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Facet engineering

u(vI)

Modulating the exposed facets of metal-organic frameworks (MOFs) is an effective strategy to enhance
the synergistic effects between adsorption and photocatalytic reduction of U(VI). Herein, we successfully
synthesized four morphologically distinct types of NH,-MIL-125(Ti), offering insights into the impact of
facet engineering on the combined adsorption and photoreduction of U(VI). An elevated exposure ratio of
the {001} facet endows NH,-MIL-125(Ti) with a larger surface area, enhanced light absorption, and effi-
cient separation of photogenerated charge carriers. Among the four photocatalysts (W, D, S and T), T with
a high proportion of {001} facets, demonstrated outstanding adsorption-photocatalytic synergy, achieving
over 97 % of U(VI) within 20 min of visible light irradiation across a broad concentrations and pH range,
without requiring a hole-trapping agent. The uranium extraction mechanism involves U(VI) coordination
and chelation with active sites during adsorption, followed by reduction to U(IV) via photogenerated elec-
trons during photocatalysis. This study highlights the use of facet engineering to enhance adsorption and
photocatalytic efficiency in MOF-based photocatalysts.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

With rapid population growth and industrial expansion, the is-
sues of energy shortages and severe pollution from fossil fuels
have become increasingly critical [1]. Currently, the most effec-
tive solution is to seek alternative energy sources, particularly nu-
clear power [2]. Although nuclear energy is economical, conve-
nient, and clean with a high energy density, it inevitably generates
uranium-containing pollutants with chemical, biological, and radio-
logical toxicity, posing significant threats to human health and the
environment [3]. As a result, researchers have concentrated their
efforts on the development of straightforward, effective, and eco-
friendly methods to eliminate uranium contaminants from water.
Diverse techniques have been established for the removal and re-
cycling of uranium-containing waste, including chemical reduction
[4,5], evaporative concentration [6,7], biological treatment [8,9],
adsorption [10,11], and photocatalytic reduction [12,13]. Photocat-
alytic reduction is especially distinguished by its outstanding effec-
tiveness, the absence of secondary pollutants, simplicity, reusabil-
ity, and minimal energy consumption [14]. This method converts
easily dissolved U(VI) in wastewater to little-dissolved U(IV) upon
exposure to light irradiation, thus purifying water and recovering
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uranium resources [15,16]. This process includes light absorption
by the photocatalyst, the photoinduced electron-hole pairs sepa-
ration, the photoinduced electrons migration, and the adsorption
and subsequent reduction of U(VI). Crucially, photocatalysts are es-
sential for increasing this process’s efficiency, making it vital to
identify and develop photocatalysts capable of effectively remov-
ing hexavalent uranium from aqueous environments.
Metal-organic framework (MOF)-based photocatalysts have at-
tracted considerable interest in recent years [17-19]. MOFs are in-
novative hybrid materials that consist of organic ligands coordi-
nated with metal ions or clusters, forming a three-dimensional
porous network [20]. Their morphology and structure are dis-
tinct from traditional inorganic semiconductor materials. Nano-
MOFs exhibit significant potential for advancement in photocatal-
ysis and water treatment due to their varied architectures, ex-
tensive specific surface area, elevated porosity, plentiful active
sites, and straightforward processing [21-23]. Specifically, Ti-based
MOFs exhibits not only cheapness, non-hazardous, as well as ro-
bust physical and chemical properties, but also excellent visible
light response, photocatalytic activity, and an appropriate band
gap [24,25]. The conduction band position is more negative than
the potential required for U(VI) reduction (UO,2*/U%" at 0.267V,
U0,2*+/U0, at 0.411V), indicating that U(VI) reduction by Ti-based
MOF is through thermodynamics viable. Nonetheless, the photocat-
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alytic reduction process is hindered by the fact that most catalytic
active sites (metal nodes in the metal oxygen cluster) are primarily
located inside its framework [26,27]. To address this, recent stud-
ies have explored the impact of MOFs on photocatalytic reactions,
showing that surface engineering can maximize the exposure of
active sites and thus achieve enhanced photocatalytic activity [28-
30].

