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when used simply as a uranyl adsorbent, simple amidoxime-
functionalized COFs have the drawback that elution of
adsorbed uranyl generally requires harsh conditions, which
can damage the amidoxime binding sites and the porous
structure of the COF, thus limiting practical implementation.
In recent contributions, incorporating photoactive components
into the linkers in COFs has been shown to improve uranium
extraction from seawater and other applications.43,45−55

However, in these studies, large amounts of sacrificial electron
donors were needed as sacrificial hole scavengers (reducing
viability as a practical uranium capture technology). COFs
need to be discovered that are capable of efficiently capturing

uranium from seawater and photocatalytically reducing U(VI)
to solid products such as UO2 for collection without the need
for sacrificial reagents.

Multivariate COFs are composed of three or more sets of
linkers, and often exhibit properties that do not exist in their
single- or two-component counterparts.56−58 In particular,
tuning the spatial environment and functional linkers of
multivariate COFs allows properties be optimized for target
applications. Inspired by this attractive attribute, we herein
used reticular chemistry to synthesize COFs with adsorption-
photocatalytic properties for efficient uranium extraction from
seawater under visible light irradiation without the need for

Figure 1. Schematic, preparation, and characterization of multivariate COFs. (a) Schematic of a multivariate COF equipped with amidoxime
nanotraps, photocatalytic donor−acceptor sites, and anti-biofouling properties as an adsorption-photocatalyst for uranium extraction from seawater
(without the need for sacrificial reagents). (b) Synthetic scheme for COF 1, and its corresponding postsynthetic modification to chemically
transform cyano groups to amidoxime groups, yielding COF 1-AO. (c) FTIR spectra of COF 1, COF 1-AO, and linkers. (d) Solid-state 13C CP/
MAS NMR spectra of COF 1 and COF 1-AO. (e) Experimental and simulated PXRD profiles (inset: graphical view of the eclipsed AA stacking
structure of COF 1-AO). C, N, O, and S atoms are represented by gray, blue, red, and yellow, respectively. The H atoms are omitted for clarity.
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any sacrificial reagents. Our strategy involved the creation of
multivariate COFs with donor−acceptor sites and amidoxime
nanotraps (Figure 1a). The high crystallinity, large porosity,
good chemical stability, excellent light-harvesting ability,
efficient electron−hole separation ability, and good anti-
biofouling properties of one of our quaternary COFs (denoted
herein as COF 2-Ru-AO) enabled selective capture of uranium
with a record-high uranium extraction efficiency ∼2.45 mg/g
per day among all COF adsorbents and photocatalysts from
natural seawater in the absence of any sacrificial reagents. The
findings and mechanistic insights presented inform the rational
design and synthesis of multivariate COFs with outstanding
performance for uranium extraction.

■ RESULTS AND DISCUSSION

COFs Synthesis and Structural Characterization

The geometric and chemical characteristics of the pores in
COFs determine their functional properties. On the basis that
thiazole-based ligands show excellent abilities for charge-
transport in photocatalytic applications,45,54 and amidoxime
functional groups exhibit affinity for uranyl,23,43,44 our initial
step was to build amidoxime and thiazole-containing moieties
into a three component COF (Figure 1b). Considering that
amidoxime groups could be derived from cyano groups
through the hydrolysis reaction with hydroxylamine, a nitrile-
functionalized COF (COF 1) was first synthesized via the
solvothermal reaction of 2,4,6-triformylphloroglucinol (TP),
4,4′-(thiazolo[5,4-d]thiazole-2,5-diyl)dianiline (DTz), and
5,5′-(diazene-1,2-diyl)bis(2-aminobenzonitrile) (DBAb) in an
acetic acid (AcOH)/1,2-dichlorobenzene (O-DCB)/1-butanol

