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Rational tuning of crystallographic surface and metal doping were effective to enhance the catalytic per-
formance of metal organic frameworks, but limited work has been explored for achieving modulation of
crystal facets and metal doping in a single system. MIL-68(In) was promising for photocatalytic appli-
cations due to its low toxicity and excellent photoresponsivity. However, its catalytic activity was con-
strained by severe carrier recombination and a lack of active sites. Herein, increased (001) facet ratio
and active sites exposure were simultaneously realized by cobalt doping in MIL-68(In) through a one-pot
solvothermal strategy. Optimized MIL-68(In/Co)-2.5 exhibited remarkable catalytic performance in com-
parison with pristine MIL-68(In) and other MIL-68(In/Co). The reaction kinetic constant and degrada-
tion efficiency of MIL-68(In/Co) were approximately twice and 17% higher than the pristine MIL-68(In) in
36 min reaction, respectively. Density functional theory calculations revealed that Co dopant could mod-
ulate the orientation of MIL-68(In) facets, facilitate the exchange of electrons and reduce the adsorption
energy of peroxymonosulfate (PMS). This work provides a novel pathway for improvement of In-based
MOFs in PMS/vis system, it also promotes the profound comprehension of the correlation between crys-

tal facet regulation and catalytic activation in the PMS/vis system.
© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

The light-driven peroxymonosulfate (PMS)-based advanced oxi-
dation process (AOP) has been regarded as an advanced approach
for wastewater treatment owing to its strong oxidization ability
and indiscriminate attack of contaminants compared with other
treatment strategy. Among the catalysts reported so far, metal or-
ganic frameworks (MOFs) as an emerging class of photocatalysts
have drawn an increasing attention due to the high specific surface
area, controllable porous structure and ease of modification [1-
3]. Among them, the MIL-68(In) with abundant indium-oxo clus-
ters possessed high photoresponsivity upon light irradiation for the
degradation of antibiotics. However, the light-driven PMS activa-
tion of MIL-68(In) was still restrained by low exposure of active
sites and the sluggish performance of In [4]. Hence, it is highly
important to explore alternative solutions for increasing its reac-
tion sites and catalytic activity.
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Recent studies have verified that MOFs with the (001) facet
possesses more active sites, and modulating their sufficient ex-
posure will consequently increase the catalytic activity [5]. Vari-
ous strategies, such as using capping agents, etchants and templat-
ing strategies have been applied to regulate the exposure of ac-
tive facets [6]. However, the above methods might result in un-
controlled reduction in the polymerization of MOFs, leading to the
structural damage or collapse [7]. Metal doping was considered
as an efficient strategy with the maintenance of the structure [8].
Besides, it can dramatically improve the photoelectric properties
by incorporating metal ions into the lattice and further facilitating
secondary electron transfer [9].

Cobalt was believed as the optimal active catalysts for PMS ac-
tivation. However, the reactivity was constrained by the leaching
of the cobalt ions during the reaction [10]. It was essential to an-
chor the cobalt on a suitable carrier to effectively reduce its dis-
solution. Therefore, we hypothesized that cobalt was anchored on
MOFs to continuously catalyze the PMS activation, and to simulta-
neously achieve the reactive facet exposure.

1001-8417/© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.
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Fig. 1. SEM and TEM images of (a;) MIL-68(In) and (a;) MIL-68(In/C0)-2.5, (a3) HRTEM images of MIL-68(In/Co)-2.5. (b) XRD patterns and (c) FT-IR spectra of MIL-68(In)
and MIL-68(In/Co)-X. (d) High-resolution Co 2p XPS spectra of as-prepared catalysts and (e) PL decay curves of MIL-68(In) and MIL-68(In/Co)-2.5.

(a) [k MIL-G8(in) Tight (b)loo
LR MIL-68(In)/PMS :
\ — —e—MIL-68(n)lighttPMS | < ¢
- e
0.8 M e H]
: y ——, é -
S 06 ! \ & e
[ ! e. \'\0\. = =
04 AN S g4 ¢
e T <
0.2 == MIL-68(In/Co)-2.5/light —~=—_, | 8 20 2
—o— MIL-68(In/Co)-2.5/PMS e E
0.0 L= MIL-6801/Co) 3 STightPM§ 0
30 0 6 12 18 24 30 36

Time (min)

(
(d) \e)A 05 Cycle times —— After reaction
LOF 1 1st 2nd 3rd 4th 2 1 w
204 7
08 = s
203 3
506 % :
© So2 7 (XRD
04 g 2 \*L_-M‘.J\_«‘w
" g N Z% % % \Jw
o ’ s .
o Wi m i ml 7
’ 36 72 108 144 1.5 2.5 35
Time (min) MILSIVCOT (A CO2E GaniCor3

Fig. 2. (a) Degradation performance of catalysts in the PMS/vis system, (b) TOC removal efficiencies, (c) influence of various factors on TCH degradation over MIL-68(In/Co)-
2.5. (d) The degradation curves of MIL-68(In/Co)-2.5 in four cycles, (e) leached concentration for cobalt ion of various catalysts and (f) XPS spectra and XRD patterns before

and after four cyclic reaction.

