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ABSTRACT: In the push to achieve net-zero emissions by 2050,
nuclear power will play an essential role alongside renewable wind
and solar power, and correspondingly global interest and
investment in this well-established technology is accelerating.
The uranium present in seawater could support nuclear power
generation for centuries, but traditional adsorptive separation
strategies have proven ineffective for the selective extraction of
uranium from this vast resource. Here, we report the synthesis of
nanowires of a triazine-linked two-dimensional covalent organic
framework via a solvent modulation approach, which can be used
to access nanowire external diameters ranging from 50 to 200 nm.
The 100 nm nanowires are exceptionally promising for the capture of uranium(VI) via photocatalytic reduction. Under simulated
sunlight and without the use of sacrificial agents, the nanowires achieve a uranium uptake of 10.9 g/g from a 100 ppm uranyl(VI)
solution, which is the highest reported to date among materials studied for photo and electrocatalytic uranium capture. Significantly,
these nanowires exhibit a uranium adsorption capacity of 34.5 mg/g after exposure to seawater under irradiation for 42 days, a record
among all materials reported to date for uranium capture.

■ INTRODUCTION
Energy shortages and the increasingly harmful effects of
climate change are driving the expansion of clean energy
resources.1−6 Nuclear power is the only mature technology
that can continuously provide electricity on a large scale with
ultralow greenhouse gas emission.7,8 Over the next two
decades, nuclear power is projected to be the second fastest-
growing global energy source after renewables9 and will play a
critical role in achieving net-zero emissions by 2050.2 Seawater
is a vast untapped source of uranium that could support
nuclear power production for centuries.10,11 As such, the
extraction of uranium from seawater has been identified as one
of seven critical separations for global prosperity.3 Decades of
research focused on the development of materials for
adsorptive uranium separations has met with limited
success,6,11−13 because uranium is present in seawater at very
low concentrations (∼3 ppb) together with numerous other
ions that compete for binding or impede uranium diffusion and
access to binding sites. Even state-of-the-art amidoxime-
functionalized polymers have limited practical utility as a
result of their poor selectivity for uranium over vanadium.14

An alternative strategy for the low-energy, selective recovery
of uranium from seawater is sunlight-driven photocatalytic
reduction of uranium(VI).15 Traditional semiconductors such
as TiO2 and graphitic carbon nitride and porous solids such as
metal−organic frameworks16 and π-conjugated two-dimen-

sional covalent organic frameworks (COFs) have been
developed for this purpose,7,17 but significant improvements
are needed to enhance photocatalyst performance in the
absence of sacrificial agents, under sunlight, and in real
seawater. Given their unique optoelectronic properties and
robust, tunable structures, semiconducting COFs are a
promising platform for the development of photocatalysts for
uranium recovery, and they have attracted significant interest
for applications in photocatalysis more broadly.18−20 In
parallel, there is growing interest in the use of low-dimensional
semiconductor morphologies, such as nanocrystals and nano-
wires, for applications in photocatalysis, given their unique
charge transport properties and high surface-area-to-volume
ratios, which can contribute to significantly enhanced perform-
ance over that of their bulk counterparts.21

Herein, we describe a solvent modulation approach that
affords access to nanowires of a triazine-linked two-dimen-
sional (2D) COF with external diameters ranging from 50 to
200 nm, a morphology that, to our knowledge, has not
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previously been demonstrated for COFs (Figure 1a). Through
a detailed investigation of the optoelectronic properties of
these nanowires, we find that the 100 nm nanowires are
promising photocatalysts for the capture of uranium from
aqueous solutions. Under simulated sunlight and without the
use of sacrificial agents, the nanowires capture 10.9 g U/g from
a 100 ppm uranyl(VI) solution, which is the highest capacity

reported to date for photo- or electrocatalytic uranium capture.
Structural and spectroscopic analyses suggest that uranium
uptake occurs via a mechanism involving initial reduction to
U(V) followed by disproportionation. Finally, the nanowires
exhibit a uranium adsorption capacity of 34.5 mg/g after
exposure to commercial seawater for 42 days, a record among
all materials reported to date that also exceeds the one-pass

Figure 1. (a) Synthesis of the triazine-linked two-dimensional N3-COF (P6/m space group) using a 1:1 mixture of mesitylene and dioxane yields
COF nanocrystals with block morphology.22 (b) Preferential growth of N3-COF along the 001 direction is favored with the addition of n-butanol
solvent, enabling the synthesis of N3-COFx nanowires of varying diameters.