Figure 2. Preparation and characterization of COF 2, COF 2-AO, COF 2-Ru-AO, COF 3, COF 3-AO, and COF 3-Ru-AO. (a) Synthetic scheme
for COF 2-Ru-AO. (b) Solid-state 13C CP/MAS NMR spectra of COF 2 and COF 2-AO. (c) Experimental and simulated PXRD profiles of COF
2, COF 2-AO, and COF 2-Ru-AO. (d) Ru 3p XPS spectrum for COF 2-Ru-AO. (e) SEM image of COF 2-Ru-AO. (f) Graphic view of the eclipsed
AA stacking structure of COF 3-Ru-AO. (g) Solid-state 13C CP/MAS NMR spectra of COF 3 and COF 3-AO. (h) Experimental and simulated
PXRD profiles of COF 3, COF 3-AO, and COF 3-Ru-AO. C, N, O, S, and Ru atoms are represented by gray, blue, red, yellow, and magenta
spheres, respectively. H atoms are omitted for clarity.
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(n-BuOH) mixed solvent at 120 °C. The structure of COF 1
was determined by Fourier transform infrared spectroscopy
(FTIR), solid-state 13C NMR spectroscopy, powder X-ray
diffraction (PXRD), and Material Studio theoretical simu-
lations. The disappearance of −CHO peak at 1640 cm−1 and
−NH2 stretches at 3600−3050 cm−1 in the FTIR spectra
indicated the complete reaction of the ligands (Figure 1c).
Furthermore, the peak at 2224 cm−1 confirmed the retention
of the cyano group on the DBAb linker. The solid-state 13C
NMR spectrum revealed a new C�O peak at 198 ppm
verifying the formation of �-ketoenamine moieties (Figure
1d).59,60 Moreover, the observed characteristic peak at ∼185
ppm in the solid-state 13C NMR spectrum confirmed the
presence of the DTz linker in the COF 1 structure (Figure 1d).
Further, the presence of C−S stretching bands at ∼1001 and
1295 cm−1 in the FTIR spectrum of COF 1 also confirmed the
presence of the DTz linker (Figure 1c). The experimental
PXRD pattern showed the peaks at 2� angles of 2.73, 4.63,
5.41, 6.97, and 9.33°, corresponding to (100), (110), (200),
(210), and (310) reflections, respectively (Figure 1e). A
plausible theoretical crystalline structure was built through the
simulation of the experimental PXRD pattern by Materials
Studio software.61 The refined unit cell parameters for COF 1
were determined as a = 36.46 Å, b = 38.87 Å, c = 3.52 Å, � = �
= 90°, and � = 114.75°, with agreement factors of Rp = 1.25%
and Rwp = 1.60% (Tables S1 and S2). Taking these results into
account, an eclipsed AA stacking two-dimensional (2D)
structure with 3.4 nm hexagonal 1D open channels was
obtained (Figures 1b and S1a). The side view showed the �−�
stacking distance between individual layers to be ∼3.6 Å
(Figure 1e). Thermogravimetric analysis (TGA) demonstrated
that the framework is stable up to ∼300 °C (Figure S6). Next,
COF 1 underwent an amidoximation process, yielding our
target product COF 1-AO, with the ligand functional
amidoxime groups located in large pores (Figures 1b and
S1b). PXRD showed that the crystallinity of COF 1 was
retained after amidoxime functionalization (Figure 1e). The
disappearance of the nitrile stretching band at 2224 cm−1 in
the FTIR spectrum revealed the successful transformation of
the −CN group in COF 1 to the amidoxime group in COF 1-
AO (Figure 1c). Solid-state 13C NMR analysis further
confirmed this derivatization by the disappearance of −CN
signals at ∼103 ppm (Figure 1d). Scanning electron
microscopy (SEM) imaging of COF 1 and COF 1-AO
revealed nanofiber morphologies (Figures S9 and S10). On the
basis of data collected using complementary characterization
techniques and theoretical simulations, we established that
COF 1-AO is composed of three components, including
amidoxime uranium nanotraps, DTz electron acceptors
together with �-ketoenamine (derived from TP linker)
electron donors. The structural features were expected to
create an efficient adsorption-photocatalyst for uranium
extraction from seawater.

[Ru(Bp)3]2+ (Bp = 2,2′-bipyridine) is widely used as a
photosensitizer to introduce photocatalytic function in COFs
and other coordination polymers.62,63 Inspired by our success
synthesizing COF 1-AO, we aimed to optimize the multi-
electron transfer efficiency of our multivariate COFs by
introducing [Ru(Bp)x]2+, thus creating a highly efficient
adsorption-photocatalyst system for uranium extraction
studies. Accordingly, a quaternary component COF was
solvothermally synthesized via an imine condensation of TP,
[2,2′-bipyridine-5,5′-diamine-Ru(Bp)2]Cl2 (a Ru-functional-

ized ligand, [Ru(Bp)2Bpy]Cl2), DBAb, and DTz in an n-
BuOH/O-DCB/AcOH solvent mixture at 120 °C for 72 h
(Figure 2a). This produced COF 2-Ru. Owing to the low
symmetry and complexity of the [Ru(Bp)2Bpy]Cl2 ligand in
COF 2-Ru, a simpler isostructural analogue COF 2 was
synthesized to determine and investigate the structure of COF
2-Ru and its amidoxime derivative COF 2-Ru-AO. COF 2 was
prepared using the same protocol, except that [Ru(Bp)2Bpy]-
Cl2 was replaced with the 2,2′-bipyridine-5,5′-diamine (Bpy)
ligand. FTIR spectroscopy showed a similar peak at ∼1286
cm−1 in both COFs, confirming the successful formation of C−
N bonds in the structures (Figure S16). The peak ∼2224 cm−1

is ascribed to a −CN stretching band from the DBAb linker.
Analysis of the solid-state 13C NMR spectrum gave evidence of
pyridine and thiazole ring signals at ∼160 and ∼185 ppm,
respectively, indicating the successful incorporation of the two
ligands (Figure 2b). In addition, the presence of peaks at 103
and 198 ppm confirmed −CN and keto (C�O) groups,
respectively. PXRD verified the formation of a periodic
crystalline structure. The experimental PXRD pattern of
COF 2 matched well with the theoretical simulation for an
eclipsed AA stacking structure (Figure 2c), indicating the
phase purity of COF 2. COF 2 crystallizes in a monoclinic P1
space group with unit cell parameters of a = 34.26 Å, b = 37.35
Å, and c = 3.74 Å, � = 108.89°, � = 83.47°, and � = 126.28°
(Tables S1 and S3). Comparison of PXRD patterns showed
COF 2-Ru to possess a similar space group, crystallinity and
purity as COF 2 (Figures 2c and S18), evidence that both
COFs were isostructural. The functional Ru-bipyridine units
are located in the large pores of the COF 2-Ru framework
(Figure S3). The obtained COF 2 and COF 2-Ru then
underwent postsynthetic modification to transform the cyano
groups into amidoxime groups, yielding COF 2-AO and COF
2-Ru-AO, respectively. PXRD patterns determined that the
crystallinity and structure of the frameworks were retained
after the amidoxime functionalization step (Figure 2c). Solid-
state 13C NMR showed that the −CN groups in the parent
COF were completely transformed into amidoxime groups
(Figure 2b). COF 2-Ru-AO showed a similar structure to COF
2-AO (Figure S3). SEM images of COF 2-Ru-AO, COF 2, and
COF 2-AO powder samples showed similar nanoscale
morphologies (Figures 2e, S11, and S12). High-angle annular
dark-field scanning transmission electron microscopy
(HAADF-STEM) and corresponding elemental mapping
images showed a uniform distribution of the C, N, S, O, Ru,
and Cl in COF 2-Ru-AO, indicating that the Ru component
was successfully incorporated onto the COF (Figure S13). X-
ray photoelectron spectroscopy (XPS) further confirmed the
existence of Ru and Cl elements (Figure S22). The binding
energy of the Ru 3d5/2 XPS signal at 280.8 eV suggested a Ru2+

species (Figure S23).62 The Ru 3p3/2 and Ru 3p1/2 signals at
462.5 and 484.3 eV provided further strong evidence for the
presence of Ru(II) in the functionalized framework (Figure
2d).