Herein, cobalt element was adopted to synthesize a novel Co-
doped MIL-68(In) composite to achieve (i) adjusting the exposure
ratios of the (001) facet, (ii) understanding the effect of (001) facet
exposure ratios on the catalytic performance, and (iii) elucidating
the role of (001) facet in PMS adsorption and electron transfer dur-
ing the PMS activation process.

Scanning electron microscopy (SEM) image (Fig. 1a;) showed
that the MIL-68(In) exhibited typical elongated hexagonal micro-
rods [11]. However, significant decrease to 17.9% of the origi-
nal length was observed in MIL-68(In/Co)-x (Fig. 1a, and Fig. S1
in Supporting information). The introduction of Co inhibited the
growth of MIL-68(In) along (001) axial direction [9], possibly be-
cause of the formation of thermodynamic barrier resulting from
intermolecular interactions and kinetic reactions [12]. The capped
facet width and axial length of these hexagonal crystals were ca.
0.25-1.0pm for (001) and 0.4-10.0pum for (110) facet. The corre-
sponding (001) facet exposure ratio was 38.5% for MIL-68(In/Co)-
2.5, which was higher than MIL-68(In) (12.0%), MIL-68(In/Co)-1.5
(32.8%) and MIL-68(In/Co)-3.5 (30.2%) (Table S1 and Text S5 in
Supporting information) [13]. This observation suggested that the

Co dopant of MIL-68(In/Co)-2.5 resulted in improved facet selec-
tive growth.

High-resolution transmission electron microscopy (HRTEM)
image of MIL-68(In/Co)-2.5 further demonstrated the existence
of (001) and (110) facet with the lattice spacing of ca. 0.363 nm
and 0.237 nm, respectively (Fig. S2 in Supporting information).
Energy dispersive X-ray (EDX) elemental mapping results of MIL-
68(In/Co)-2.5 revealed the uniform distribution of In and Co (Fig.
133).

X-ray diffractometer (XRD) patterns of MIL-68(In) and MIL-
68(In/Co)-X verified the successful synthesis of MIL-68(In) with a
pure crystalline phase (Fig. 1b) [14]. With the increase of cobalt
doping ratio, the intensity of the diffraction peaks gradually de-
creased then increased compared with the pristine MIL-68(In), in-
dicating the variation in the crystallinity of the MOFs. Moreover,
the doping of Co did not cause phase changes in the crystals of
MIL-68(In), and Co elements might be doped into the lattice of
MIL-68(In) [15].

The characteristic peaks presented in Fourier-transform infrared
spectroscopy (FT-IR) spectra of all catalysts were found at around
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550, 750, 1399, and 1569 cm~! (Fig. 1c), corresponding to the
In/Co—O0 stretching vibration, bending vibration of the C—H bonds
in the benzene ring, symmetric and asymmetric vibrations of the
0—C=0 groups. This indicated the formation of bimetallic centers
in the MIL-68(In/Co) framework [16].

X-ray photoelectron spectrometer (XPS) survey spectra of MIL-
68(In/Co) presented the C, O, In and Co elements (Fig. S3a in Sup-
porting information). C=C and —COO, In—-0, C=0 and C—-OH bonds
were characteristic peaks in MIL-68(In/Co)-2.5, respectively [17,18].
Fig. S3d presented the In 3d spectra with two characteristic peaks
centered around 445.0 (In 3dsp,) and 452.6eV (In 3d3p,) [19]. The
In 3d peak of MIL-68(In/Co) shifted to a higher binding energy,
which was due to the fact that the incorporation of Co changed
the electronic structure of In center, resulting in its reduced the
electron cloud density [20]. The Co 2p spectra displayed two peaks
(Fig. 1d), assigned to 2ps3;, and 2pyj, orbitals of Co2* (781.8 and
796.5eV) [21]. In contrast, the Co 2p characteristic peak shifted to-
wards a lower binding energy by 0.1-0.2 eV. The observed shift in-
dicated the migration of electron density from In to Co caused by
bimetallic interactions after the introduction of Co(Il) [22].

