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Functionalized Iron—-Nitrogen—Carbon Electrocatalyst
Provides a Reversible Electron Transfer Platform for
Efficient Uranium Extraction from Seawater

Hui Yang, Xiaolu Liu, Mengjie Hao, Yinghui Xie, Xiangke Wang,* He Tian,*
Geoffrey I. N. Waterhouse, Paul E. Kruger, Shane G. Telfer, and Shenggian Ma*

Uranium extraction from seawater provides an opportunity for sustainable
fuel supply to nuclear power plants. Herein, an adsorption—electrocatalysis
strategy is demonstrated for efficient uranium extraction from seawater using
a functionalized iron—nitrogen—carbon (Fe—N,~C-R) catalyst, comprising
N-doped carbon capsules supporting FeN, single-atom sites and surface
chelating amidoxime groups (R). The amidoxime groups bring hydrophilicity
to the adsorbent and offer surface-specific binding sites for UO,?" capture.
The site-isolated FeN, centres reduce adsorbed UO,?* to UO,*. Subsequently,
through electrochemical reduction of the FeN, sites, unstable U(V) ions are
reoxidized to U(VI) in the presence of Na* resulting in the generation of solid
Na,O(UOj3-H,0),, which can easily be collected. Fe-N,~C-R reduced the
uranium concentration in seawater from =3.5 ppb to below 0.5 ppb with a
calculated capacity of 1.2 mg g~ within 24 h. To the best of the knowledge,
the developed system is the first to use the adsorption of uranyl ions and
electrodeposition of solid Na,0(UO3.H,0), for the extraction of uranium
from seawater. The important discoveries guide technology development for
the efficient extraction of uranium from seawater.

interim technology in the transition away
from fossil fuel energy.”l Nuclear reactors
are fueled by 2**U, which is typically con-
centrated from mined uranium ore. How-
ever, estimates suggest that globally there
are only =4.5 million tons of uranium ore
on land, which represents a significant
obstacle to the increased implementation
of nuclear power?] However, uranium
(present as uranyl ions) is abundant in
seawater, and estimates suggest =4.5 bil-
lion tons are available in the oceans. This
makes the extraction of uranium from
seawater a priority if humans want to har-
ness nuclear energy in the future.
Recently, much research effort has
been focused on developing high capacity
adsorbents that can recover uranium
from seawater at good rates.’! Porous
materials such as metal oxides/sulfides,!
porous organic polymers,/l porous aro-
matic frameworks,®l metal-organic frame-
works,[l biomass-based materials,!'% cova-

1. Introduction

Sustainable technologies are needed to meet our future energy
needs.! Nuclear power has long been considered a practical

lent organic frameworks, and porous carbons!'? have all been
explored as potential adsorbents for extracting uranium from
seawater. It was found that the adsorption capacity and uranyl
ion-binding affinity of sorbents can be significantly improved
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by introducing specific surface functional groups onto the
adsorbent such as amines,¥ hydroxyl groups,'?" carboxylic
acids,”™ and particularly amidoximes.’d¢?] Efficient ura-
nium extraction also benefits from porous sorbents with par-
ticular pore geometries and entrained functional groups, thus
promoting strong absorbate—adsorbent interactions and facili-
tating mass transport. However, the adsorption of uranium ions
in the pores and channels of the adsorbents can lead to pore
blocking, which lowers the uranium adsorption capacity and
hinders uranium recovery and adsorbent reuse. In a notable
recent contribution, an electrochemical method was reported
for the efficient extraction of uranium from spiked seawater.l®l
The hexavalent uranyl ion (UO,%") was reduced to the insoluble
tetravalent compound UO, on the electrode surface at a voltage
of =5 to 0 V. While this work revealed a promising new strategy
for uranium extraction, significant improvements in uranium
adsorption should be possible through increasing both the
adsorption capacity and electrocatalytic reduction/oxidation
performance of the electrode materials used.