In the studies below, COF 1-AO, COF 2-AO, and COF 2-
Ru-AO were evaluated as adsorbents and adsorption-photo-
catalysts for uranium extraction from seawater solutions in the
absence of sacrificial reagents. For context, a further reference
framework COF 3-Ru-AO was synthesized by combining TP,
DBAb, and [Ru(Bp)2Bpy]Cl2 linkers under similar synthesis
and amidoxime functionalization conditions as used to prepare
the other COFs. The detailed synthetic procedure and
characterizations are provided in the Figure 2f−h and
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Supporting Information (Figures S4, S5, S8, S14, S15, S17, and
S24−S26). Characterization studies using FTIR, solid-state
13C NMR, PXRD, SEM, XPS, and theoretical structure
simulations confirmed the successful incorporation of the
three components in COF 3-Ru. Furthermore, the PXRD
patterns of COF 3-Ru and COF 3-Ru-AO closely matched that
of the parent COF 3 framework, confirming that all three
COFs were isostructural and phase pure.
Porosity, Chemical Stability, and Electrochemical and
Photoelectrochemical Properties
The porosities of the multivariate COFs were probed by
nitrogen adsorption−desorption studies at 77 K. The N2
uptake capacities, pore volume, BET surfaces, and correspond-
ing pore size distributions are summarized in Table S5, Figures
3a and S27−S32. The adsorption−desorption curves showed
characteristic type II isotherms, indicating that both micro-
pores and small mesopores were present in the COFs,
consistent with their crystal structures (Figure 3a). Among
these materials, COF 2-Ru-AO offered a maximum N2 uptake
capacity of 828 cm3/g and a BET surface area of 896.8 m2/g,
indicating the retention of significant porosity after Ru-
bipyridine functionalization. The chemical stabilities of the

COFs were next evaluated by soaking the samples in HCl (pH
1), NaOH (pH 12), and natural seawater over 24 h. PXRD
patterns revealed no framework collapse or undesirable phase
transitions occurred under any of these conditions (Figures 3b
and S19−S21).

The optical, electrochemical, and photoelectrochemical
properties of the developed multivariate COFs were studied
by ultraviolet/visible diffuse reflectance spectroscopy (UV/vis
DRS), Mott−Schottky plots, photocurrent measurements,
electrochemical impedance spectroscopy (EIS), and electron
paramagnetic resonance (EPR) spectroscopy. UV/vis DRS
spectra showed all COFs to have band gaps in the visible range
(Figure 3c,d), with calculated band gap energies of 1.64, 1.67,
1.53, and 1.75 eV for COF 1-AO, COF 2-AO, COF 2-Ru-AO,
and COF 3-Ru-AO, respectively. COF 2-Ru-AO had the
narrowest band gap, thus requiring the least energy to create
charge carriers. Conduction band positions determined by
measuring the flat band potential (Efb) from Mott−Schottky
plots (Figure 3e,i) were −0.6, −0.72, −1.47, and −1.39 V (vs
Ag/AgCl) for COFs 1-AO, 2-AO, 2-Ru-AO, and 3-Ru-AO,
respectively. COF 2-Ru-AO exhibited the strongest photo-
current response (Figure 3f) and the smallest semicircle

Figure 3. Characterization of synthesized COFs. (a) N2 sorption isotherms measured at 77 K for different COFs. (b) PXRD patterns for COFs
after treatment in seawater for 24 h. (c, d) UV−visible diffuse reflectance spectra and corresponding band gap estimation for different COFs. (e)
Mott−Schottky plots for different COFs. (f) Photocurrent responses of different COFs under visible light irradiation. (g) Electrochemical
impedance spectra (EIS) of different COFs. (h) EPR spectra for COF 2-Ru-AO under dark and light conditions. (i) Band edge positions for
different COFs vs the normal hydrogen electrode (NHE). Potential for UO2

2+/UO2 reduction couples is indicated.
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diameter in the EIS Nyquist plots among the COFs
synthesized in this work (Figure 3g), indicating that COF 2-
Ru-AO possessed superior charge separation properties.
Accordingly, light-induced charge carrier generation was
further investigated using electron paramagnetic resonance
(EPR) spectroscopy. A signal was observed at g = 2.004 due to
unpaired electrons in the conduction band (Figure 3h). The
signal intensified greatly upon visible light irradiation of COF
2-Ru-AO, indicating that electrons jumped from the valence
band to the conduction band (i.e., charge carrier generation).
Intuitively, this suggested that COF 2-Ru-AO should deliver
superior photocatalytic performance relative to the other
COFs, which was validated by experiment below. Importantly,
the conduction band positions of all of the COFs were greater
than the potential of U(VI)/U(IV) redox couple (0.411 V vs
NHE), suggesting that COFs would be capable of reducing
adsorbed U(VI) to U(IV) products such as UO2 under visible

light irradiation. This suggested suitability for the adsorption-
photocatalytic extraction of uranium from seawater.64