The MIL-68(In/Co)-X exhibited a noticeable variation in pho-
tocurrent during the switching cycle of light source (Fig. S4a
in Supporting information). Notably, the transient photocurrent
of MIL-68(In/Co)-2.5 was approximately 3 times higher than
that of MIL-68(In), which indicated the photogenerated carri-
ers were effectively separated and the interfacial transport effi-
ciency were improved [23]. The electrochemical impedance spec-
trum showed that MIL-68(In/Co)-2.5 had the smallest arc radius at
the high-frequency region, which was corresponding to the lowest
impedance than the other catalysts (Fig. S4b in Supporting infor-
mation). Therefore, the introduction of Co contributed to a faster
photogenerated carrier transfer rate [24]. The UV-vis diffuse re-
flectance spectra (DRS) of the MIL-68(In/Co) showed stronger ab-
sorption intensity in UV-vis region (Fig. S4d in Supporting in-
formation). Most importantly, MIL-68(In/Co)-2.5 exhibited stronger
absorption intensity in UV-vis region, reflecting the influence of
the energy band structure by the exposed crystalline surface ratio
[25]. The enhanced light absorption could be attributed to the in-
corporation of Co doping, which acts as the active site and controls
the exposure ratios in the (001) facet [26].

The photoluminescence (PL) spectra in Fig. 1e and Fig. S4c (Sup-
porting information) illustrated that the MIL-68(In/Co)-2.5 exhib-
ited the lowest PL response among all the samples. The time-
resolved decay spectroscopy PL illustrated that the average life-
time of MIL-68(In/Co)-2.5 (0.23 ns) was longer than that of MIL-
68(In) (0.18 ns), indicating that the carrier recombination of MIL-
68(In/Co)-2.5 was suppressed. The extended lifetime was proba-
bly due to the optimized radiative decay pathways facilitated by
the (001) facets, which effectively reduce nonradiative decay chan-
nels [13]. All these observations suggested that the introduced Co
dopant with increased percentage of exposed (001) facet can en-
hance the photogenerated charge generation, separation and trans-
fer, which was beneficial for the modification of photo-PMS activity
of MIL-68(In/Co)-2.5.

Tetracycline (TCH), as a typical persistent organic pollutant, was
chosen as the model pollutant to evaluate the photocatalytic prop-
erties of catalysts in the PMS/vis system and to mitigate its haz-
ards. The photocatalytic performance of MIL-68(In/Co)-X was im-
proved dramatically with the Co doping (Fig. 2a and Fig. S6a in
Supporting information). The degradation efficiency decreased in
the order of MIL-68(In/Co)-2.5 > MIL-68 (In /Co)-3.5 > MIL-68 (In
/Co)-1.5, which was consistent with the exposure ratio of (001)
surface for the photocatalysts (Fig. S7 in Supporting information).
Therefore, the introduction of cobalt in MIL-68(In) with the mod-
ification of the (001) facet exposure ratio and reactive sites led to
an enhanced PMS/vis activation performance [16].
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The presence of light or PMS alone resulted in negligible TCH
removal efficiency for MIL-68(In) and MIL-68(In/Co)-2.5 (Fig. 2a
and Fig. S6b in Supporting information). With the addition of MIL-
68(In/Co)-2.5, the degradation efficiency in the PMS/vis system
(84.0%) was much higher compared to that of PMS (46.1%) or light
only (31.0%) due to the synergistic effect [27]. The total organic car-
bon (TOC) removal by MIL-68(In/Co)-2.5 in the PMS/vis system was
as high as ~70% (Fig. 2b), further confirming the superior mineral-
ization activity.

Further optimization of experimental conditions was considered
by adjustment of the catalyst and PMS dosage. When the catalyst
dosage was less than 150 mg/L, the TCH removal efficiency was im-
proved with increasing dosage (Fig. 2c). However, excessive catalyst
constrained the removal efficiency due to an increased turbidity of
the water column, reducing the penetration of light [18]. When the
PMS dosage was varied from 0.625 mmol/L to 5.0 mmol/L, TCH re-
moval efficiency increased due to the production of more active
substances. But PMS decomposition generated SO4%-, leading to a
secondary pollution [28]. Considering saving economic costs and
reducing environmental harm, the dosage of catalyst and PMS was
determined as 150 mg/L and 2.5 mmol/L.