Porphyrin-like metal-nitrogen—carbon (M-N-C) nanoma-
terials have emerged as high-performance electrocatalysts in
many applications, with Fe-N-C demonstrating outstanding
performance for the oxygen reduction reaction (ORR).”l The
high catalytic activity of Fe-N-C for ORR can be attributed to
the reversible electron transfer of the atomically dispersed FeN,
sites and redox cycling between Fe** and Fe?* oxidation states.
By designing and synthesizing a new material that synergisti-
cally combines uranyl adsorption with electrocatalytic activity,
we developed herein a very efficient adsorption—electrocatalysis
system for uranium extraction from seawater. In brief, hollow
nitrogen-doped carbon capsules supporting iron single-atom
sites (Fe-N,—C) were first synthesized, then functionalized with
amidoxime groups (collectively denoted as R). The amidoxime
groups impart hydrophilicity and a high binding affinity for
UO,?*, while the site-isolated iron centers (FeN,, species) reduce
the U(VI) in UO,*" to U(V) in UO,". Subsequently, we discov-
ered that the unstable U(V) of the pentavalent UO," ions could
be reoxidized to U(VI) in the presence of Na*, which led to the
formation of Na,O(UO;-H,0), precipitates. The latter formed
as a loosely attached thick yellow deposit on the Fe-N,~C-R
electrode, thus allowing easy recovery. Intuitively, reversible
single electron transfer between a FeN, site and UO,*, as well
as the presence of sodium ions, resulted in the selective for-
mation of Na,O(UO;3-H,0), during the electrocatalysis pro-
cess. Based on these important discoveries, a uranium uptake
capacity of 128 mg g™! was achieved in 10 ppm uranyl-spiked
seawater was realized using the electrocatalytic process. Fe-N,—
C-R was able to reduce the uranium concentration in natural
seawater (initial uranium concentration =3.5 ppDb) to less than
0.5 ppb within 24 h (extraction capacity of =1.2 mg g™). Further,
the adsorbent—electrocatalyst exhibited excellent durability and
reusability.

2. Results and Discussion

The ability of Fe-N,~C-R (Figure 1) to adsorb uranyl ions and
further electrochemically deposit uranium in the form of insol-
uble precipitates was crucial in the current study for uranium
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Figure 1. a) Schematic illustration of the synthesis of Fe-N,~C-R. b) A
schematic showing the polypropylene amidoxime attached to the sur-
face of Fe-N,~C. Hydrogen atoms have been omitted for clarity in the
cartoons.

removal from seawater. To address this challenge, the sur-
faces of the hollow iron—nitrogen—carbon capsules (Fe-N,—C)
were functionalized with amidoxime groups (denoted as R)
through coating a thin layer of polypropylene amidoxime.
Figure 1 describes the stepwise fabrication of Fe-N,~C-R.
ZIF-8 nanocrystals were first synthesized, then coated with a
potassium—tannic acid coordination polymer (Figure 1la, step
1).7418] The potassium ions in the tannic acid polymer were
then exchanged for Fe** ions to give ZIF-8@Fe-TA (Figure 1a,
step II, Figures S1-S5, Supporting Information). Fourier
transform infrared (FTIR) spectroscopy verified the forma-
tion of metal/tannic shells on ZIF-8 nanocrystals (Figure S8,
Supporting Information). The composite was further heated
at 950 °C in an argon atmosphere, yielding Fe-N,~C. Scan-
ning electron microscopy (SEM) and transmission electron
microscopy (TEM) were employed to observe the morphology
of Fe-N,-C, which comprised hollow dodecahedral capsules
with a wall thickness of about 10 nm (Figure 2a; Figure S6,
Supporting Information). Low magnification HAADF-STEM
and corresponding energy dispersive X-ray spectroscopy (EDS)
images show that Fe, C, and N were homogeneously distrib-
uted over the capsules (Figure 2b-f). No detectable zinc was
found in Fe-N,~C. During the high-temperature pyrolysis step,
the zinc(Il) ions of ZIF-8 were reduced to metallic Zn, which
subsequently vaporized and escaped from the capsules. Aberra-
tion—corrected HAADF-STEM further revealed the presence of
highly dispersed bright dots, confirming the presence of atomi-
cally dispersed iron species on the N-doped carbon support.
(Figure 2g). No large aggregates or nanoparticles were detected
in the images.