Figure 2. (a) SEM and TEM (inset) images of N3-COF and N3-COFx (x = 20, 40, 60, 80, 100). The blue lines are guides for the eye to indicate the
width of the COF nanowires. SEM scale bar: 500 nm; TEM scale bar: 200 nm. (b) Band energy diagrams of N3-COF and N3-COFx. (c) Transient
photocurrent response of N3-COF and N3-COFx.
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capacity required for a material to be competitive with land-
based uranium recovery.11

■ RESULTS AND DISCUSSION
The material N3-COF was chosen for this study based on its
excellent water stability and demonstrated performance as a
visible-light photocatalyst for generating hydrogen from
water.22 When prepared using a 1:1 mixture of mesitylene
and dioxane, N3-COF forms as nanocrystallites with a rod-like
morphology (Figure 1a),22 which suggested to us the
possibility of using a solvent-mediated strategy to promote
growth along the long axis of the rod [the (001) direction] to
form crystalline nanowires.23 Of note, most COFs known to
date form as irregular bulk powders or particles, morphologies
that limit their visible light absorption and contribute to
photoelectron−hole recombination.24,25 However, advances in
COF synthesis have enabled the isolation of micrometer-sized
single crystals26 and crystallites with varying morphologies,
such as rods,22 hollow tubes, nanofibers,27 and spheres.24

We carried out molecular dynamic simulations using
Gaussian 16 to determine the interaction energy between an
N3-COF fragment and dioxane, mesitylene, or n-butanol. The
results indicated that the fragments interact most strongly with
n-butanol, followed by mesitylene and dioxane (see the
Materials and Methods for details and Figure S1). In particular,
n-butanol was predicted to concentrate at the 100 and 110-
crystal planes via stabilizing hydrogen-bonding interactions and
might thereby be expected to inhibit growth in the ab plane
and promote the formation of N3-COF along the 001-crystal
direction, leading to oriented nanowires.

A series of crystalline N3-COF samples were synthesized
using 1:1 (v/v) mesitylene and dioxane (no n-butanol), a
mixture of 1:1 mesitylene and dioxane with a balance of n-
butanol (20, 40, 60, or 80%), or 100% n-butanol, hereafter
referred to as N3-COF and N3-COFx (x = 20, 40, 60, 80, 100),
respectively. Fourier transform infrared spectra collected for all
samples confirmed the successful coupling of hydrazine and
2,4,6-tris(4-formylphenyl)-1,3,5-triazine to form the network
solids (Figure S2). In addition to the absence of an N−H
stretch from hydrazine (3500 cm−1), the spectra feature a C�
N stretch at 1619 cm−1. Raman spectra obtained for all
samples feature an N−N stretch at 985 cm−1 and an
asymmetric C�N stretch between 1600 and 1625 cm−1

(Figure S3). Analysis of the samples using scanning electron
microscopy (SEM) and transmission electron microscopy
(TEM) revealed the formation of rod-like crystallites in the
case of N3-COF and one-dimensional nanostructures in the
case of N3-COFx, with diameters decreasing from 200 to 50
nm with increasing x (Figure 2a). Powder X-ray diffraction
(PXRD) analysis of N3-COF revealed a strong (100) reflection
at 2θ = 3.52° and a series of peaks at 6.0, 7.1, 9.5 and 26.4°
corresponding to the (110), (200), (120), and (001) planes,
respectively (Figure S4), consistent with the space group P6/m
reported previously for this material.22 For the N3-COFx
materials, the diffraction peak at 3.52° gradually broadened
and diminished in intensity with increasing x, while the
intensity of the peak at 26.4° increased, indicating the hindered
growth along the 001 direction (Figure S4).

