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Abstract: Metal-organic frameworks (MOFs)-based composites have been widely applied as photocatalysts because of their synergistic effect
between the two individual component. Herein, TiO,@NH,-MIL-125(Ti) nanocomposites which possess unsaturated titanium—oxo clusters,
mesoporous structure, and intimate interface were successfully constructed via an in-sifu distilled water-etched route. The X-ray photoelectron
spectroscopy (XPS) measurements indicated strong electronic interaction between TiO, and NH,-MIL-125(Ti), confirming the formation of
TiO,@NH,-MIL-125(Ti) nanocomposite. Photoelectrochemical and thermodynamics measurements showed that TiO,@NH,-MIL-125(T1)
nanocomposites have improved charge separation efficient and decreased transfer resistance of the carriers within the heterojunction interfaces,
which facilitates the photoexcited electrons transfer and reduction of the Cr(VI) species. Therefore, the optimal TiO,@NH,-MIL-125(Ti)
nanocomposite demonstrated superior performance compared to NH,-MIL-125(Ti) and NH,-MIL-125(Ti) derived TiO,. Based on the free
radical trapping experiment and electron paramagnetic resonance (EPR) measurements, a possible type-II scheme was proposed for the en-

hanced photocatalytic activity over the TiO,@NH,-MIL-125(T1) nanocomposite.

Keywords: NH,-MIL-125; titanium dioxide; distilled water-etched route; photocatalysis; hexavalent chromium reduction

1. Introduction

Hexavalent chromium (Cr(VI)) as a common industrial
heavy metal pollutant is highly toxic to aquatic organisms
and humans on account of its good water solubility and high
carcinogenicity [1-2]. Compared with Cr(VI), Cr(IIT) is more
than 100 times less toxic and can form Cr(OH); precipitation
easily under alkaline conditions. Therefore, the universal
treatment for chromium-containing waste water is the reduc-
tion of Cr(VI) to Cr(IlI). Among different kinds of methods
[3—6], photocatalytic reduction of Cr(VI) into Cr(IIl) has
been regarded as an effective and energy-saving route [7—10].

Recently, metal-organic frameworks (MOFs) which has
high porosity, large surface area, highly-ordered crystallinity,
and structural and functional tailorability have been widely
applied as photocatalysts [11-19]. Among various MOFs,
MIL-125(Ti) and its derivatives have attracted extensive and
constant attentions because of the low toxicity and unique
photocatalytic properties of Ti element [20—23]. Particularly,
amino-functionalized MIL-125(Ti) (NH,-MIL-125(Ti)) can
extend photoresponse range from UV to visible light, which
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is significant for improving light absorption capacity of pho-
tocatalysts [24-32]. Also, the small radius of Ti*" endows it
strong Ti—-O bonding, and the reversible redox transition
between Ti*'/Ti*" under photo-excitation enables the Ti-
based MOFs to store charge effectively. Although NH,-MIL-
125(Ti) has numerous promising advantages as a photocata-
lyst, it also suffers from certain disadvantages, such as
hindered mass transport through micropores, high recombin-
ation tendency of photogenerated carriers, etc., which
severely limit the photocatalytic performance. To overcome
these limitations and further improve the total photocatalytic
performance, diverse strategies, including pyrolysis of MOF
into different functional materials [33—34], formation of het-
erojunctions [35-37], etc., have been employed.

TiO, is a widely accepted photocatalyst owing to its ad-
vantageous properties of low toxicity, biocompatibility,
chemical stability, and low cost [38—42]. However, the pho-
tocatalytic efficiency of TiO, is severely inhibited because of
its wide bandgap. Therefore, some strategies, such as doping
[43-44], forming heterojunction [45-46], co-cocatalyst
coupling [47], etc., have been developed to improve the pho-
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tocatalytic performance. It is important to mention that, the
conduction band minimum (CBM) and valence band maxim-
um (VBM) of TiO, match well with the lowest unoccupied
molecular orbital (LUMO) and highest occupied molecular
orbital (HOMO) of NH,-MIL-125(Ti) for Type-II hetero-
junction. Thus, TiO,@NH,-MIL-125(Ti) nanocomposites
have been widely synthesized such as hydrolysis of tet-
rabutyl titanate [48—49] for photocatalytic application. It is
worth mentioning that the controllable loss of organic ligand
and maintaining the intrinsic advantages of MOF at the same
time are important for achieving TiO,@NH,-MIL-125(Ti)
with desirable composition, structures, interface, and pho-
tocatalytic performance. For example, “post-solvothermal
route” [50-51] and in situ acid-etched strategy [52—53] using
NH,-MIL-125(Ti) as precursor have been reported for con-
trollable synthesis of TiO,/NH,-MIL-125(Ti) nanocompos-
ites. However, in situ synthesis of TiOy@NH,-MIL-125(Ti)
nanocomposites using distilled water as etchant is environ-
mental friendly and has been scarcely reported.