Subsequently, amidoxime functional groups were attached to
the carbon capsules. To achieve this, Fe-N,~C was treated in a
freshly prepared polyacrylonitrile/azobisisobutyronitrile/N, N—
dimethylformamide (DMF) solution to create a precursor-loaded

© 2021 Wiley-VCH GmbH
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Figure 2. a,b) TEM and HAADF-STEM images of Fe-N,—C. c—f) Corresponding EDS maps reveal a homogeneous distribution of C (green), N (yellow),
and Fe (red) over the carbon capsules. g) Aberration-corrected HAADF-STEM image of Fe-N,~C, showing the atomically dispersed iron. The scale bars

in (b)—(f) represent 50 nm.

composite with -CN groups attached on the surface of the
hollow iron-nitrogen—carbon capsules. Subsequent treatment
with hydroxylamine in H,0 produced a thin layer of polypro-
pylene amidoxime coated Fe-N,—C (denoted as Fe-N,—C-R),
with amidoxime groups on the surface of the hollow iron—
nitrogen—carbon capsules. (Figure 1la,b, step IV, Scheme SI,
Supporting Information). The FTIR spectrum of Fe-N,—C-R
showed the appearance of a nitrile stretch (2246 cm™) after the
polyacrylonitrile/azobisisobutyronitrile/DMF treatment. This
peak disappeared after reaction with hydroxylamine, whilst new
peaks appeared due to C=N (1650 cm™), C-N (1390 cm™), and
N-O (930 cm™). These new peaks confirmed the successful
introduction of amidoxime groups (Figure 3a)./*"l TEM and
SEM images showed that Fe-N,—C-R retained the character-
istic hollow dodecahedral morphology of Fe-N,~C (Figure 3b;
Figure S7, Supporting Information). Spherical aberration-cor-
rected HAADF-STEM imaging showed a high density of iso-
lated bright spots, confirming that atomically dispersed iron
sites were still firmly anchored on the hollow carbon capsules
(Figure 3c). HAADF-STEM and mapping images for C, N, O,
and Fe showed all of the elements were uniformly dispersed in
Fe-N,—C-R (Figure 3d-i).
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The structures of Fe-N,—~C-R and Fe-N,-C were further
investigated by powder X-ray diffraction (PXRD), X—ray photo-
electron spectroscopy (XPS), Raman spectroscopy, X-ray
absorption spectroscopy (XAS), and iron (*’Fe) Méssbauer spec-
troscopy. The PXRD patterns for each sample display broad
peaks around 24° and 44°, corresponding to the graphitic
carbon domains in these materials (Figure S2, Supporting
Information). The C 1s XPS spectrum of Fe-N,—C contained
peaks due to semigraphitic carbon C=C/C-C bonds (284.6 V),
C-N bonds (285.7 eV), C=0 bonds (2875 eV), and n—n* transi-
tions (290 eV) (Figure 4a). Four types of N environments were
found in Fe-N,~C, including pyridinic-N (398.3 V), pyrrolic-N
(400.1 eV), graphitic-N (401.1 eV), and N-O moieties (404.6 eV)
(Figure 4b). The C 1s spectrum of Fe-N,—~C-R (Figure 4c) was
similar to that of Fe-N,—C, except for the increase of the peak
at 285.9 eV due to the amidoxime groups.”) Comparing the
N 1s signals of Fe-N,~C and Fe-N,~C-R, the latter contained
less graphitic-N and pyridinic-N (Figure 4d). However, the
amount of pyrrolic-N and oxidized-N (N-O,) in Fe-N,—~C-R
was significantly increased (Figure 4d). The O 1s spectrum of
Fe-N,—C-R was deconvoluted into two subpeaks, which are
assigned to C=0 (531.3 eV) and N-O-H (532.2 eV) species

© 2021 Wiley-VCH GmbH
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Figure 3. a) FTIR spectra of different materials. b,c) TEM and aberration—corrected HAADF-STEM images of Fe-N,-C-R. d-i) HAADF-STEM image
of Fe—-N,—C-R and corresponding EDS maps revealing the homogeneous distribution of C (green), N (yellow), O (cyan), and Fe (red) throughout the

sample. The scale bars in (d)—(i) represent 50 nm.