Facet engineering, achieved by adjusting the morphology of
MOFs, also plays a crucial role. Facets with varying crystallo-
graphic characteristics affect the band gap and electron transmis-
sion mechanisms [31]. For example, Sun et al. synthesized NH,-
MIL-125(Ti) possessing varying facets, finding that the {110}/{111}-
heterojunction enhanced CO, reduction to CO and CH4 by 10
and 18 times compared to the single {001} facet [32]. Liu et al
later discovered that exposing {001} facets with abundant six-
coordinated Ti atoms also promoted photocatalytic hydrogen evo-
lution [33]. These findings highlight the importance of facet reg-
ulation for photocatalytic performance, which effectively controls
light absorption, active site distribution, surface electronic struc-
ture, and electron transport, thus enhancing photocatalytic reduc-
tion reactions [34-36]. However, research on tailoring the mor-
phologies/facets of NH,-MIL-125(Ti) to improve the synergistic ef-
fect between their U(VI) adsorption and its photocatalytic reduc-
tion remains scarce.

This study presents the synthesis of four distinct NH,-MIL-
125(Ti) morphologies using a solvothermal reaction, achieved by
altering reactant concentrations without employing morphology
control agents. These morphologies correspond to circular (W),
tetrahedral (T), dodecahedral (D), and square (S) shapes, designed
for surface engineering. The synergistic performance of adsorption
and photocatalysis for U(VI) was also investigated. According to ex-
perimental findings, T maximizes the synergistic effect of U(VI) ad-
sorption and photocatalytic reduction, which can be attributed to
the high exposure ratio of the {001} facet. Notably, the {001} facet
offers a substantial specific surface area, facilitates efficient pair of
electrons-holes separation, as well exhibits favorable U(VI) adsorp-
tion energy, collectively enhancing U(VI) photocatalytic reduction.

NH,-MIL-125(Ti) with four distinct morphologies and crystallo-
graphic facets were hydrothermally synthesized at 150°C for 8 h
using tetraisopropyl orthotitanate (Ti(OCH(CHs3);)4) as the metal
salt, 2-aminoterephthalic acid (NH,-BDC) as the organic ligand, and
a solvent mixture of DMF and methanol, with varying reactant
concentrations and DMF/MeOH ratios (Fig. 1a). It was observed
that variations in reaction time exhibited minimal impact on mor-
phology and surface features (Fig. S1 in Supporting information),
and the crystal structure remained unchanged (Fig. S2 in Support-
ing information). Fig. S3 (Supporting information) presents the def-
inition and identification of the {001}, {110}, and {111} facets. The
mechanism of solvent regulation of crystal face ratio primarily in-
volves (1) the deprotonation of the linker’s carboxylic acid groups,
forming anions that coordinate with metal ions, resulting in the
formation of a thermodynamically stable MOF crystal, and (2) hy-
drogen bonding between water and the linker, which typically in-
hibits MOF formation. Moreover, the solvent can function as a sec-
ondary structural regulator by competing with multidentate linkers
for metal coordination, thereby controlling the rate of framework
extension and crystal growth. These interactions result in vary-
ing surface energies across different MOF crystal facets, which in
turn affect the growth rates of these facets, ultimately yielding di-
verse crystal morphologies. The association across the morphology
and crystallographic planes adheres to Steno’s law, which was used
to define the crystallo-graphic facet (Fig. S4 and Table S2 in Sup-
porting information) [37]. Utilizing scanning electron microscopy
(SEM) and transmission electron microscopy (TEM), the morpholo-
gies and crystal plane characteristics of the synthesized Ti-MOFs
were clearly observed. As illustrated in Figs. 1b-e, NH,-MIL-125(Ti)
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Fig. 1. (a) Schematic diagram for the preparation of NH,-MIL-125 samples. SEM
images of as-synthesized (b) W, (c) T, (d) D, (e) S and (f) M. TEM images of (g) W,
(h) T, (i) D, (j) S and (k) M. (1) HAADF-STEM image and EDS mapping of T.

with four distinct morphologies exhibited: circular shapes with ex-
posed {001} surfaces, tetrakaidecahedron with {001}/{111} mixed
surfaces, decahedron with {001}/{111} mixed surfaces, and square
with {001}/{110} mixed surfaces, designated as W, T, D and S,
respectively. TEM images (Figs. 1g-j) confirmed results consistent
with those from SEM. Additionally, MIL-125(Ti), designated M, was
used as a control sample, with corresponding SEM and TEM images
shown in Figs. 1f and k. The average diameters of W, T, D, S and M
were measured as 236.3, 465.1, 860.0, 810.0 and 640.0 nm, respec-
tively (Fig. S6 in Supporting information). According to Figs. S4 and
S5 (Supporting information), the average percentages of exposed
{001}, {111} and {110} facets were provided in Table S3 (Support-
ing information) [38]. Fig. 11 presents the morphology of sample T
alongside the corresponding energy-dispersive spectrum elemental
mapping (SEM-EDS), revealing that T is composed of evenly scat-
tered C, N, O and Ti elements. The crystalline phases of the syn-
thesized Ti-MOFs were analyzed via the method of powder X-ray
diffraction (PXRD) (Fig. 2a). It was evident that all samples exhib-
ited similar X-ray diffraction (XRD) peaks, which aligned with the
simulated NH,-MIL-125(Ti), indicating successful synthesis. Addi-
tionally, substitution of the -H group with an NH, group in the or-
ganic linker did not significantly alter the crystal structure of MIL-
125(Ti) [39,40].