Nitrogen adsorption data collected at 77 K confirmed that
N3-COF and N3-COFx are permanently porous, with
Brunauer−Emmett−Teller (BET) surface areas of 1640 and
1200, 1120, 852, 910, and 1080 m2/g for x = 20, 40, 60, 80,
100, respectively (Figures S5 and S6). The surface area for N3-

COF compares well with the previously reported value for this
material (1537 m2/g),22 while the gradual decrease in surface
area across the nanowire series up to N3-COF60 is attributed to
the inhibition of the network growth in the 2D plane and a
decrease in the corresponding internal surface area. The
surface area increases for N3-COFx (x = 80, 100), which we
attribute to the further narrowing of the nanowire external
diameters and an increase in the external surface area. Pore-size
distributions were calculated for N3-COFx using nonlocal
density functional theory and found to be centered at
approximately 26 Å (Figure S7), consistent with the pore
size of 24 Å determined previously for N3-COF.22 The
nanowires are highly robust, and after soaking in water for 14
days, there was no detectable change in their infrared spectra
or PXRD patterns (Figures S8 and S9). Additionally,
thermogravimetric analysis (TGA) revealed that the N3-
COFx materials are stable up to 450 °C in the air (Figure
S10). This excellent thermal and water stability is ascribed to
strong π−π interactions between the 2D layers and suggests
that the nanowires may be viable candidates for use in
extracting uranium from seawater.

The UV−vis diffuse reflectance spectra of each COF sample
are shown in Figure S11. The onset of light absorption for N3-
COFx is red-shifted by approximately 20 nm compared to the
absorption of N3-COF (384 nm), as expected due to the
quantum size effect.28 Using the Kubelka−Munk function, the
optical band gap for N3-COF was determined to be 2.66 eV,
while the optical band gaps for N3-COFx are similar and range
from 2.58 to 2.64 eV (Figure S11). The positive slope of
Mott−Schottky plots for the COF nanowires indicates that
they are n-type semiconductors in which most of the carriers
are electrons (Figure S12). From the analysis of ultraviolet
photoelectron spectra collected for N3-COF and N3-COFx
(Figure S13; see Materials and Methods for details), the
valence band maxima were found to range from 1.32 eV (for
N3-COF60) to 2.56 eV (for N3-COF) versus the normal
hydrogen electrode (NHE). Together with the optical band
gaps determined from UV−vis diffuse reflectance spectrosco-
py, these results were used to generate band energy diagrams
for each material, as shown in Figure 2b. The conduction band
maxima range from −1.31 eV for N3-COF60 to −0.10 eV for
N3-COF, and as such the nanowires theoretically provide
enough driving force for the reduction of UVI to UIV (E1/2 =
0.411 eV versus NHE17). For each material, the work function,
φ, was calculated by subtracting Ecutoff (Figure S13a) from the
photon energy of the He light source (21.22 eV) and found to
be smallest for N3-COF60 and N3-COF80 (∼3.3 eV), indicating
that the electrons in these materials can more readily
participate in photocatalysis29 (Figure 2b).