In this study, we propose a distilled water-etched route for
the synthesis of TiO,@NH,-MIL-125(Ti) nanocomposite us-
ing NH,-MIL-125(Ti) as precursor. During the etching pro-
cess, NH,-MIL-125(T1i) can be transformed into TiO,@NH,-
MIL-125(Ti) nanocomposite by partly destroying the organ-
ic ligand, and keeping many linker defects and producing
mesoporous structures simultaneously. TiO,@NH,-MIL-
125(Ti) nanocomposite exhibited improved photocatalytic
performance in Cr(VI) reduction reaction compared with
NH,-MIL-125(Ti) and NH,-MIL-125(Ti)-derived TiO, un-
der the irradiation of 300 W Xe lamp. The cycling experi-
ments confirmed its good stability and reusability. The syn-
thesis and further application of TiO,@NH,-MIL-125(Ti)
nanocomposite are illustrated in Fig. 1.

2. Experimental
2.1. Preparation of NH,-MIL-125(Ti)

NH,-MIL-125(Ti) was prepared using tetrabutyl titanate
(TBT) as Ti salt and 2-amino terephthalic acid as organic
liner as reported previously [54]. The typical procedure is as
following. First, 28 mL of N,N-dimethylformamide (DMF)
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Ti#  CH,OH/DMF

NH,-MIL-125
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(C1¢H340,Ti)

2-aminoterephthalic
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Fig. 1.
Cr(VI) reduction.
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(X X

and 3 mL of methyl alcohol were well mixed under magnetic
stirring. Then, 1.62 g of 2-amino terephthalic acid and 0.85
mL of TBT were dropped into the mixed solvent under con-
tinuous magnetic stirring. Finally, the suspension was trans-
ferred into a 50 mL Teflon-lined autoclave and heated at
160°C for 24 h. After naturally cooling down to room tem-
perature, the sample was collected by centrifugation, thor-
oughly washed with methyl alcohol and DMF for 3-5 times,
and dried overnight at 60°C.

2.2. Preparation of TiO,@NH,-MIL-125(Ti) nanocom-
posite

Firstly, the as-prepared NH,-MIL-125(Ti) (0.12 g) was
dispersed into 10 mL of alcohol, and then distilled water was
dropped into the dispersion under magnetic stirring. After
that, the suspension was transferred into a 25 mL Teflon-
lined autoclave and heated at 200°C for 2 h. After naturally
cooling down to room temperature, the sample was collected
by centrifugation, thoroughly washed with alcohol 3—5 times,
and dried overnight at 60°C. For comparison, the amount of
distilled water was settled as 0.5, 1, 2, and 5 mL, and the cor-
responding samples were marked as MT-0.5, MT-1, MT-2,
and TiO,. The pure NH,-MIL-125(Ti) was marked as M.