To further elucidate the functional groups and molecular struc-
tures of the synthesized samples, Fourier transform infrared spec-
troscopy (FT-IR) measurements were conducted (Fig. 2b). The re-
sults indicate that the characteristic peaks of the four differ-
ent morphologies of NH,-MIL-125(Ti) remain consistent across all
sample, suggesting that they possess the same chemical bonds and
functional groups. In comparison to sample M, two additional vi-
bration absorption peaks at 3453 and 3342 cm™' were observed.
These peaks correspond to the symmetric and asymmetric stretch-
ing vibrations of the -NH, group in the NH,-BDC organic ligand
[41,42]. The tensile vibrations of the aromatic amine C-N occur at
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Fig. 2. (a) XRD patterns. (b) FT-IR spectra. The XPS spectra of (c) C 1s and (d) Ti
2p.

1257 and 1339 cm! [43,44]. The peak at 1657 cm'! is attributed to
the N-H bending vibration of the aromatic amines [45]. The peaks
at 1575 and 1382 cm’! are assigned to the symmetric vibration
of the carboxylate linker, while the peaks at 1539 and 1438 cm’!
are assigned to its asymmetric vibration [46]. The stretching vibra-
tion of O-Ti-O is linked to the bands (766, 631 and 440 cm™') seen
in 400-800 cm! region [47]. The chemical compositions and el-
emental chemical states of the samples were analyzed using high
resolution X-ray photoelectron spectroscopy (HR-XPS). XPS survey
spectra (Fig. S7 in Supporting information) reveal that the T sam-
ple is primarily composed of four elements: C, N, O and Ti, con-
firming that NH,-MIL-125(Ti) was successfully produced, which is
in line with the findings in Fig. 11. The C 1s XPS spectrum (Fig. 2c)
of sample T exhibits peaks at 284.80, 286.28 and 288.76 eV, which
correspond to the C-C/C=C, C-N and O=C bonds of NH,-BDC, re-
spectively [48]. The Ti 2p high-resolution spectrum of sample T
exhibits two peaks attributed to Ti 2p;, and Ti 2p3j,, with bond
energies of 464.68 and 458.88 eV, respectively [49], confirming that
titanium in the titanium-oxygen cluster is in the IV oxidation state
(Fig. 2d).
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To explore the photoelectrochemical properties of the synthe-
sized photocatalysts, their ultraviolet-visible diffuse reflection ab-
sorption spectra (UV-vis DRS) were obtained. As shown in Fig. 3a,
the absorption band edge of sample M falls below 400 nm, sug-
gesting it can only be excited by ultraviolet light. In contrast, NH,-
MIL-125(Ti)’s absorption boundary is significantly redshifted rel-
ative to that of M [50], and includes two absorption peaks cor-
responding to the titanium-oxygen group and ligand group ad-
sorptions. This suggests that amino groups (-NH,) can effectively
broaden the visible light absorption range, shifting the absorption
edge to the visible region and greatly improving light utilization.
Additionally, the light absorption ability of T exceeds that of W, D
and S, indicating that light absorption ability can be enhanced by
adjusting the ratio of {001} to {111} facets. Based on the Tauc dia-
gram obtained by DRS, the HOMO-LUMO gap of T, W, D, S and M
were calculated as 2.19, 2.30, 2.25, 2.45 and 3.57 eV, respectively
(Fig. 3b). Among them, the HOMO-LUMO gap of T is minimized,
indicating that the electron transition energy barrier is the low-
est, greatly improving photocatalytic performance. Previous studies
have shown that Ti 3d and O 2p orbitals constitute the LUMO level
of the catalysts, whereas C 2p orbitals in NH,-BDC constitute the
HOMO level [51]. This indicates that the morphology/crystal plane
regulation of NH,-MIL-125(Ti) can be used to tune the electrical
structure of its surface. Fig. S8 (Supporting information) and Fig. 3e
show the Mott-Schottky curves of the synthesized catalysts, with
positive slopes, demonstrating that these catalysts are n-type semi-
conductors dominated by electronic conduction [52]. Additionally,
the Mott-Schottky diagram can be employed to determine the pho-
tocatalyst’s flat band potential (Egg), which can subsequently be
utilized to calculate the HOMO-LUMO gap edge (Fig. 3f). The LUMO
energy level potentials of T, W, D, S and M were calculated as
—0.923, —0.723, —0.843, —0.643 and —0.663V vs. NHE, respectively
[53]. These values are more negative than the reduction for the
conversion of UO,2*/U% (0.267 V vs. NHE) and UO,2*/UO, (0.411V
vs. NHE) photocatalytically [54,55], based on thermodynamic prin-
ciples, indicating that the photogenerated electrons in the synthe-
sized catalysts have a strong photocatalytic reduction potential for
the reduction of U(VI) to U(IV). The oxidation potential of H,O/-OH
is +2.8V (vs. SHE, in acidic solution). Meanwhile, the HOMO en-
ergy level potentials were measured as 1.267, 1.577, 1407, 1.807
and 2.907V vs. NHE, respectively. In summary, T has a broader visi-
ble light response range, a narrower band gap, and a more negative
HOMO energy level potential, demonstrating its enhanced photo-
catalytic reduction capability for U(VI).