The effects of pH value, inorganic ions, water matrices and
emerging pollutants were further considered for the catalytic ac-
tivity of MIL-68(In/Co)-2.5. TCH removal performance was highest
at pH 6, and strongly acidic or alkaline environments were detri-
mental to TCH degradation (Fig. 2c). The evolving surface charge
of MIL-68(In/Co)-2.5 with various pH was shown in Text S7 and
Fig. S8 (Supporting information). The degradation capacity of MIL-
68(In/Co)-2.5 was slightly decreased in the water body with vari-
ous anions (Cl=, NO3~ and HCO3~) and humic acids (HA), imply-
ing that inorganic matter had little effect on degradation of TCH
in PMS/vis system. 83.9%, 84.1%, 79.4% and 74.5% of TCH were
removed from deionized water, tap water, groundwater and cok-
ing wastewater, respectively. High chromaticity, turbidity with phe-
nols and cyanide inhibited TCH removal, leading to a dramati-
cal decrease in degradation efficiency of coking wastewater [29].
MIL-68(In/Co)-2.5 showed high degradation rates of 92.0%, 98.9%,
92.0% and 78.9% for carbamazepine (CBZ) and sulfamethoxazole
(SMX), bisphenol A (BPA) and p-chlorophenol (4-CP) in 36 min
degradation. Moreover, Table S2 (Supporting information) com-
pared the performance of as-prepared MIL-68(In/Co)-2.5 with oth-
ers reported in literature. The distinguished removal efficiency and
reaction rate with lower catalyst concentration and PMS dosage in-
dicated that MIL-68(In/Co)-2.5 is a promising photocatalyst for TCH
and other contaminant removals.

The photocatalytic activity of MIL-68(In/Co)-2.5 remained es-
sentially stable in four cyclic experiments (Fig. 2d). The slight de-
crease in catalyst performance could be attributed to the accu-
mulation of intermediates on the active surface sites of the pho-
tocatalysts. XRD patterns, XPS (Fig. 2f and Fig. S9 in Supporting
information) and DRS (Fig. S10 in Supporting information) spec-
tra of MIL-68(In/Co)-2.5 showed no noticeable change after four
runs. The Co leaching concentration of MIL-68(In/Co)-X after reac-
tion was 0.24 mg/L, 0.35 mg/L and 0.34 mg/L, which were far below
the limit (1.0 mg/L) by European Union, and lower compared to the
reported literatures (Fig. 2e and Table S2). The trace cobalt ions
had negligible effect on the degradation process [30]. These results
demonstrated the superior stability of MIL-68(In/Co)-2.5 for TCH
removal.

The degradation pathway deduced based on the liquid chro-
matograph with mass spectrometer (LC-MS) results showed that
TCH molecule (m/z 445) first underwent dehydration and hydrox-
ylation, resulting in the formation of P1 (m/z 461) (Figs. S11 and
S$12 in Supporting information). Next, the branched chained on the
benzene ring were further removed through demethylation and
dehydroxylation, leading to the production of P2 (m/z 410), P5 (m/z
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Fig. 3. (a) ROS scavenger experiment with MIL-68(In/Co)-2.5 in PMS/vis system.
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427), P6 (m/z 397), P7 (m/z 296) and P9 (m/z 416) [31]. Afterward,
TCH was decarbonylated and deaminated, giving rise to simple aro-
matic compounds P3 (m/z 366), P4 (m/z 257), P8 (m/z 230) and
P10 (m/z 352), which gradually cleaved into smaller organic frag-
ments [32].

The toxicity of TCH and its intermediates was calculated using
TES.T. software. The acute toxicity of half intermediates of fat-
head minnow during degradation was higher than that of TCH,
which may be related to the formation of electrophilic groups (Fig.
S13 in Supporting information) [33]. For mutagenicity factors, the
vast majority of TCH products exhibited positive mutagenicity val-
ues. Besides, the intermediates showed diminished developmen-
tal toxicity and an elevated trend of bioaccumulation factors. The
combined analysis results indicated that MIL-68(In/Co)-2.5 and its
corresponding intermediates in catalytic degradation of TCH were
mostly environmentally friendly.

Radical capture experiments demonstrated the degradation was
significantly inhibited by the addition of furfuryl alcohol (FFA) and
methanol (MeOH). Specifically, the presence of FFA resulted in a
reduction of the degradation efficiency by 50.6%. Therefore, 10,
species were identified as the primary active species for promot-
ing the degradation of TCH, and SO4"~ played a secondary role (Fig.
3a). Electron spin resonance spectra (ESR) measurements were fur-
ther used to confirm the types of ROS. No signal was detected in
dark, while a faint signal was observed under light. However, the
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system with light and PMS involvement exhibited strong SO4"~ and
*OH signals, suggesting that MIL-68(In/Co)-2.5 can indeed activate
PMS to produce both radicals (Fig. 3b). 10, and *0,~ were ver-
ified similarly and the intensity of the signal followed the same
rule (Figs. 3c and d). The ESR results agreed with those obtained
from the quenching experiments.