The photoluminescence spectra for all N3-COF samples
feature a peak centered at 590 nm (Figure S14). In general, the
fluorescence emission intensity of the nanowires was greater
than that of N3-COF, and N3-COF60 exhibited the highest
fluorescence intensity (approximately an order of magnitude
higher than that of N3-COF).30 Further, the Hall effect
measurements were studied to quantify the carrier concen-
tration. We concluded that N3-COF and N3-COFx.were the n-
type semiconductors, and N3-COF60 had the highest carrier
concentration (1.96 × 1011 cm3) (Table S1). Consistent with
this result, N3-COF60 nanowires exhibited the strongest
photocurrent intensity in transient photocurrent response
measurements over the course of four cycles (Figure 2c).
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Time-resolved photoluminescence attenuation spectroscopy
was used to determine the average lifetime of the N3-COFx
photocatalysts. The fluorescence lifetime of N3-COF60 was
found to be 1.69 ns, significantly longer than that of bulk N3-
COF (1.2 ns) (Figure S15), which we attribute to the fact that
the nanometer-sized external diameter of N3-COF60 shortens
the path for electron transmission and increases the optical
carrier transmission rate. Further, electrochemical impedance
spectroscopy analysis revealed that N3-COF60 exhibits the
smallest resistance for charge transfer, again as a result of its
small external diameter (Figure S16). Altogether, these data
indicate excellent charge separation of electron−hole pairs in
the N3-COF60 nanowires under irradiation. Of note, although
the N3-COF80 and N3-COF100 nanowires have smaller
diameters than N3-COF60, they both exhibit poorer optoelec-
tronic performance. We attribute this to the presence of larger
cavities (4−6 nm) in the N3-COF80 and N3-COF100 nanowires,
as determined from the pore size distribution analysis (Figure
S7), which are indicative of defects that may inhibit the
transport of carriers to the nanowire surface and increase
charge transfer resistance.

We next evaluated the ability of N3-COF60 to extract
uranium from an aqueous solution under simulated sunlight.
Samples of N3-COF60 were stirred in aqueous solutions
containing 10 ppm uranyl(VI) (pH values ranging from 3 to 9)
and irradiated with simulated sunlight (λ = 320−780 nm,
intensity of 1 kW m−2). Aliquots of the solutions were
collected at regular intervals, filtered, and the uranium content
was analyzed using inductively coupled plasma-optical
emission spectrometry (Figures S3a and S17). The maximum
extraction capacity of N3-COF60 was found to be 1270 mg/g
from the pH = 5 solution after 7 days, more than double the
capacity of N3-COF (530 mg/g) under the same conditions
and significantly more than was captured in the absence of
irradiation (59 mg/g) (Figure 3a). The higher capacity of N3-
COF60 under simulated sunlight is a result of the light-induced
external bias potential on the surface of the COF nanowires.
The corresponding electric field increases the relative
concentration of UO2

2+ ions at the surface,10 where they can
undergo reduction, and also promotes their migration and
reduction in the porous architecture. A sample of N3-COF60
also retained 81% of its uranium saturation capacity and
exhibited no signs of structural degradation after five successive
uranium extraction and elution cycles (Figure S18; see
Materials and Methods for details). Of note, after 20 days of
exposure to a 100 ppm uranyl(VI) solution under light
irradiation, N3-COF60 achieved a record saturation capacity of
10.9 g/g (Figure S19 and Table S4). In general, the capacities
achieved by N3-COF60 far exceed those reported for other top-
performing materials designed for uranium capture from
seawater (Figure 3b; Tables S3 and S5).

TEM analysis of a sample of N3-COF60 following stirring in
a solution of uranyl(VI) (10 ppm, pH = 5) under irradiation
for 1 day revealed that uranium is evenly distributed in the
nanowires (Figure S20). High-resolution TEM images revealed
distinct areas with interplanar spacings of approximately 2.6
and 2.9 Å, which may correspond to different uranium
compounds (Figures 4a and S20; see Results and Discussion of
possible uranium uptake mechanism below). Analysis of the
nanowires after 1 and 7 days of irradiation using energy-
dispersive X-ray spectroscopy revealed that the amount of
captured uranium increased as the exposure time increased
(Figure S21). A Raman spectrum obtained for the nanowires

after 1 day of irradiation features bands at 818 and 865 cm−1

(Figure S22), indicative of the presence of neutral (UO2)O2·
4H2O, and a band at 630 cm−1 attributed to partial oxidization
of UO2 particles; a band at 751 cm−1 band was assigned as γ-
UO3.