Fig. 3. (a) UV-vis DRS spectra. (b) Band gap of M, W, T, D and S. (c) Transient photocurrent responses. (d) Steady PL spectra under 320 nm excitation. (e) Mott-Schottky
plots in a 0.2 mol/L Na,SO,4 aqueous solution (pH 6.8). (f) HOMO-LUMO gap of the as-synthesized photocatalysts.
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Fig. 4. (a) Photocatalytic removal of U(VI) by M and NH,-MIL-125(Ti) with different morphologies. Photocatalytic reaction conditions: [U(VI)] jpitial = 100 mg/L, V=20mL,
m=20mg, pH 7. (b) Pseudo-first-order kinetic model and (c) pseudo-second-order kinetic model with the above samples. (d) Effect of U(VI) concentration, V=20mlL,
m=20mg, pH 7. (e) Pseudo-second-order model of U(VI) reduction at different initial U(VI) concentration (25-250mg/L), V=20mL, m=20mg, pH 7. (f) Langmuir model.
(g) Freundlich model. (h) Photocatalytic removal of U(VI) by T under different pH values. Photocatalytic reaction conditions: [U(VI)] jnita = 100 mg/L, V=20 mL, m=20mg. (i)
Photocatalytic removal of U(VI) by T under kinds of hole trapping agent. Photocatalytic reaction conditions: [U(VI)] initiai = 100 mg/L, V=20 mL, m=20mg, pH 7.

In addition, steady-state photoluminescence (PL) spectroscopy
was employed to investigate the ability of photogenerated
electron-hole pairs for separation and transfer within the synthe-
sized photocatalysts. A higher PL peak indicates lower electron-
hole pairs separation efficiency and higher recombination effi-
ciency [56]. As shown in Fig. S9 (Supporting information), the PL
peak intensities of T, D, W, S and M increased in sequence, indi-
cating that the separation efficiency of photogenerated electron-
hole pairs decreased accordingly, while recombination efficiency
increased correspondingly. This demonstrates that high efficiency
electron transfer occurs in sample T. We measured the transient
photocurrent response throughout four on-off cycles in order to
assess the separation as well as migration efficiency of photogen-
erated electrons in more detail (Fig. 3c). The transient photocur-
rent density of T significantly exceeds that of other photocatalysts,
demonstrating that T possesses the largest yield of photogenerated
electrons and superior electron transfer efficiency, hence corrobo-
rating the results from PL spectroscopy [57]. The Nyquist plot (Fig.
3d) shows that the radius of the Nyquist curve for T is the small-
est, indicating that T exhibits the lowest interfacial charge transfer
resistance, resulting in superior electrical conductivity and faster
electron transfer rates at the interface [58]. Thus, the utilization
efficiency of photogenerated electrons is greatly improved, and the
photocatalytic reaction process is accelerated. These test results
all show consistent trends, indicating that NH,-MIL-125(Ti)’s pho-
tocatalytic reduction efficiency varies depending on the exposed
facets, particularly for T with exposed {001}/{111} facets, which
demonstrates excellent photocatalytic activity for U(VI) reduction.