Figs. 4a and b showed the optimized structures of PMS adsorp-
tion on (001) and (110) facets of different catalysts. HSO5*~ (PMS)
adsorption energies (E,4s) for MIL-68(In)—001 and MIL-68(In/Co)-
001 were found lower in comparison to MIL-68(In)—110 and MIL-
68(In/Co)-110. This observation strongly supported the hypothesis
that the (001) facet of MIL-68(In/Co) exhibited higher efficiency in
terms of PMS adsorption and activation [34]. The results showed
that the (001) facets with Co modified MIL-68(In) had a signifi-
cantly enhanced affinity to adsorb PMS over the (110) facets, which
was beneficial for PMS activation and consistent with the degrada-
tion results. Co doping might alter the crystal structure and elec-
tronic state of MIL-68(In) and further affect its interaction with
PMS.

Differential charge densities of MIL-68(In)—001 demonstrated
lower electron density around benzene ring than that of PMS, and
Co dopant further led to the electron deficiency around In (Figs.
S14a and b in Supporting information). The results indicated that
the charge underwent rearrangement and promoted TCH removal.
The inter-element interactions were then probed by in-depth anal-
ysis of the density of states (DOS) of the catalyst. The VB top
consisted of In 3d and O 2p orbitals, while the CB bottom con-
sisted mainly of C 1s orbitals. The MIL-68(In/Co)-001 overlapped
between In and Co orbitals near the zero point and showed small
waves, representing their strong interaction (Fig. 4c) [35]. Besides,
MIL-68(In/Co0)-001 had a broader and lower overall peak com-
pared to MIL-68(In)—001, which represented the high off-domain
energy. Additionally, the Co peak of MIL-68(In/C0)-001 near the
Fermi energy level was at the uppermost, which means that the
excited state electrons jump to the impurity energy level through
the empty orbitals of cobalt. Fig. 4d showed that the larger en-
ergy gap in the DOS diagram of MIL-68(In/Co)-110 compared to
MIL-68(In/Co0)-001, which suggested the need of higher energy to
excite electrons. Additionally, MIL-68(In/Co)-110 exhibited fewer
flat regions in the electronic density of states curve, indicating a
lower electron density at specific energy levels and a relatively
low utilization of electronic energy levels. The band gap showed
in Figs. S15a-d (Supporting information). It was worth noting that
both the (001) facets dominant and Co doped MIL-68(In/Co) had
much narrower band gaps compared to (110) facets dominant
MIL-68(In/Co) and original MIL-68(In), which was conductive to
photoexcitation.
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A potential photocatalytic reaction mechanism for the degrada-
tion of TCH using MIL-68(In/Co)-2.5 could be proposed. The hexag-
onal crystal MIL-68(In/Co)-2.5 was stimulated by light, leading to
the generation of electron-hole pairs [36]. The electron transferred
to the surface of MIL-68(In/Co)-2.5 induced the cleavage of the
peroxide bond (—~0—0—) in PMS by Co2* through single electron
transfer to produce SO, and ‘OH. At the same time, Co3+ was
converted to Co** by reduction reaction with PMS to produce
SO5°~ [37]. The reaction between the photogenerated e~ and oxy-
gen resulted in the production of *0,~. Next, SO5*~ reacted with
H,0 to produce '0,. In addition, PMS might be self-decomposed to
produce the paired radicals SO5"~, which further convert to S,0g2~
and '0,. Finally, the resulting SO,"~ and '0, completed the degra-
dation of TCH by addition and deamination reactions, respectively
[38].

In summary, bimetallic MIL-68(In/Co) with (001) facet exposure
was constructed by a one-pot solvothermal strategy. The exposed
ratios of (001) in MIL-68(In/Co) were finely tailored by varying
the Co content during the synthetic reaction. When fully exposed
to the (001) facet, MIL-68(In/Co)-2.5 exhibited superior activation
ability in the generation of ROS under light irradiation. Notably,
the inclusion of Co dopant facilitated the transfer of electrons and
decreased the adsorption energy of PMS by (001) facet. Further-
more, the interaction between the In/Co bimetallic sites acceler-
ated the PMS activation, which promoted the formation of the 10,
and SO4~. The work not only provided new insights into design
and development of highly effective photocatalysts through facet
engineering, but also offered an efficient and stable bimetallic cat-
alyst for wastewater treatment. The exploration for the reduction
of the cost is on the way.
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