2.3. Photocatalytic performance tests

The photocatalytic reduction of Cr(VI) was performed un-
der the irradiation of a 300 W Xe lamp at ~20°C using a wa-
ter bath cooling system. The optical spectrum and the intens-
ity of incident light are shown in Fig. S1(a). The photocata-
lytic performance of MT-2 was also measured under the irra-
diation of 300 W Xe lamp with band-pass filters with central
wavelengths of 365, 400, and 500 nm (the parameters are
shown in Table S1). The transmissions of band-pass filters
with central wavelengths of 365, 400, and 500 nm are shown
in Fig. SI(b)«(d). Aqueous Cr(VI) with a concentration of
5 mg/L was prepared by dissolving K,Cr,0; in distilled wa-
ter. Typically, 20 mg photocatalyst was dispersed in 50 mL
of Cr(VI) aqueous solution in a quartz glass reactor and the
suspension was stirred continuously in dark for 60 min to
reach adsorption/desorption equilibrium. Then, the light was
turned on to stimulate photocatalytic reaction. 1.5 mL of the
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Schematic illustration for the preparation of TiO,@NH,-MIL-125(Ti) nanocomposites and application for photocatalytic
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suspension was collected at given time intervals and filtered
using a 0.22-um poly tetra fluoroethylene (PTFE) micropor-
ous membrane and the supernatant was used to determine the
residual Cr(VI) concentration by the diphenylcarbazide col-
orimetric method on a UV—Vis spectrophotometer. The sta-
bility and usability of the photocatalyst were studied by a
cycling test. That is, after each photocatalytic reduction
Cr(VI) experiment completed, the photocatalyst was separ-
ated from the suspension, and then used for the next pho-
tocatalytic reaction under the same conditions.

Also, we performed photocatalytic degradation of methyl-
ene blue (MB) under the irradiation of a 300 W Xe lamp at
~20°C using a water bath cooling system. Typically, 10 mg
Ti0,@NH,-MIL-125(Ti) composite was dispersed into 50
mL MB solution (20 mg/L) and kept stirring in dark for 1 h to
reach adsoprtion—desorption equilibrium. Then, ~1.5 mL of
the suspension was collected for 1 h and filtered using a 0.22-
um PTFE microporous membrane and the supernatant was
used to determine the residual MB concentration on a
UV-Vis spectrophotometer.

3. Results and discussion

3.1. Structure, composition and morphology character-
ization

The morphology and composition of TiO,@NH,-MIL-
125(Ti) nanocomposite were investigated by scanning elec-
tron microscopy (SEM) and transmission electron micro-
scopy (TEM) measurements taking MT-2 as an example. The
SEM image of NH,-MIL-125(Ti) (Fig. 2(a)) revealed the
disc-like particles with an average diameter of ~200 nm. The
SEM image of MT-2 (Fig. 2(b)) exhibited nanoparticles with
a diameter of ~20 nm, indicating the transformation from
disc-like NH,-MIL-125(Ti) into small nanoparticles for
TiO,@NH,-MIL-125(Ti) nanocomposite. The diameter dis-

7 THO, (004,

Int. J. Miner. Metall. Mater., Vol. 30, No. 4, Apr. 2023

tribution histogram of MT-2 calculated based on Fig. 2(b) is
shown in Fig. S2, and the average diameter of MT-2 was
25.26 nm. The TEM image of MT-2 (Fig. 2(c)) also showed
small nanoparticles of MT-2, which further confirmed the
destruction of the crystal structure of NH,-MIL-125(Ti).
Moreover, the high-resolution transmission electron micro-
scopy (HRTEM) (Fig. 2(d)) of MT-2 revealed that the spa-
cings of lattice fringes were ~0.352 nm and ~0.237 nm,
which correspond to (101) and (004) planes of anatase TiO,.
Also, some poor crystallized zone can be detected as high-
lighted in the white cycles, which is the reserved NH,-MIL-
125(Ti). The high-angle annular dark field TEM (HAADF-
TEM) images (Fig. 2(e)) and the corresponding dispersive X-
ray mapping images demonstrated the distribution of Ti, O,
C, and N elements in MT-2.

The X-ray diffraction (XRD) patterns of as-prepared
samples are shown in Fig. 3(a). The characteristic peaks of
NH,-MIL-125(Ti) (M) demonstrated similar patterns to those
reported by Nasalevich ef al. [55]. After the post-treatment by
distilled water, new peaks appeared and became stronger
with increasing distilled water amount from 0.5 to 5 mL.
Concomitantly, the diffraction peaks of NH,-MIL-125(Ti)
became weaker and disappeared when the amount of dis-
tilled water reached 5 mL. The new diffraction peaks located
at 25.3°, 37.9°, 48.0°, 54.3°, 63.2°, and 75.1° could be as-
signed to (101), (004), (200), (105), (204), and (215) lattice
planes of anatase TiO, (PDF: 99-0008) [56]. The results in-
dicated that the post-treatment by introducing appropriate
amount of distilled water could destroy the NH,-MIL-
125(Ti) crystal structure and generate TiO,@NH,-MIL-
125(Ti) nanocomposite simultaneously. Notably, when the
distilled water amount reached 5 mL, NH,-MIL-125(T1) con-
verted into anatase phase of TiO, completely.