The extraction of uranyl ions by a photocatalyst involves two
stages: (1) U(VI) is adsorbed onto the surface of the photocata-
lyst via coordination chelation under dark conditions, allowing the
photocatalyst to reach adsorption saturation with U(VI); (2) Upon
light irradiation, the photocatalyst reduces U(VI) adsorbed on the

surface to insoluble U(IV), causing it to precipitate. To enhance the
uranium extraction efficiency during adsorption and photocatalytic
reduction, the synthesized photocatalysts were tested. As shown in
Fig. 4a, the concentration of U(VI) in solution remains unchanged
under visible light irradiation without any photocatalyst, which
indicates that U(VI) remains stable without photolysis [55]. Af-
ter the synthesized photocatalysts reached adsorption-desorption
equilibrium in the dark, the photocatalytic reduction U(VI) prop-
erties of the various morphologies of NH,-MIL-125(Ti) (T, W, D, S)
and M were investigated under light conditions. It was observed
that NH,-MIL-125(Ti) rapidly extracts U(VI) from solution within
the first 20 min of photocatalysis, after which the concentration of
uranyl ions stabilizes after 100 min. Specifically, the U(VI) removal
rates by T, D, W and S were 99%, 98%, 96% and 90%, respectively,
while the removal rate for M was only 67 %. In addition, the ki-
netic fitting of the photocatalyst reaction rate was performed (Eqgs.
S2 and S3 in Supporting information), as illustrated in Figs. 4b and
¢ and Table S4 (Supporting information). The proximity of Ry2 to
1 compared to Ry2 indicates conformity with pseudo-second-order
kinetics. The reaction rate constants (k) of the synthesized photo-
catalysts were as follows: T (0.0482 min'!) > D (0.0137 min™') >
W (0.0099 min'!) > S (0.0027 min"') > M (0.0020 min!). Specif-
ically, a larger reaction rate constant indicates a faster reaction. To
investigate how facets affect the photocatalytic reduction of U(VI),
nitrogen adsorption-desorption isotherms and pore size distribu-
tion curves were obtained, and the specific surface area of the syn-
thesized samples were calculated (Fig. S10 and Table S1 in Sup-
porting information). A larger specific surface area enhances the
photocatalyst’s ability to effectively contact and retain hexavalent
uranium ions in solution [59]. Among them, W and T exhibited
type I isotherms, indicating the presence of a microporous struc-
ture. T demonstrates strong N, adsorption capacity at low relative
pressure (P/Py < 0.001), whereas D exhibited type IV isotherms
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with an H3 hysteresis loop, indicating mesoporous characteristics.
T possesses the largest specific surface area (717.263 m?2/g). Fur-
thermore, as the {001}/{111} exposure ratio increases, the catalyst’s
surface area also exhibits a positive trend. These results indicate
that the amino group introduced by the organic ligand (NH,-BDC)
can enhance the photosensitive effect and improves light collection
efficiency in the visible region, thereby significantly improving the
photocatalytic reduction activity of U(VI) by NH,-MIL-125(Ti). Con-
sequently, T was selected as the photocatalyst for further investi-
gation into the effect of initial U(VI) concentration, pH value, and
different hole-trapping agents on U(VI) extraction.

The effect of different initial concentration of uranium solu-
tion on T's photocatalytic reduction of U(VI) was studied [60]. As
shown in Fig. 4d, when the initial concentrations of uranium so-
lution were 25, 50, 100, 150, 200 and 250 mg/L, the extraction
rate of uranium exceeded 97 % after T was exposed to visible light
for 20 min. After 100 min, the amounts of U(VI) extracted were
23.22, 46.98, 98.60, 143.52, 195.37 and 246.88 mg/g, respectively.
This indicates that T possesses excellent U(VI) extraction capabili-
ties across a wide range of U(VI) concentration. As the initial con-
centration of the solution gradually increases, the extracted U(VI)
amount shows an upward trend. This can be attributed to the in-
crease probability of contact between U(VI) and the surface of T,
leading to more U(VI) reduction within the same illumination time,
thereby enhancing T's photocatalytic performance. In addition, the
kinetic fitting of the experimental data was conducted (Fig. 4e and
Table S5 in Supporting information). Relative to pseudo-first-order
kinetics, pseudo-second-order kinetics provided a superior fit, as
evidenced by significantly higher correlation coefficients (Ry% >
0.99). When an initial U(VI) concentration is 25 mg/L, the reaction
rate constant was the highest, indicating a faster photocatalytic re-
duction reaction, likely due to abundant active sites and greater
light exposure on the surface of photocatalyst T. The equilibrium
data of U(VI) adsorption on T were evaluated using Langmuir, Fre-
undlich, and Temkin isothermal models. The thermodynamic pa-
rameters of these models were calculated using equations (Eqs. S6-
S8 in Supporting information), with results depicted in Figs. 4f and
g, Fig. S12 and Table S6 (Supporting information). The fitted curves
and relevant parameters indicate that the Freundlich model pro-
vided the best fit, suggesting that U(VI) adsorption on T primarily
occurs on heterogeneous surfaces with multiple adsorption active
sites. This implies the presence of varying adsorption energies at
different active sites and, in some instances, intermolecular inter-
action between U(VI) and T.