Uranium Adsorption Studies

Encouraged by the aforementioned results, we anticipated that
our adsorption-photocatalyst COF design strategy would
confer significant benefits in extracting uranium from seawater
due to (i) large porosity and excellent chemical stabilities
under acid, basic, and high ionic strength conditions; (ii)
amidoxime nanotraps with strong uranyl binding affinity; (iii)
the framework donor (TP and bipyridine-Ru(II))-acceptor
(DTz linker) system that would allow efficiently separation of
photogenerated electrons and holes, thus allowing photo-
catalytic reduction of adsorbed U(VI) to lower valance
products such as solid U(IV)O2; and (iv) bipyridine-Ru(II)
sites served as secondary photosensitizer for enhanced
photocatalytic performance. Therefore, we conducted a series
of experiments to assess the uranium extraction performance

Figure 4. Uranium extraction isotherms, kinetics, EXAFS, XANES, XPS, and TEM results. (a) Equilibrium adsorption isotherms for uranium
adsorption on different COF materials in uranyl-spiked seawater (uranium concentrations ranging from ∼2 to ∼20 ppm; fit lines for the Langmuir
model are shown). (b) Uranyl adsorption kinetics on different COF materials at an initial uranium concentration of ∼9 ppm in uranyl-spiked
seawater. (c) Uranyl adsorption kinetics on COF 2-Ru-AO at an initial uranium concentration of ∼27 and 270 ppb in uranyl-spiked seawater,
respectively. (d) U LIII-edge XANES spectra for COF 2-Ru-AO after uranium adsorption and photocatalysis studies. UO2, U3O8, and UO2CO3 are
employed for comparison (the data for UO2, U3O8, and UO2CO3 in (d) were reported in our previous work9,53). (e) U LIII-edge EXAFS plots and
corresponding fitting curves for COF 2-Ru-AO after adsorption of uranium. (f) Uranium extraction from spiked seawater with initial uranium
concentrations of ∼19 ppm, using COFs 1-AO, 2-AO, 2-Ru-AO, and 3-Ru-AO as adsorbent-photocatalysts. (g) U 4f XPS spectrum of COF 2-Ru-
AO after photocatalysis. (h) HRTEM image and SAED pattern of a solid UO2 nanoparticle on COF 2-Ru-AO after the adsorption-photocatalysis
study. (i) Selectivity of COF 2-Ru-AO for metals in natural seawater (72 h).
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Figure 5. Uranium extraction performance comparison, EPR analysis, anti-biofouling activity, TAS, PL, time-resolved PL spectra, and
computational studies of COF 2-Ru-AO. (a) Comparison of uranium extraction uptake performance of COF 2-Ru-AO and other reported
materials in natural seawater. (b) EPR spectra for •O2

−-DMPO, •OH-DMPO, and 1O2-TEMP complexes formed under visible light irradiation of
COF 2-Ru-AO. Black lines show corresponding data obtained under dark conditions. The •OH radicals were likely generated from •O2

− via the
•O2

− → H2O2 → •OH + OH− pathway since the valence band holes generated in COF 2-Ru-AO are not able to directly oxidize water to •OH.69,70

(c) Photographs of marine bacteria (left two) and Bacillus indicus (right two) after treatment with COF 2-Ru-AO in the dark and under visible light
conditions. (d) Photographs of Vibrio vulnificus (left two) and Pseudomonas stutzeri (right two) colonies after treatment with COF 2-Ru-AO in the
dark and under visible light conditions. (e) Photographs of Synechococcus elongatus without catalyst (top left two) and treated with COF 2-Ru-AO
(right two) under dark and visible light conditions. (f) Photographs of Chlorella sorokiniana without catalyst (left two) and treated with COF 2-Ru-
AO (right two) under dark and visible light conditions, respectively. (g) DFT-optimized structure of UO2

2+/COF 2-Ru-AO and the corresponding
binding free energy. (h) Computational studies of molecular orbital adiabatic potentials for COF 2-Ru-AO. (i) Transient absorption spectrum of
COF 2-Ru-AO (at � ex = 490 nm). (j) Photoluminescence spectra of COF 2-Ru-AO and COF 1-AO (excitation at 340 nm). (k) Time-resolved
photoluminescence spectra of COF 2-Ru-AO and COF 1-AO (excitation at 320 nm). (l) Proposed mechanism of COF 2-Ru-AO for
photocatalysis. C, N, O, S, U, and H atoms are represented by gray, blue, red, orange, yellow, and white spheres, respectively, in (g), (h), and (l).
The [Ru(Bp)2]Cl2 component has been omitted for clarity in (g) and (h).
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and durability of the various multivariate COFs described
above.

We first evaluated the uranium adsorption ability of the
various multivariate COFs in spiked seawater solutions at pH
8.1. Using initial uranium concentrations ranging from ∼2 to
∼20 ppm at 298 K, the calculated maximum adsorption
capacities of COF 1-AO, COF 2-AO, COF 2-Ru-AO, and
COF 3-Ru-AO were determined to be 82.8, 80.4, 76.2, and
91.8 mg/g, respectively (Figure 4a). These values were
comparable to other high-performance adsorbents under
similar conditions. Moreover, the adsorption isotherms were
fitted well by the Langmuir model indicating that the
introduced amidoxime functional groups offered excellent
affinities toward uranyl (Table S6). The adsorption kinetics
were studied in ∼9 ppm spiked seawater solutions over periods
ranging from 0 to 10 h. All COFs showed fast initial adsorption
kinetics with adsorption equilibrium reached in ∼300 min
(Figure 4b). The adsorption kinetics are well described by the
pseudo-second-order model, with high R2 values obtained
(Table S7, Figures S33−S36). The results are explained by
uranyl adsorption at amidoxime nanotraps, resulting in highly
selective adsorption. We carried out further adsorption
experiments in ∼27 and ∼270 ppb uranyl-spiked seawater
solutions using COF 2-Ru-AO. The experiments revealed a
super-fast uranium uptake at low concentrations, reaching over
95 and 92%, respectively, of their equilibrium adsorption
capacity within 5 h (Figure 4c). The results highlight the
outstanding properties of COF 2-Ru-AO for the selective
adsorption of uranium at low concentrations in seawater.

