscope (SEM) images of the membrane
surface reveal that, with regulated current density, the micro-
voids on the surface are maintained, while without current
density regulation, these voids become clogged with deposits
(Fig. S20, ESIt).The above experiments suggest that an appro-
priate current density reduction for decreasing the electrode
reaction rate could increase the uranium extraction amount by
avoiding undesired deposits, which could also increase the life
of the electrode.

High-resolution X-ray photoelectron spectroscopy (XPS) and
X-ray diffraction were used to characterise the uranium species
produced during the electrocatalytic process. The S-COF
membrane was used to extract uranium from uranium
aqueous solutions (50 ppm) via traditional chemical adsorption
and electrodeposition for 12 h. The electrical uranium extrac-
tion was performed under a nitrogen atmosphere after deoxy-
genation of the solution to eliminate the impacts of oxygen
reduction. As shown in Fig. 4g, the U 4f peaks of uranium on the
electrocatalytic membrane were shifted more significantly to
lower binding energies than those of the adsorption membrane,
indicating an decrease in the valence state of U.* Raman
spectroscopy was also used to identify the uranium species
(Fig. S21, ESIt). It can be seen that the sample extracting
uranium under the N, atmosphere showed characteristic peaks
from UO, at ~230 cm ™~ and 445 cm™*.*” The generation of U(iv)
is generally considered to come from the disproportionation of
unstable U(v) intermediates:*®

20V0," + 4H" — U*" + UV0,%" + H,0

To further investigate the uranium species generated in
natural seawater, we performed the extraction process in real
seawater spiked with 1000 ppm uranium. A large amount of
yellow powder was produced, which was attached to the
membrane (Fig. S22, ESIt). The collected powder was identified
as a Na,O(UOj;-H,0), species according to the PXRD result
(Fig. S23, ESIf). Similar results have been reported in related
work.>**

Uranium extraction performance in unspiked natural water

The uranium extraction performance of the S-COF membrane
was investigated using natural seawater and salt lake brine
(Fig. 5a). Given the extremely low concentration of uranium in
seawater and the possible concentration fluctuation caused by
the pre-filtration step, we monitored the concentration varia-
tion in seawater and salt lake water during each operational
period. For experiments using seawater, 2 mg of the membrane
was composited with a 5 x 5 cm substrate as the working
electrode. Seawater (2 L) was treated with the electrode for 24 h
during each period and then replaced with fresh seawater. This
process lasted 21 days. As shown in Fig. 5b, the initial concen-
tration of uranium fluctuated slightly near 3.3 ppb, and
apparent decreases in concentration were observed during each
extraction period. In the long term, the magnitude of the
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Fig. 5 Uranium extraction performance of the S-COF membrane in natural seawater and salt lake brine. (a) Schematic illustration showing the
sampling locations and physicochemical properties of natural seawater and salt lake brine. (b) Initial and final uranium concentrations in seawater
during each extraction period. 2 L of seawater was treated by the electrode for 24 h per treatment. The whole process lasted 21 days. The error
bars represent the standard deviation (n = 3). (c) Initial and final uranium concentrations in the salt lake brine during each extraction period. The
electrode treated 500 mL of brine for 4 days per treatment. The error bars represent the standard deviation (n = 3). (d) Cumulative uranium
extraction amount of the S-COF electrode from seawater. (e) Cumulative uranium extraction amount of the S-COF electrode from salt lake

brine.

decline became progressively smaller, perhaps because the
performance attenuation of the electrode was more evident in
an environment containing a low concentration of uranium.
Encouraged by the outstanding uranium-extraction proper-
ties of the S-COF membrane, we further tested its performance
in real salt-lake brine from Chaerhan Salt Lake, which has
a salinity much higher than seawater. The membrane weighed
2 mg, and the substrate was maintained at 5 x 5 cm. During
each period, the electrode was treated with 500 mL salt lake
brine for four days, and the entire process lasted 32 days.
Although the uranium concentration was approximately 50.0
ppb, the extremely high alkali metal content in the brine
occupied the adsorption sites, leading to unsatisfactory
uranium extraction performance using the traditional chemical
adsorption method (Fig. S24, ESIT). However, when the S-COF
membrane was employed as the working electrode with
voltage pulses, the uranium concentration in the brine showed
a clear decreased during each extraction period (Fig. 5¢). The
cumulative extraction amount was calculated according to the
uranium concentration variations (Fig. 5d and e), which was
12.01 mg-U per g-membrane (48.04 mg-U per g-COF, 2.29 mg-U

4544 | Chem. Sci, 2024, 15, 4538-4546

per g-COF per day) for seawater and 18.93 mg-U per g-
membrane (75.72 mg-U per g-COF, 2.37 mg-U per g-COF per
day). The extraction capability of this S-COF membrane far
exceeded that of previously reported chemical adsorbents or
photocatalysts based on olefin-linked COFs. At the same time,
this is currently the longest running time based on the elec-
trochemical method for continuous uranium extraction from
seawater compared to what has been reported so far (Table S3,
ESIT). There were no deposits on the S-COF membrane surface
after the uranium extraction process in natural water and salt
lake brine (Fig. S25, ESIt), indicating long-term service perfor-
mance. The continuous uranium capture performance and the
long-term stability of the electrodes prove that this biomimetic
electrochemical regulation is an effective strategy to promote
the application potential of electroactive materials in harsh
environments with high salinity. We also evaluate the economic
viability of the electrode along with the electrical extraction
process. The cost of preparing the S-COF membrane was esti-
mated to be =52 USD per g. The electricity cost was calculated
to be =3.40 x 10~% USD per g-U using seawater and 2.15 x 10>
USD per g-U using salt lake brine. Given the continuous

© 2024 The Author(s). Published by the Royal Society of Chemistry
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electrical power consumption of the electrochemical method,
future research should focus on the higher working efficiency of
electrodes and cheaper electrical energy.

Conclusions

In summary, to improve the extraction capacity and the dura-
bility of uranium-capture electrodes with electro-catalytic
activity, we got inspiration from the biomineralization of
marine bacteria in high-salinity environments, and bio-
mimetically regulated the electrochemical process. This regu-
lation could reduce the competitive reaction between uranium
reduction and hydrogen evolution, preventing the deposition of
earth metal hydroxides. In this way, the uranium uptake
capacity of the designed S-COF membrane could be increased
by more than 20% without extra energy input. This process also
endowed the membrane electrode with stability. In a long-term
test, the S-COF membrane showed an excellent extraction
capacity of 48.04 mg-U per g-COF in seawater within 21 days and
75.72 mg-U per g-COF in salt lake brine within 32 days, which is
impossible to achieve using physicochemical adsorption. This
way of optimization provides a new strategy for mining uranium
from unconventional resources.
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