In the process of extracting U(VI), both the species of U(VI) and
the surface charge of the material used for extraction are influ-
enced by the pH [61]. Therefore, under the conditions of pH=3-9,
with an initial concentration of U(VI) at 100 mg/L, 20 mL, 20 mg,
investigations were conducted into how the pH of the solution af-
fected T's U(VI) extraction efficiency. From Fig. S13 (Supporting in-
formation), as the pH increased from 3 to 5, the adsorption ca-
pacity of T for U(VI) increased in the dark, subsequently stabiliz-
ing with further increases in pH. Subsequently, the reaction device
underwent exposure to light. As illustrated in Fig. 4h, the concen-
tration of U(VI) in the solution drops sharply after 20 min of illu-
mination and stabilizes thereafter. The removal rates of U(VI) are
86.86%, 98.32%, 98.60% and 96.00%, respectively. This indicates
that the solution pH has minimal effect on T’s photocatalytic re-
duction performance of U(VI). T demonstrates excellent pH toler-
ance and high U(VI) removal efficiency across weakly acidic, neu-
tral or weakly basic conditions. For most catalysts documented in
studies, as shown in Table S7 (Supporting information), the photo-
catalytic reduction ability significantly decreases in weak acids or
bases solutions. It is evident that T holds substantial photocatalytic
reduction potential for U(VI). In order to validate the reusability of
T sample, multiple adsorption-desorption experiments were per-
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Fig. 5. (a) SEM of T after photoreduction of U(VI). (b) HAADF-STEM image and EDS
mapping of T after photoreduction of U(VI). (c) FT-IR spectra of T after photoreduc-
tion of U(VI). (d) U 4f spectrum of T after uranium (VI) photoreduction. (e) XPS sur-
vey spectra of N 1s before and after photoreduction of U(VI). (f) XPS survey spectra
of N 1s before and after photoreduction of U(VI).

formed. As shown in Fig. S14 (Supporting information), the U(VI)
removal efficiency of T can remain steady after five cycles, which
demonstrates the favorable reusability of T.

Photogenerated electrons are the primary drivers in the photo-
catalytic reduction of U(VI) by T. The photogenerated holes (h*)
and electrons (e”) produced by the catalyst under visible light
tend to recombine. As a result, h™ competes with U(VI) for elec-
trons, thereby reducing the efficiency of T's photocatalytic reduc-
tion of U(VI). Therefore, the reaction system was conducted under
a nitrogen atmosphere, and the influence of different hole trap-
ping agents (CH30H and CH3CH,0H) on the photocatalytic reduc-
tion U(VI) performance of T was investigated [62]. Fig. 4i shows
that neither the presence nor the type of hole trapping agent
significantly affects the excellent photocatalytic activity of T. This
greatly reduces the operational cost of T's photocatalytic reduction
of U(VI) and prevents secondary chemical pollution.

In summary, T exhibits strong adsorption and photocatalytic
capabilities for U(VI). This can be attributed to the optimal
{001}/{111} surface exposure ratio, the high specific surface area,
and the abundant amino and carboxyl (-COOH) functional groups
of T, which combined with uranyl ions through electrostatic attrac-
tion and chemical chelation.

To investigate the mechanism of U(VI) extraction by the T sam-
ple, a series of characterizations were performed using SEM, PXRD,
FT-IR and XPS. As shown in Fig. 5a and Fig. S15 (Supporting in-
formation), the morphology and crystal structure of the T sample
after 2 h of continuous photocatalytic reaction did not significantly
change compared to the pre-reaction state. The structural integrity
of the T sample was well preserved after the photocatalytic reac-
tion, indicating its superior structural stability during the reaction.
Fig. 5c displays the FT-IR spectrum subsequent to U(VI) extraction,
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Fig. 6. (a) The adsorption configurations of amino groups on the {001} facet of NH,-MIL-125(Ti) for the adsorption of [UO,]?*; Carbon, oxygen, nitrogen, titanium, hydrogen
and uranium atoms are depicted in brown, purple, dark blue, green, light pink and red, respectively. (b) Adsorption energies of amino groups on the {001} facets, {111} facets
and {110} facets of NH,-MIL-125(Ti). (c) Charge density difference (isovalue of 0.004 e/A3) after the [UO,]** moiety adsorption on the -NH site of {001} facets of NH,-MIL-
125(Ti). Yellow and light blue, respectively, the electron accumulation and depletion, respectively. (d) Partial density of states (PDOS) of {001} facets of NH,-MIL-125(Ti). (e)