U LIII-edge X-ray absorption near edge structure (XANES)
and extended X-ray absorption fine structure (EXAFS) studies
were performed to probe the uranyl coordination environment
in COF 2-Ru-AO after uranium adsorption (the data can be
considered representative for all of the other COFs studied in
this work). U LIII-edge XANES showed COF 2-Ru-AO to bind
uranyl in the form of U(VI), with the data collected being very
similar to that of the U(VI)O2CO3 reference (Figure 4d). The
Fourier transformed U LIII-edge EXAFS (Figure 4e) showed
peaks at 1.45 and 1.91 Å in R-space, corresponding to U−Oax
and a mixture of U−Oeq. 1 + U−Oeq. 2(N) scattering paths,
respectively. Fitting the spectrum confirmed that COF 2-Ru-
AO binds U(VI) in an uranyl-amidoxime � 2-binding mode
(Figure S41 and Table S8).44,65

Photocatalytic Uranium Extraction Studies

Encouraged by the excellent uranium adsorption performance
and unique structural features of the COFs, we next evaluated
the photocatalytic uranium extraction properties of the COFs
in spiked seawater. Before testing, the COFs were immersed in
∼19 ppm uranyl-spiked seawater at 25 °C for 24 h to allow
uranium adsorption equilibrium to be established. The
adsorption-photocatalysis data obtained is summarized in
Figure 4f. COF 1-AO, COF 2-AO, and COF 2-Ru-AO
achieved uranium extraction capacities of 334.4, 298.4, and
382.0 mg/g, respectively, in the absence of any sacrificial
reagent in 84 h. The removal efficiency of COF 2-Ru-AO was
therefore 7.0 and 13.6% higher than that of COF 1-AO and
COF 2-AO, respectively, confirming the superior adsorption-
photocatalysis performance of COF 2-Ru-AO (suggesting that
the introduction of bipyridine-Ru(II) groups in the COF
structure boosted the photocatalytic activity). In comparison,
COF 3-Ru-AO showed no photocatalytic activity under similar
conditions, highlighting the importance of donor−acceptor

pairs in COFs 1-AO, 2-AO, and 2-Ru-AO, which allowed
efficient separation of electrons and holes without any need for
sacrificial reagents during photocatalysis. We subsequently
performed XPS, U LIII-edge XANES, and TEM analyses to
characterize the products generated in the adsorption-photo-
catalytic process. Analysis of the U LIII-edge XANES spectrum
showed a pre-edge similar to that of UO2, indicating that
U(IV) was present after photocatalysis (Figure 4d). The U 4f
XPS spectrum further confirmed these results (Figure 4g).43,66

HAADF-STEM and elemental mapping images showed a
uniform distribution of uranium and oxygen on the surface of
COF support after photocatalysis (Figure S37). The HRTEM
image of an individual nanoparticle on the surface of COF 2-
Ru-AO after photocatalysis showed lattice fringes with an
interplanar spacing of 0.32 nm, corresponding to the (111)
planes of cubic UO2 (Figure 4h). The corresponding selected
area electron diffraction (SAED) pattern showed rings that
could be indexed to the (111), (200), (220), and (311) planes
of solid UO2. COF 2-Ru-AO maintained a uranium removal
efficiency as high as 88.3% after five recycle runs, indicating
excellent durability and reusability (Figure S38). PXRD
confirmed the structure of COF 2-Ru-AO was retained after
the recycling tests (Figure S39). To our knowledge, this is the
first time a multivariate COF adsorption-photocatalyst has
been used to capture U(VI) from seawater and yield a U(IV)
solid product under visible light irradiation in the absence of
sacrificial reagents.
Adsorption-Photocatalytic Extraction of Uranium from
Natural Seawater
Inspired by the findings above, we next conducted uranium
extraction studies on COF 2-Ru-AO in natural seawater
(Figure S40). A uranium extraction capacity of 7.36 mg/g over
72 h (an average of 2.45 mg/g per day) was achieved under
visible light irradiation (Figure 4i). The extraction performance
of COF 2-Ru-AO compared very favorably with other high-
performing adsorbents or technologies reported in the
literature, demonstrating the great promise for practical
applications (Figure 5a and Table S9). Furthermore, ICP-MS
analysis showed that the vanadium uptake capacity was only
4.14 mg/g after 72 h (an average of 1.38 mg/g per day), with
the calculated uranium/vanadium removal selectivity reaching
2.9 (Figure 4i and Table S10), indicating an excellent
extraction selectivity for uranium relative to vanadium.
Minimizing competitive vanadyl adsorption is a key factor in
designing adsorbents for uranium extraction from seawater.
Most amidoxime-based adsorbents reported to date showed
poor uranium/vanadium selectivities,22,43,67,68 thus the adsorp-
tion-photocatalyst COF 2-Ru-AO is among the best materials
yet developed for seawater uranium sequestration. COF 2-Ru-
AO also showed excellent selectivity for uranium against other
metal ions (including Fe3+, Co2+, Al3+, Ni2+, Ca2+, Mg2+, Mn2+,
K+, and Na+) under high ionic strength conditions (Table
S10).
Anti-Biofouling Activity of COF 2-Ru-AO
Biofouling can degrade the uranium extraction efficiency of
adsorbents by passivating adsorption sites, thus reducing its
usefulness for practical applications. Accordingly, we further
studied the anti-biofouling properties of COF 2-Ru-AO by
measuring its ability to inhibit marine bacteria, B. indicus, V.
vulnificus, P. stutzeri, and algae (S. elongates and C. sorokiniana)
before and under visible light irradiation in natural seawater. In
the dark, COF 2-Ru-AO showed 26.03, 24.66, 25.24, 21.31,
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25.52, and 48.24% inhibition of marine bacteria, B. indicus, V.
vulnificus, P. stutzeri, S. elongates, and C. sorokiniana,
respectively, suggesting reasonable intrinsic anti-biofouling
activity originating from the functional groups present in the
COF (Figure 5c−f and Table S11). However, under light
irradiation COF 2-Ru-AO demonstrated greatly improved
inhibition rates toward these marine microorganisms (96.66,
68.00, 89.53, 83.97, 89.43, and 90.35% for marine bacteria, B.
indicus, V. vulnificus, P. stutzeri, S. elongates, and C. sorokiniana,
respectively). Results demonstrate that under visible light,
COF 2-Ru-AO offered impressive broad-spectrum biofouling
resistance. To understand the outstanding anti-biofouling
activity of COF 2-Ru-AO, radical trapping experiments and
EPR were conducted to detect the possible reactive species
formed during the photocatalytic process in water. Possible
reactive oxygen species formed under light irradiation included
1O2, •OH, and •O2