The functional groups and molecular structure of as-pre-
pared samples were measured by Fourier transform infrared

1 pm

Fig. 2. SEM images of (a) NH,-MIL-125(Ti) and (b) MT-2; (c) TEM and (d) HRTEM images of MT-2; (¢) HAADF-TEM image

and the corresponding elemental mapping of MT-2.
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Fig. 3. (a) XRD pattern, (b) FTIR spectra, and (c) Raman spectra of NH,-MIL-125(Ti), TiO,@NH,-MIL-125, and NH,-MIL-125

derived TiO,.

spectroscopy (FTIR) spectroscopy and are shown in Fig. 3
(b). The characteristic bands in the range of 400-800 cm™*
can be ascribed to the Ti—O-Ti stretching vibrations; the
bands at ~3345 and ~3440 cm™' correspond to the symmetric
and asymmetric stretching vibrations of amines; the peaks at
~1255 and ~1654 cm™' are assigned to the C-N stretching
and N-H bending vibrations, respectively; the peaks at
~1431 and ~1531 cm™" correspond to the carbonyl symmet-
ric stretching vibration [57]. Furthermore, when the amount
of distilled water increased from 0.5 to 2 mL, the typical
peaks of NH,-MIL-125(Ti) became weaker and further dis-
appeared as the amount of distilled water reached 5 mL. The
results confirmed that the structure of NH,-MIL-125(Ti) was
degraded due to the adding of distilled water and further con-
verted to TiO, completely. The Raman spectra shown in
Fig. 3(c) exhibited four Raman active fundamental modes,
including one strong band at 154 cm™" and three weak ones at
398, 515, and 637 cm’!, which are assigned to e, by, by, +
ay,, and e,, respectively, confirming the existence of anatase
TiO, [58]. In contrast, no Raman shift can be observed in the
spectrum of M.

The surface composition and structure of TiO,@NH,-
MIL-125(Ti) were analyzed using MT-2 as an example via
X-ray photoelectron spectroscopy (XPS) measurements. In
the XPS survey spectrum of M and MT-2 (Fig. S3), the peaks
of O 1s, Ti 2p, C 1s, and N 1s can be found, which suggested
that there are O, Ti, C, and N elements in MT and MT-2. In
addition, the peak intensities of C 1s and N 1s weakened and
those of Ti 2p strengthened for MT-2 compared with M. In
the high resolution XPS spectrum of Ti 2p (Fig. 4(a)), two
peaks centered at ~458.8 and ~464.6 ¢V in NH,-MIL-125(Ti)
correspond to Ti 2p,, and Ti 2p;, respectively, confirming
the presence of Ti*" in the titanium—oxo cluster. Moreover,
the binding energies of Ti shifted to lower binding energies
of ~458.4 and ~464.1 eV for MT-2, revealing the generation
of Ti*" and linker defects in TiO,@NH,-MIL-125(Ti). In ad-
dition, the formation of Ti*" was further proved via electron
paramagnetic resonance (EPR) spectroscopy (Fig. S4). As in-
dicated in Fig. S4, no paramagnetic signals could be detected
for NH,-MIL-125 due to the 3d° electronic configuration of
Ti*". However, a strong paramagnetic signal at a g-value of
1.9996 appeared for the TiO,@NH,-MIL-125(Ti) (MT-2),
confirming the existence of Ti** [59]. For the high resolution
XPS spectrum of N 1s (Fig. 4(b)), two main peaks at binding