The possible mechanism of U(VI) photoreduction over {001} facets of NH,-MIL-125(Ti).

whereby a novel peak emerges at 907 cm!, indicative of the asym-
metric vibration of O=U=0 [63,64]. Compared with before photo-
catalytic reaction, the peaks at 1625 cm™! (N-H bending vibration)
and 1427 cm™! (asymmetric vibration of the carboxyl group) exhib-
ited significant red shifts, while the peak at 1385 cm! (symmet-
rical vibration ofthe carboxyl group) exhibited a clear blue shift,
confirming the occurrence of coordination chelation between these
functional groups and U(VI) [65-67]. The SEM-EDS element map-
ping diagram (Fig. 5b) shows that, after the photocatalytic reaction,
C, N, O and Ti elements are uniformly distributed on the surface
of the T sample, with additional U elements present, further con-
firming U(VI) extraction. This was also confirmed by the total XPS
spectra after photocatalysis (Fig. S16a in Supporting information).
The high-resolution XPS spectra of U 4f (Fig. 5d) show that the U
4f5), peaks at 392.93 and 391.38eV can be decomposed into two
peaks corresponding to the binding energies of U(VI) and U(IV),
respectively. The U 4f;, peaks at 382.18 and 380.58eV can also
be decomposed into two peaks corresponding to the binding ener-
gies of U(VI) and U(IV), respectively [14,68,69]. The surface of the
T sample contains both U(VI) and U(IV) after the photocatalytic re-
action. This indicates that two processes, adsorption and photocat-
alytic reduction of U(VI), occur in the T sample. First, U(VI) is ad-
sorbed on the surface of the T sample under dark conditions, then
part of U(VI) is reduced to U(IV) under light conditions. This is be-
cause illumination enhances the affinity of the active sites on the T
sample for U(VI). Fig. 5e shows the high-resolution XPS spectrum
of N 1s. After the photocatalytic reduction reaction, the -NH peak
shifted by 0.47 eV toward higher binding energy, while the bind-
ing energy of the C-N peak remained largely unchanged, indicating
that the T sample possessed abundant adsorption sites contributed
by nitrogenous groups and that the -NH bond was involved in ura-
nium coordination [54]. In the high-resolution O 1s XPS spectrum
(Fig. 5f), the peak of O-H and Ti-O before the photocatalytic reac-
tion were located at 531.73 and 530.33 eV, respectively. After the
photocatalytic reaction, the O-H peak shifted to 531.83 eV, while
the Ti-O peak remained largely unchanged due to the low concen-
tration of U(IV). This can be attributed to the coordination bond
between O-H and U(VI) [70]. Fig. S16b (Supporting information)
shows a minimal shift in the O=C-O peak after the photocatalytic
reduction reaction. Meanwhile, the XPS peak of Ti 2ps, shifted
to 458.98 eV toward higher binding energy after the photocatalytic
reaction (Fig. S16c in Supporting information). Based on these re-
sults, U(VI) forms bonds with O atoms surrounding the Ti atoms,

causing shifts in the O=C-O and Ti peaks [48]. This further indi-
cates the occurrence of a photocatalytic reduction reaction.