−, which were trapped using 2,2,6,6-
tetramethylpiperidine (TEMP) and 3,4-dihydro-2,3-dimethyl-
2H-pyrrole 1-oxide (DMPO) (Figure 5b). No reactive oxygen
species were detected under dark conditions, while 1O2, •OH,
and •O2

− all being detected under visible light irradiation. This
excellent light-driven anti-biofouling activity of COF 2-Ru-AO
could therefore be attributed to 1O2, •OH, •O2

− and hole (h+)
species, which are known to damage/kill marine micro-
organisms.69,71 Results show that by incorporating photoactive
components in COF 2-Ru-AO and promoting effective charge
separation, both efficiently U(VI) reduction to U(IV)O2 and
potent anti-biofouling properties were realized.
Adsorption-Photocatalytic Mechanism Study

Encouraged by the excellent uranium extraction performance
of the rationally designed multicomponent COF 2-Ru-AO, we
next carried out density functional theory (DFT) calculations,
transient absorption spectroscopy (TAS), steady-state photo-
luminescence spectroscopy (PL), and time-resolved photo-
luminescence emission decay spectroscopy measurements to
understand the chemical basis of the binding affinity and
photoreducing activity of the COF toward uranyl. The
calculated binding free energy of UO2

2+/COF 2-Ru-AO was
−29.75 kJ/mol, indicating that [U(VI)O2(CO3)3]4− sponta-
neously adsorbed to the surface of the amidoxime group with
the release of carbonate ions (Figure 5g). Moreover, the
coordination bond lengths of U−O and U−N between
amidoxime and uranyl are 2.33 and 2.54 Å, respectively
(Figure S41), which are in excellent accord with the EXAFS
results, further confirming the efficient and selective adsorption
property of COF 2-Ru-AO for uranyl. The highest occupied
molecular orbital (HOMO) and lowest unoccupied molecular
orbital (LUMO) of COF 2-Ru-AO were computed to be
−5.61 and −2.81 eV, respectively, in Figure 5h. This would
enable efficient separation of photogenerated electrons and
holes under sunlight, while also allowing photocatalytic
reduction of adsorbed U(VI) to lower-valence products such
as solid U(IV)O2. The theoretical calculations are thus in
excellent accord with our experimental findings, further
confirming the efficient uranium extraction properties of
COF 2-Ru-AO. Charge dynamics in COF 2-Ru-AO were
studied by TAS to calculate the lifetime of the photogenerated
charges (Figure 5i). Femtosecond time-resolved transient
absorption decay kinetics showed a long charge carrier lifetime
(� = 1928 ps), indicating a low probability of electron−hole
recombination and further explaining the high activity of COF
2-Ru-AO for uranium photoreduction. Steady-state photo-

luminescence spectroscopy was next used to assess charge
transfer and separation in the COF photocatalysts.54,72,73

Emission spectra of COF 1-AO and COF 2-Ru-AO were
measured at an excitation wavelength of 340 nm (Figure 5j).
COF 2-Ru-AO exhibited weaker photoluminescence than
COF 1-AO, suggesting the [Ru(Bp)2Bpy]Cl2 component in
COF 2-Ru-AO inhibited the recombination of photogenerated
electrons and holes. Fitted time-resolved photoluminescence
emission decay spectra showed that the calculated average
lifetimes for COF 2-Ru-AO and COF 1-AO were 1.01 and
0.90 ns, respectively (Figure 5k).74,75 These results show that
the two COFs have similar average charge lifetimes, confirming
that the donor (TP) and acceptor (DTz) systems are
conducive to charge separation and transport, thereby enabling
efficient reduction of adsorbed U(VI) to the lower-valence
U(IV) product.

Results presented herein highlight the potential of reticular
chemistry for building multivariate COFs as adsorption-
photocatalysts for selective uranium extraction from seawater.
Key design considerations utilized here included frameworks
supporting amidoxime adsorption sites for selective uranyl
uptake, photoactive donor−acceptor linkers and a secondary
photosensitizer for efficient charge carrier generation enabling
adsorbed U(VI) reduction to U(IV)O2 (Figure 5l). The
simultaneous generation of an assortment of reactive oxygen
species under light irradiation suppressed marine biofouling.
By this approach, the optimally designed COF 2-Ru-AO
delivered high uranium extraction performance under visible
light irradiation and good recyclability. We estimated the cost
of synthesizing COF 2-Ru-AO to be ∼$3500 USD/kg,
suggesting the economic feasibility of the adsorbent-photo-
catalyst. Moreover, the cost for uranium extraction using COF
2-Ru-AO was estimated to be ∼$1820 USD per kilogram
(based on the production of 1 kg of uranium needing 0.52 kg
of COF 2-Ru-AO). We anticipate that our COFs design
strategy will be widely adopted in the future for selective metal
sequestration from complex systems and environmental
remediation.