(Figure 4e).°%2% The normalized X-ray absorption near edge
structure (XANES) spectra for Fe-N,~C and Fe-N,-~C-R were
similar to that of Fe—tetraphenylporphyrin (FeTPP), showing a
distinctive pre—edge feature at 7115.1 eV. This suggests that the
iron atoms in Fe-N,~C and Fe-N,~C-R are stabilized in a strict
square-planar configuration (i.e., FeN,) with Dy symmetry
(Figure 4f). The Fourier-transformed extended X-ray absorp-
tion fine structure (FT-EXAFS) spectra of the samples showed
a sharp peak around 1.5 A in R space, which again parallels
the FeTPP reference (Figure 4g). The EXAFS fitting results of
Fe-N,~C-R confirmed the FeN, coordination, with each iron
center being connected by four N atoms with a Fe-N length of
2.05(8) A (Figure 4h; Table S1, Supporting Information). Subse-
quently, Fe Mossbauer spectroscopy measurements were con-
ducted on Fe-N,~C-R to gain a deeper understanding of the
electronic state of Fe in the material. The spectrum was fitted
with the D1 and D2 double peaks, which can be assigned to
the porphyrin-like Fe>*~N, coordination sites, where Fe?" is in
low and medium-spin states, respectively (Figure 4i).2!! Raman
spectroscopy established that Fe-N,—~C-R contained both gra-
phitic sp? carbon at 1590 cm™ and disordered sp® carbon
at 1350 cm™' (Figure S9, Supporting Information). Taken
together, this suite of experiments confirms that the surface of
Fe-N,~C-R is rich in amidoxime-containing functional groups
and porphyrin-like FeN, single-atom sites.

The permanent porosity of Fe-N,—~C-R was probed by N,
adsorption experiments at 77 K. The isotherms showed typical
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type IV behavior (Figure S10, Supporting Information), sug-
gesting the coexistence of hierarchical pore structures. Pro-
nounced hysteresis loops were observed, indicating the exist-
ence of ink bottle shape mesopores. The measured BET sur-
face area of Fe-N,~C-R (366 m? g™!) was much less than Fe-
N,~C (836 m? g}). The corresponding pore size distribution
analysis results demonstrated that Fe-N,—~C-R contained both
micropores and mesopores with diameters clustered around
1.8 and 2.3 nm, respectively (Figures S11 and S12, Supporting
Information). Fe-N,—~C-R and Fe-N,—~C contained 1.18 and
1.32 wt.% of iron, respectively, as determined by inductively
coupled plasma mass spectrometry (ICP-MS) tests. The sur-
face wettability properties of Fe-N,~C-R and Fe-N,-C were
characterized by contact angle measurements. The contact
angle of water droplets on Fe-N,—C was 126°, whereas for
Fe-N,—C-R the water contact angle was much lower at around
40° (Figure 5a). These results show that the surface amidoxime
groups of Fe-N,~C-R significantly enhance the hydrophilicity
of the material. The amidoxime groups on Fe-N,-~C-R are
expected to offer an abundance of accessible binding sites for
the adsorption of UO,?" cations. In combination with the iso-
lated FeN, sites on the N-doped carbon capsules, Fe-N,—~C-R
possessed all the essential components to be an efficient adsor-
bent—electrocatalyst for uranium removal from seawater, which
was validated by experiments below.

To evaluate the uranium extraction ability of Fe-N,~C-R,
preliminary studies were conducted in spiked-seawater/uranyl