To further elucidate the uranium adsorption mechanism on var-
ious exposed facets of NH,-MIL-125(Ti), DFT calculations are con-
ducted. The optimized geometric configurations of the [UO,]**
moiety adsorbed on -NH and -COOH adsorption sites on the {001},
{111} and {110} facets of NH,-MIL-125(Ti) are shown in Fig. 6a
and Fig. S17 (Supporting information). The [UO,]** moiety inter-
acts with N and Ti on different facets of NH,-MIL-125(Ti), forming
U-N, N-H and Ti-O-U bond, respectively. Meanwhile, the calculated
adsorption energies of amino groups on the {001}, {111} and {110}
facets of NH,-MIL-125(Ti) are —0.9143, —0.3167 and —0.7516eV,
respectively (Fig. 6b), indicating that [UO, ]2t is most strongly ad-
sorbed by the amino group on the {001} facets. A similar con-
clusion is drawn from Fig. S18 (Supporting information), where
the carboxyl group on the {001} facet of NH,-MIL-125(Ti) exhibits
the largest adsorption energy for [UO,]%*. This further indicates
that, compared to the {111} and {100} facets of NH,-MIL-125(Ti),
the {001} facet possesses more adsorption sites (-NH and -COOH),
thereby exhibiting superior adsorption capacity. In addition, to fur-
ther understand why the {001} facets of NH,-MIL-125(Ti) exhibit
the best adsorption performance of [UO,]2*, the charge density
difference and electronic density of states (DOS) after the [UO,]**
moiety adsorption on the {001} facets are investigated. The charge
density difference (Fig. 6¢c and Fig. S19 in Supporting information)
indicates that N and Ti atoms on the {001} facets of NH,-MIL-
125(Ti) adsorb U(VI), accumulating electrons in the bonding region
(U-N, N-H and Ti-0-U bond). This suggests that [UO,]?* is firmly
adsorbed by the -NH and -COOH sites on the {001} facets due to
the strong interaction between [UO,]?t and the {001} facets. As
shown in Fig. 6d, a strong hybrid orbital forms between [UO,]?*
and N, indicating that during the adsorption process, electrons
from N are transferred to [UO,]?*, allowing the {001} facets to
stably adsorb [UO,]?>*. The partial density of states (PDOS) for car-
boxyl adsorption sites on {111}, {110} and {001} facets of NH,-MIL-
125(Ti) are shown in Fig. S20 (Supporting information). These re-
sults further demonstrate that the {001} facets, with its excellent
adsorption ability, is key to promoting the photocatalytic reduc-
tion reaction. Since the average percentage of {001} facets in the T
sample are higher than in the D sample, the T sample exhibits bet-
ter adsorption-photocatalytic synergistic performance. Additionally,
different morphologies/facets have distinct electronic band struc-
tures, leading to varying charge separation capabilities. A smaller
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the HOMO-LUMO gap facilitates the transition of photogenerated
electrons from the HOMO to the LUMO energy level. As shown
in Fig. 6e, under simulated illumination, the organic ligand NH,-
BDC at the HOMO level absorbs visible light, generating photogen-
erated electrons and hole pairs (Eq. 1), where h* oxidizes water to
strongly reducing hydroxyl radicals (-OH) at the HOMO level (Eq. 2)
[71], and an equal number of photogenerated electrons is trans-
ferred to the LUMO level. Since the LUMO energy level potential
of NH,-MIL-125(Ti) is more negative than the U(VI)-to-U(IV) po-
tential, Ti** in the metal-oxygen cluster is converted to Ti3* with
strong reducing properties (Eq. 3) [72]. Combined with the abun-
dant amino groups and high specific surface area of the photocat-
alyst, which provide numerous active sites, U(VI) is adsorbed on
the photocatalyst surface and reduced to U(IV) under light (Eqs. 4
and 5) [73]. In this process, the T sample with a suitable exposure
ratio of the {001}/{111} facets efficiently inhibits the recombina-
tion of photogenerated electrons and holes. The {001} facets act as
the transfer center of photogenerated electrons, further promoting
charge separation and augmenting the photocatalytic efficiency of
U(VI) reduction.

T+hv—e +ht (M
H,0+h* - .OH+ht (2)
Ti*t + e — Ti+ 3)
U(VI) +2e” - U(IV) (4)
U(VI)+ -OH — U(IV) (5)

In summary, four variants of NH,-MIL-125(Ti) with distinct
facets were synthesized through controlled reactant concentra-
tions and DMF/MeOH ratio adjustments. This allowed precise con-
trol over the exposed active facets and a systematic investiga-
tion into their effects on the adsorption-photoreduction synergy
for U(VI). NH,-MIL-125(Ti) adsorbs U(VI) in the dark and con-
verts it to insoluble U(IV) under visible light. The T sample, with
a high ratio of exposed {001} facets, exhibits superior synergis-
tic uranium extraction performance, removing over 97 % of U(VI)
within 20 min of visible light irradiation across various concentra-
tions and pH values, without requiring a hole trapping agent. The
synergistic performance is enhanced through precise facet regu-
lation, increasing the specific surface area and adsorption energy
for U(VI) while boosting photocatalytic activity by facilitating elec-
tron migration and reducing electron-hole recombination. Overall,
this study revealed the role of morphology and facets in enhancing
the adsorption-photocatalytic synergy of NH,-MIL-125(Ti), provid-
ing insights into the design of MOF catalysts to optimize uranium
extraction by tailoring active facets.
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