■ CONCLUSIONS
In conclusion, multivariate COF adsorption-photocatalysts
were developed as high-performance uranium extraction
materials from seawater. COF 2-Ru-AO provided a high
density of chelating amidoxime groups for selective uranyl
binding with fast uranium uptake kinetics. Under visible light
irradiation, the rationally designed donor−acceptor system in
the COF efficiently separated electrons and holes for
photoreactions (electrons causing U(VI) reduction, as well
as the creation of 1O2, •OH, and •O2

− species, while the
valence holes also boosted anti-biofouling properties in
seawater). Incorporation of bipyridine-Ru(II) sites in COF
2-Ru-AO further enhanced electron−hole pair generation and
photocatalytic performance. These attributes made COF 2-Ru-
AO an outstanding material for uranium extraction from
natural seawater under visible light irradiation (importantly,
without any need for sacrificial reagents). This work lays a
foundation for practical uranium extraction from seawater.
Results encourage the wider pursuit of adsorbent-photocatalyst
COFs for uranium capture and other applications.
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■ METHODS

Instrumentation
Powder X-ray diffraction (PXRD) patterns were collected on a Rigaku
SmartLab SE X-ray diffractometer equipped with a Cu K� source.
BET surface areas and pore size distributions were determined from
N2 adsorption/desorption isotherms collected at 77 K using a
Micromeritics TriStar II. Samples were heated under a vacuum at 60
°C for 12 h before the measurements. Scanning electron microscopy
(SEM) images were recorded on a Hitachi SU8010 (and
Regulus8220) microscope. Transmission electron microscopy
(TEM) images, high-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM) images, energy dispersive X-
ray elemental maps, and high-resolution TEM (HRTEM) images
were recorded on a JEOL JEM-2100F (or JEOL JEM-F200)
transmission electron microscope operating at an accelerating voltage
of 200 kV. Fourier transform infrared spectra (FTIR) were recorded
on a Shimadzu high-resolution IRTracer-100. 1H NMR spectra were
collected on a Bruker AVANCE III HD 500 spectrometer. Solid-state
13C CP/MAS NMR spectra were collected on an Agilent 600M
spectrometer. X-ray photoelectron spectroscopy (XPS) analyses were
performed on a Thermo ESCALAB 250, fitted with a monochro-
mated Al K� X-ray source. Photoelectrochemical experiments were
carried out using an electrochemical workstation (CHI660E) with a
three-electrode electrochemical cell. Mott−Schottky plots were
recorded at frequencies of 1000 Hz. Electrochemical impedance
spectroscopy (EIS) data were collected in the frequency range of 0.1−
100,000 Hz. The applied potential vs Ag/AgCl was converted to
normal hydrogen electrode (NHE) potential using the following
equation: ENHE = EAg/AgCl + EAg/AgCl

� (EAg/AgCl
� = 0.199 V).

Photocurrent tests were carried out under visible light irradiation,
which was generated by a 300 W xenon lamp (PerfectLight, PLS-
SXE300D). Electron paramagnetic resonance (EPR) spectra were
obtained on Bruker A200 and Bruker Elexsys500 spectrometers. The
compound 3,4-dihydro-2,3-dimethyl-2H-pyrrole 1-oxide (DMPO)
was used to trap superoxide radicals (•O2

−) and hydroxyl radicals
(•OH). The compound 2,2,6,6-tetramethylpiperidine (TEMP) was
used to trap singlet oxygen (1O2). UV−vis spectra of the COFs were
recorded in diffuse reflectance (DR) mode at room temperature on a
SHIMADZU UV-2700 spectrophotometer equipped with an
integrating sphere attachment. Thermogravimetric analyses (TGA)
were carried out on a NETZSCH STA 2500 instrument. Samples
were heated under an N2 atmosphere from 25 to 800 °C at a heating
rate of 10 °C/min. Inductively coupled plasma mass spectrometry
(ICP-MS) analyses were performed on an Agilent 7800 spectrometer
system. X-ray absorption spectra at the U L-edge were collected in
transmission mode at the Shanghai Synchrotron Radiation Facility
(14W station). Photoluminescence (PL) spectra were obtained at
room temperature on a Hitachi F-7000 spectrofluorometer operating
at an excitation wavelength of 340 nm. Time-resolved photo-
luminescence emission decay spectra were measured on an Edinburgh
Instruments FLS 980 spectrophotometer at an excitation wavelength
of 320 nm. Transient absorption spectroscopy data was obtained on a
Helios pump-probe system (ultrafast systems) at � ex = 490 nm.

Synthesis of COF 1
In a 5 mL glass tube, 4,4′-(thiazolo[5,4-d]thiazole-2,5-diyl)dianiline
(DTz, 25.9 mg), 5,5′-(diazene-1,2-diyl)bis(2-aminobenzonitrile)
(DBAb, 10.5 mg), and 2,4,6-triformylphloroglucinol (TP, 16.8 mg)
were dissolved in 1.1 mL of a mixed solvent solution consisting of
orthodichlorobenzene (O-DCB)/1-butanol (n-BuOH)/acetic acid
(AcOH, 6 M) with a volume ratio of 5/5/1. The mixture was frozen
in a liquid nitrogen bath and sealed with a gas torch. The tube was
then heated at 120 °C for 3 days, after which the product was washed
several times with THF and acetone, collected by vacuum filtration,
and dried under vacuum at 40 °C overnight. Elemental analysis
found: C, 53.78; H, 3.38; N, 12.78; S, 10.45. The calculated linker
percentage is DTz (45%), DBAb (15%), and TP (40%).