© 2021 Wiley-VCH GmbH
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Figure 4. a,b) C1s and N 1s XPS spectra for Fe-N,~C. c—e) C 1s, N 1s, and O 1s XPS spectra for Fe-N,~C-R. f) Fe K-edge XANES spectra for Fe-N,-C,
Fe—N,—C-R, FeTPP, and Fe foil. g) Fourier transform (FT) EXAFS spectra for Fe-N,-C, Fe-N,~C-R, FeTPP, and Fe foil. h) Corresponding EXAFS R-space
fitting curves for Fe-N,~C-R. i) >’Fe Mé&ssbauer transmission spectrum for Fe—-N,~C—R. The data for Fe foil and FeTPP stands in 4f, and 4g were reported

in our previous work.[7dl

ion solutions. Fe-N,~C was used for comparison purposes.
Equilibrium adsorption capacities were determined in uranyl-
spiked seawater solutions of different concentrations (from 0
to 20 ppm based on uranium, pH 8.1) at a fixed material-to-
solution ratio of 0.1 mg mL™". The equilibrium adsorption
experiments were conducted over 24 h at 25 °C under constant
shaking. The adsorption capacity of Fe-N,—~C-R was tested and
analyzed to be 129.9 mg g! (Figure 5b; Table S2, Supporting
Information). The equilibrium adsorption data were well-
described by a Langmuir model, yielding a correlation coef-
ficient equal to 0.97122 The distribution coefficient (Ky) value
was calculated to equal 3.6 X 10* mL g™}, indicating an excellent
affinity toward uranyl ions. Subsequently, kinetic adsorption
isotherms were determined in 10 ppm spiked-seawater uranyl
solutions (pH 8.1) over periods ranging from 0 to 20 h. The
result showed that Fe-N,~C-R possessed an extremely rapid
uranium capture capability with a sharp upward trend (espe-
cially before 200 min), reaching greater than 70% of its equilib-
rium adsorption capacity after only 150 min (Figure 5c; Table
S3, Supporting Information). The adsorption data were well-
fitted by the pseudo-second-order kinetic model, indicating
that the adsorption of uranium by Fe-N,~C-R mainly depends
on chemical adsorption.?’l Overall, Fe-N,~C-R demonstrated
better adsorption performance for uranyl ions than Fe-N_-C,
suggesting that the amidoxime groups coordinate with the
uranyl ions. XANES spectra showed that the near-edge fea-
ture of Fe-N,—C-R after uranium adsorption is allied to that of
uranyl nitrate hexahydrate, suggesting that the uranium exists
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in the form of U(VI)O,2* (Figure 5d). EXAFS spectra and fitting
results confirmed the U(VI) coordination environment is sim-
ilar to a previous reported uranyl-amidoxime 7%-binding motif
mode, with each U center being coordinated by two axial oxygen
atoms, two atoms from coordinated H,O molecules, and two
oxygen atoms and nitrogen atoms from two amidoxime groups
(Figure 5e; Figures S13 and S14 and Table S1, Supporting Infor-
mation). Further, U 4f and O 1s XPS spectra indicated the
presence of U(VI) and U = O environments after the adsorp-
tion experiment, also consistent with the presence of adsorbed
uranyl ions (Figure S15, Supporting Information).*"3 In com-
parison, the isotherms displayed a slightly faster adsorption
rate and higher adsorption capacity in aqueous uranyl solutions
relative to spiked seawater solutions (Figure S16, Tables S4 and
S5, Supporting Information). We attributed the decrease in
the uranyl adsorption rate and capacity in the spiked seawater
experiments to the high ionic strength and the competitive
adsorption of other ions.

Encouraged by the unique structural characteristics and
uranyl ion adsorption performance, we then evaluated
Fe-N,—C-R as an electrocatalyst for uranium extraction from
uranyl-spiked seawater (=10 ppm, pH 8.1) and natural seawater.
We first operated cyclic voltammetry (CV) tests in natural sea-
water and uranyl-spiked seawater using a traditional three-
electrode electrochemical cell. Figure 5f showed a sharp peak
at —=0.77 V (vs SCE) corresponding to the reduction of U(VI) to
U(V), and a peak at —0.43 V (vs SCE) due to the oxidation of
U(V) to U(VI).2Y On the basis of these results, we then studied