8 These features were not present in a spectrum collected
for N3-COF60 after exposure to a uranyl(VI) solution for 1 day
in the absence of irradiation (Figure S22). A comparison of the
two spectra revealed that the characteristic N−N peak for the
light-irradiated sample appears at a lower energy than the
corresponding peak in the dark sample, which we hypothesize
is a result of the azine group serving as an electron donor for
the photoreduction of uranium(VI).21,31

To probe the mechanism of uranium uptake in N3-COF60,
we conducted a 20 day adsorption/irradiation experiment
using an aqueous solution (pH = 5) containing 100 ppm of
uranyl(VI) and collected nanowire samples at regular intervals
for PXRD analysis. After the first day of exposure, the XRD
pattern for the nanowire sample featured new diffraction peaks
at 12.1, 24.9, 25.4, 27.7, 28.2, 35.0, and 35.4°, attributed to

Figure 3. (a) Uranium extraction capacities of N3-COF60 and N3-
COF following exposure to an aqueous solution of uranyl(VI) (10
ppm at pH = 5) under light irradiation and dark conditions; the
uranium U(VI) capacity data are given in Table S2. Error bars
represent the standard deviation obtained from three independent
measurements. (b) A comparison of the adsorption capacity of N3-
COF60 exposed to 10 and 100 ppm uranyl(VI) solutions with light
irradiation and the capacities of several other top-performing sorbents
in the literature under similar conditions [uranyl(VI) ion concen-
trations of 10 and 100 ppm]. Capacities and corresponding references
are summarized in Tables S3 and S5.
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Na2O(UVIO3·H2O)x, as well as peaks at 15.1 and 26.3°
assigned to uranyl peroxide, (UVIO2)O2·4H2O (Figure 4b).
Over the course of 20 days, the characteristic peaks associated
with Na2O(UO3·H2O)x and (UO2)O2·4H2O became pro-
gressively sharper, indicating the gradual generation of these
two insoluble uranium compounds within the COF network.

As an additional probe of the uranium species formed under
these conditions, we collected X-ray photoelectron spectra
(XPS) for N3-COF60 exposed to a 100 ppm uranyl(VI)
solution after 30 and 240 min of irradiation. As shown in
Figure S23, a satellite peak was present at ∼9 eV above the
4f7/2 emission peak in the spectrum collected after 30 min,
which is diagnostic of the formation of uranium(V) species,
whereas after 240 min satellite peaks were apparent at ∼4 and
10 eV above the 4f7/2 peak, indicative of uranium(VI).32,33

Based on these results and those from PXRD analysis, we
propose a plausible mechanism for uranium extraction by N3-
COF60 leading to the two observed products. Initially,
uranyl(VI) is reduced by photoexcited N3-COF60 to form
uranyl(V), which then disproportionate to form Na2O(UO3·
H2O)x (in the presence of sodium ions derived from
NaOH)34,35 and UO2, which then forms (UO2)O2·4H2O

36

in the presence of O2 (Figure S24).
The free energy diagrams for uranium adsorption and

reduction on N3-COF60 have been calculated, based on the
organic fragment of N3COF60. As shown in Figures 4c and
S25, UO2

2+ ion could be adsorbed on the N−N site of
N3COF60. Subsequently, uranium(VI) was able to be
spontaneously reduced to uranium(V) on N3COF60, a result
that explains the excellent photocatalytic performance of
N3COF60 for the extraction of uranium.37 After the photo-
catalytic reaction, the Hirshfeld charges at both the N1 and N2
sites of N3COF60 were decreased (Figure 4c), confirming that
N−N was the electron transfer site during photocatalysis.38,39

We next examined the performance of the N3-COF60
nanowires for uranium capture from commercial seawater
(pH = 8.2) containing 3.3 ppb of uranium(VI) and numerous
competing ions (9500 ppm of Na+, 1130 ppm of Mg2+, 360
ppm of Ca2+, 350 ppm of K+, 499 ppb of Sr2+, 28 ppb of Cu2+,
5 ppb of V5+ [present as H2VO4

− and HVO4
2− at pH = 8.2],40

0.5 ppb of Ni2+, 0.5 ppb Fe3+, 0.1 ppb of Co2+, 8000 ppm of
Cl−, and 2400 ppm of SO4