Synthesis of COF 2-Ru
In a 5 mL glass tube, [2,2′-bipyridine-5,5′-diamine-Ru(Bp)2]Cl2
([Ru(Bp)2Bpy]Cl2, 8.04 mg), 4,4′-(thiazolo[5,4-d]thiazole-2,5-diyl)-
dianiline (DTz, 23.4 mg), 5,5′-(diazene-1,2-diyl)bis(2-aminobenzoni-
trile) (DBAb, 9.4 mg), and 2,4,6-Triformylphloroglucinol (TP, 16.8
mg) were dissolved in 1.1 mL of a mixed solvent solution of O-DCB/
n-BuOH/AcOH (6 M) with a volume ratio of 5/5/1. The mixture
was frozen in a liquid nitrogen bath and sealed with a gas torch. The
tube was then heated at 120 °C for 3 days, after which the product
was washed several times with THF and acetone, collected by vacuum
filtration, and dried under vacuum at 40 °C overnight. Elemental
analysis and ICP-MS found: C, 54.4; H, 3.13; N, 10.02; S, 7.87; Ru,
0.81. The calculated linker percentage is [Ru(Bp)2Bpy]Cl2 (3%), DTz
(34.5%), DBAb (22.5%), and TP (40%). COF 2 was synthesized via a
similar synthetic route using [2,2′-bipyridine-5,5′-diamine] (Bpy, 2.23
mg) to replace the [2,2′-bipyridine-5,5′-diamine-Ru(Bp)2]Cl2.

Synthesis of COF 3-Ru
In a 5 mL glass tube, [2,2′-bipyridine-5,5′-diamine-Ru(Bp)2]Cl2
([Ru(Bp)2Bpy]Cl2, 53.6 mg), 5,5′-(diazene-1,2-diyl)bis(2-amino-
benzonitrile) (DBAb, 7.5 mg), and 2,4,6-triformylphloroglucinol
(TP, 16.8 mg) were dissolved in 1.1 mL of a mixed solvent solution
of O-DCB/n-BuOH/AcOH (6 M) with a volume ratio of 5/5/1. The
mixture was frozen in a liquid nitrogen bath and sealed with a gas
torch. The tube was then heated at 120 °C for 3 days, after which the
product was washed several times with THF and acetone, collected by
vacuum filtration, and dried under vacuum at 40 °C overnight.
Elemental analysis found: C, 50.61; H, 4.08; N, 13.14. The calculated
linker percentage is [Ru(Bp)2Bpy]Cl2 (37.5%), DBAb (22.5%), and
TP (40%). COF 3 was synthesized via a similar synthetic route using
[2,2′-bipyridine-5,5′-diamine] (Bpy, 14.9 mg) to replace the [2,2′-
bipyridine-5,5′-diamine-Ru(Bp)2]Cl2.

Synthesis of COFs 1-AO, 2-AO, 2-Ru-AO, and 3-Ru-AO (AO
Represents Amidoxime Groups)
For the synthesis of COF 1-AO, 0.5 g of COF 1 was dispersed in 30
mL of ethanol, followed by adding 0.4 g of NH2OH·HCl and 0.1 mL
of trimethylamine (TMA). After stirring for 18 h at 70 °C, the
product was collected by filtration, washed several times with
deionized water, and finally dried at 40 °C under a vacuum. COF
2-AO, COF 2-Ru-AO, and COF 3-Ru-AO were synthesized via a
similar synthetic route, using COF 2, COF 2-Ru, and COF 3-Ru,
respectively.

Adsorption-Photocatalytic Uranium Extraction
The performance of the COFs for the photocatalytic reduction of
U(VI) solutions was evaluated in photoreactor under visible light
irradiation from a 300 W xenon lamp (PerfectLight, PLS−SXE300D).
COF 1-AO, 2-AO, 2-Ru-AO, or 3-Ru-AO (5 mg) was dispersed in
100 mL of spiked seawater containing ∼19 ppm U(VI). The pH of
the dispersion was adjusted to ∼8.1 using Na2CO3, thus closely
approximating seawater in pH and carbonate concentration. The
dispersion was stirred in dark for 24 h before irradiation. Next, the
reactor was continuously exposed to the Xe lamp. At regular intervals,
aliquots of the dispersion were removed and filtered through a 0.45
	m membrane filter. The concentration of U(VI) in the filtrates was
measured by UV−vis spectrophotometry at a wavelength of 650 nm
using the Arsenazo III method. After uranium adsorption-photo-
catalysis experiments, COF 2-Ru-AO was sonicated, centrifugation,
filtered, and washed with HNO3 (pH = 3)/NaNO3 solutions and
distilled water. Then, the solid catalyst was subsequently returned to
the photoreactor for further adsorption-photocatalytic tests. Further
photocatalytic experiments were conducted using natural seawater.
The seawater used in the work was collected in the South China Sea
and then filtered to remove insoluble substances such as particulates.
COF 2-Ru-AO (10 mg) was spread on the top of a column filled with
sea sand, then the seawater (∼40 L) cycled in a continuous loop
through the column from top to bottom. The Xe lamp irradiated the
COF 2-Ru-AO with visible light irradiation from above. The filtrate at
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the bottom of the sand column was analyzed periodically using ICP-
MS to quantify the remaining metal-ion content.
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