© 2021 Wiley-VCH GmbH
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Figure 5. a) Contact angles for deionized water on pressed pellets of Fe-N,~C (left) and Fe-N,~C-R (right). b) Equilibrium adsorption isotherms for
uranyl ion adsorption on different materials at a fixed material-to-solution ratio of 0.1 mg mL™" in uranyl-spiked seawater (from 0 to 20 ppm). c) Uranyl
ion adsorption kinetics on different materials at an initial UO,%" concentration of 10 ppm in uranyl-spiked seawater. d) U L;-edge XANES spectra
for Fe-N,~C-R after adsorption of uranyl, and UO,(NO3),-6H,0. e) U L;;-edge EXAFS R-space and corresponding fitting curves for Fe-N,~C-R after
adsorption of uranyl. f) Cyclic voltammograms for uranyl-spiked seawater and natural seawater. g) Uranium extraction from spiked seawater with
initial uranium concentrations of =10 ppm, using Fe—N,—C-R as an adsorbent—electrocatalyst. h) Photographs of the Fe-N,~C-R electrode in spiked
seawater (initial uranium concentration of =1000 ppm) during electrocatalytic extraction.

the uranium extraction performance of Fe-N,~C-R using the
square wave conversion method (Figure S17, Supporting Infor-
mation). Here, a graphite rod served as the positive electrode,
and Fe-N,—C-R served as the negative electrode. Experiments
were conducted by alternating the voltage between —5 and 0 V
at a frequency of 400 Hz during the tests. Fe-N,—~C-R removed
71%, 91%, and 99% of the uranium within 5.5, 12, and 24 h,
respectively, from a 10 ppm uranyl-spiked seawater sample
(Figure 5g). The experimental maximum removal capacity
reached 128 mg g7, indicating a high uranium extraction
efficiency. The longevity and durability of Fe-N,—~C-R were
established by ten cycles of uranyl ion removal, washing and
Fe-N,—C-R reuse, with negligible loss in performance observed
over the ten cycles (Figure S18, Supporting Information). The
SEM image of Fe-N,—C-R after the ten cycles exhibited that
the dodecahedral morphology of the sample was retained
(Figure S19, Supporting Information), implying chemical
and structural robustness. FTIR spectroscopy confirmed the
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amidoxime functional groups in Fe-N,~C-R were retained after
the ten cycles (Figure S20, Supporting Information). In light of
the above excellent adsorption—electroextraction performances
of Fe-N,~C-R, we further carried out a uranium extraction per-
formance test in natural seawater (the natural concentration of
uranium in the sample is =3.5 ppb). After 24 h of extraction,
the detected uranium in seawater was less than 0.5 ppb (cal-
culated capacity of =1.2 mg g! in 24 h), comparable to other
high-performance sorbents (Table S6, Supporting Information),
suggesting effective uranium absorption performance and
obvious potential to use the adsorption—electrocatalysis system
for uranium extraction in practical applications.

After demonstrating the ability of Fe-N,—~C-R to efficiently
extract uranium from seawater, we investigated the extraction
mechanism. A further extraction experiment was conducted
in a freshly prepared 1000 ppm of uranyl-spiked seawater. As
shown in Figure S21 (Supporting Information), Fe-N,—~C-R
exhibited an exceptional ability to extract uranium rapidly,

© 2021 Wiley-VCH GmbH
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with the capacity determined to be 14302 mg g™! within
24 h, suggesting that electrocatalysis effectively promoted
uranyl ion conversion. A pale-yellow floc formed around
the surface of the Fe-N,—~C-R/carbon felt electrode within
10 min (Figure 5h). After 30 min, a darker yellow product
covered the whole working electrode. As the extraction time
increased up to 24 h, uranyl ions continued to be efficiently
transformed into the electrodeposited precipitate, which
could easily be collected from the electrode. PXRD and XPS
analyses demonstrated that the yellow precipitate comprised
Na,0(UO;-H,0), (Figures S22-S24, Supporting Information).
As shown in Figure 6a, XANES spectra for Na,O(UO;-H,0),
at the U Ljjj-edge were similar to that of UO;, indicating the
presence of a U(VI) dominant oxidation state (Figure 6a).
The fitting of EXAFS results in R— and k—space revealed the
coordination number of the U(VI) units in Na,0(UO;-H,0),
to be 6. (Figure 6b,c; Table S1, Supporting Information). No
U(IV) solid products (such as UO, and/or (UO,)O,) were
detected, indicating that unstable U(V) was not reduced to
a lower state U(IV) during the process. We noticed that the
pH value of the spiked seawater solution decreased from
5.01 to 3.51, implying H* evolution during the formation of
Na,0(U0;-H,0), (n.b., the initial seawater sample had a pH
of 8.1). The control experiment was further performed with
deionized water in the absence of sodium ions. As expected,
no Na,O(UOj;- H,0), nor any other solid precipitates were pro-
duced (Figure S25, Supporting Information). Intuitively, both
sodium ions and uranyl ions are needed for the generation of
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the Na,O(UO;- H,0), precipitate under the conditions of our
seawater experiments.