2−). Under 1 kW m−2 simulated
sunlight, N3-COF60 adsorbed 22.7 mg/g uranium after 2 days,
and the capacity increased to 34.5 mg/g after 42 days.
Additionally, N3-COF60 exhibited excellent selectivity for
uranium over Fe3+, Co2+, Ni2+, and Cu2+ and moderate
selectivity over vanadium (Figure 5a,b and Table S6). Overall,
the rate of uranium uptake in N3-COF60 is significantly greater
than in materials studied to date that capture uranium via
physical adsorption alone or through photoreduction (Figure
5c; see Table S7 for details). Significantly, this performance in
seawater also exceeds the commercial benchmark that has been
established for seawater extraction of uranium to be
competitive with land-based uranium mining (a one-run
uptake capacity of 30 mg/g).41

■ CONCLUSIONS
In summary, we have synthesized COF nanowires of varying
diameters based on the triazine-linked two-dimensional
material N3-COF22 using a solvent modulation approach.
Nanowires with diameters on the order of 100 nm exhibit
excellent photoactivity and, under irradiation, efficiently
capture uranium(VI) from aqueous solutions, including natural
seawater, via a mechanism involving initial photoreduction to
uranium(V). The uranium uptake of the nanowires signifi-
cantly exceeds that achieved by other materials reported for
uranium capture to date, and the uptake from seawater
establishes N3-COF60 as a viable candidate for commercial

Figure 4. (a) TEM image of N3-COF60 after exposure to a 10 ppm uranyl ion solution (pH = 5) under light irradiation for 7 days. High-resolution
TEM image (right) showing two sizes of interplanar spacing of ∼2.6 and 2.9 Å. The mapping images show that the adsorbed uranium is evenly
distributed. (b) PXRD patterns (Cu Kα radiation, λ = 1.5418 Å) obtained for samples of N3-COF60 after exposure to a 100 ppm uranium(VI)
solution (pH = 5) over the course of 20 days under light irradiation. Clear changes in the diffraction patterns reveal the gradual formation of
Na2O(UO3·H2O)x and (UO2)O2·4H2O following photoreduction of uranyl(VI) by N3-COF60 and disproportionation of the resulting uranium(V)
species (see Figure S24). (c) The free energy diagram of uranium adsorption and reduction on N3-COF60, and the calculated Hirshfeld charges for
U(VI)O2

2+@N3COF60 and U(V)O2
+@N3COF60

+. The Hirshfeld charge distribution of U(VI)O2
2+@N3COF60 and U(V)O2

+@N3COF60
+.
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capture applications. Our results indicate that COF nanowires
may be a promising technology for extracting uranium from
seawater, and future work would benefit from optimizing the
synthesis of the nanowires developed here at larger scales and
studying the scalability of the capture process.

■ EXPERIMENTAL SECTION
Synthesis of N3-COF Nanowires. A 10 mL pressure glass tube

was charged with 1,3,5-trialdehyde phenyltriazine (25 mg, 0.065
mmol), 1 − x/100 mL mesitylene and 1,4-dioxane (1:1), x/100 mL
n-butanol (x = 20, 40, 60, 80 and 100) and 100 μL aqueous 6 M
acetic acid. To the suspension, hydrazine hydrate (5 μL, 50−60%
solution) was then added. The tube was then sealed and heated in a
blast oven at 120 °C for 3 days at autogenous pressure. Thereafter,
the tube was opened and the suspension was filtered and washed with
chloroform (2 × 5 mL), acetone (2 × 5 mL), and tetrahydrofuran (2
× 5 mL). The solid was dried at room temperature under a vacuum to
afford N3-COFx (x = 20, 40, 60, 80, 100) as a light-yellow powder.
N3-COF20 (yield: 77.1%, 19.1 mg), N3-COF40 (yield: 73.7%, 18.2
mg), N3-COF60 (yield: 70.5%, 17.5 mg), N3-COF80 (yield: 69.2%,
17.2 mg), N3-COF100 (yield: 66.5%, 16.5 mg).

■ ASSOCIATED CONTENT
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The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacs.4c07699.

Synthesis procedures, experiment details, and character-
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