Based on these findings, a probable mechanism for uranium
extraction from seawater by the adsorption—electrocatalysis
system was developed (Figure 6d). The amidoxime functional
groups on Fe-N,—C-R boosted surface hydrophilicity and
enhanced uranyl ion uptake by offering an abundance of cation
chelating sites. The FeN, active sites in the hollow carbon cap-
sules (initially containing Fe(I1)N,) then reduced the U(VI)O,**
to U(V)O," by transferring a single electron to U(VI) during
the reduction process.*®2’l Subsequently, Na,0(UO;-H,0),
is generated by oxidation of U(V) back to U(VI) in the pres-
ence of Na*, with the concomitant liberation of protons. Mean-
while, the unstable pentavalent uranium (U(V)) transferred
an electron back to the Fe(III)N, center, thereby regenerating
Fe(II)N,. Overall, reversible single electron transfer between
FeN, sites and UO,*, as well as the presence of sodium ions
allows the formation of Na,O(UO;-H,0), precipitate during
electrocatalysis.

The results above validate the practical adsorption—electroca-
talysis technology introduced here for uranium extraction from
seawater, which was based on amidoxime groups, isolated FeN,,
sites embedded in hollow nitrogen-doped porous carbons, and
electrochemical catalysis processes. Benefitting from these fea-
tures, Fe-N,~C-R demonstrated excellent performance as an
adsorbent—electrocatalyst for the extraction of uranium from
seawater. To our knowledge, the developed system is the first
to yield a U(VI) solid product (i.e., Na,0(UO;.H,0),) during

© 2021 Wiley-VCH GmbH
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uranium extraction from seawater via an adsorption—electroca-
talysis redox process. Our system offers the advantage that the
Na,0(UO;-H,0), product can be easily removed for the Fe-N,—
—C-R/carbon felt electrode for collection. Nuclear reactors use
enriched UO, in the form of pellets as fuel. Na,O(UO;-H,0),
can be easily converted to UO, by chemical/thermal pro-
cessing. These results will encourage further development of
other adsorption—electrocatalysis systems containing metal
single-atom active sites and functional groups for the extraction
of uranium and other scarce metals from oceans.

3. Conclusion

In summary, we have developed an adsorption—electrocatalysis
technology for the efficient extraction of uranium from sea-
water. The adsorbent—electrocatalyst (Fe-N,—~C-R) consists of
hollow N-doped carbon capsules surface functionalized with
single-iron sites (FeN,) and amidoxime groups. This surface
functionalization imparted Fe-N,~C-R with hydrophilicity and
a high binding affinity for uranyl ions, whilst the iron sites pro-
vided a reversible electron transfer platform for the eventual
production of Na,O(UOs-H,0),, a U(VI) precipitate, in the
process of electrocatalytic extraction of uranium from seawater.
Detailed uranium recovery tests showed Fe-N,—~C-R was a very
promising catalyst for uranium mining from seawater. Our
novel adsorption—electrocatalysis strategy for uranium extrac-
tion overcomes the limitations of traditional physicochemical
adsorbents for the collection of uranium, which require costly
elution steps to recover uranium and regenerate the adsorbent.
Moreover, the results presented here would prompt the broader
pursuit of other metal-nitrogen—carbon materials and their
composites as adsorption—electrocatalysts in uranium extrac-
tion and other applications. Our current work identifies oppor-
tunities for the economical and efficient extraction of uranium
from oceans.
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