energies of 399.5 and 402.9 eV for M correspond to the N in
—-NH, and the positively charged nitrogen of the -N="and
-NH-", respectively. For MT-2, the binding energy of N 1s
shifted to lower energy compared with NH,-MIL-125(Ti). In
the high resolution XPS spectrum of O 1s (Fig. 4(c)), the
characteristic peaks of NH,-MIL-125 centered at ~530.4 and
~531.8 eV are attributed to the lattice oxygen of titanium—
oxo cluster and C-O in organic 1,4-benzenedicarboxylate
(BDC) linkers respectively. The binding energy of O 1s for
MT-2 shifted to higher binding energies of ~530.6 and
~532.1 eV compared with NH,-MIL-125, suggesting the
electron transfer from the surface oxygen in TiO, to the
—NH-"1in MT-2. The binding energies at 532.5 and 532.75 eV
for M and MT-2 are attributed to the adsorbed hydroxy. The
C 1s XPS spectrum of NH,-MIL-125 could be fitted into
three peaks (Fig. 4(d)), which are ascribed to C—C (284.5
eV), C-0 (286.5 eV), C=0 (288.7 eV), and C-N (285.0 eV)
of NH,-MIL-125, respectively. For MT-2, the binding ener-
gies for C-O (286.3 eV) and C=0 (288.6 eV) slightly shifted
to lower energies compared with NH,-MIL-125. The results
proved the strong electronic interaction between TiO, and
NH,-MIL-125(Ti) for TiO@NH,-MIL-125 composite.

Further, we attempted to determine the ratios of TiO, and
NH,-MIL-125(Ti) in TiO,@NH,-MIL-125(Ti) through XPS
data semi-quantitatively. The peak area and atomic percent-
ages of O, Ti, C, N elements in M and MT-2 are shown in
Table S2. The atomic percentages of O and Ti increased from
29.2% and 8.81% for M to 49.35% and 22.21% for MT-2. At
the same time, the atomic percentages of C and N decreased
from 56.49% and 5.5% for M to 25.61% and 2.83% for MT-
2. The increased atomic percentages of Ti and O are resulted
from the formation of TiO,. The mole ratios of TiO, and
NH,-MIL-125(Ti) in MT-2 can deduced from the atomic
percentages to be ~91% and 8%, respectively.

The N, adsorption—desorption isotherm of the NH,-MIL-
125(Ti), TiO,@NH,-MIL-125 nanocomposites, and NH,-
MIL-125 derived TiO, was measured to evaluate the specific
surface area and porous structure. As shown in Fig. 5(a), the
type-I isotherm for pristine NH,-MIL-125(Ti) (M) indicated
the microporous structures. For MT-0.5, MT-1, and MT-2, a
hysteresis loop appeared and gradually widened, suggesting
the type-1V isotherm for TiO,@NH,-MIL-125 nanocompos-
ites and the mesoporous features. The calculated Brunauer-
Emmett-Teller (BET) surface areas shown in Table S3 were
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1210.45 m*/g (M), 463.45 m*/g (MT-0.5), 347.25 m*/g (MT-
1), and 105.28 m%g (MT-2). The corresponding pore
volumes were calculated to be 0.61, 0.56, 0.53, and 0.47
cm®/(g-nm). The corresponding pore size distribution shown
in Fig. 5 also proved the microporous characteristics for M
and the mesoporous characteristics for TiO,@NH,-MIL-
125(Ti) nanocomposites. The conversion of microporous

Int. J. Miner. Metall. Mater., Vol. 30, No. 4, Apr. 2023
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structure for NH,-MIL-125(Ti) to the mesoporous structure
for TiO,@NH,-MIL-125(Ti) nanocomposites and the signi-
ficantly decreased BET surface areas are resulted from the
ligand loss after the post-treatment by distilled water. For
NH,-MIL-125(Ti) derived TiO,, a larger specific surface
(117.44 m%g) and a smaller pore volume were observed
compared with MT-2, which are resulted from the complete
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Fig.S. (a) N, absorption—desorption isotherm and (b—f) pore size distributions of NH,-MIL-125, TiO,@NH,-MIL-125, and TiO,.
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loss of organic ligand and the TiO, preserved porous struc-
ture of NH,-MIL-125(Ti).

3.2. Optical response and electronic structure character-
ization

In order to elucidate the light absorption of TiO,@NH,-
MIL-125(Ti) nanocomposites, UV—Vis diffuse reflectance
spectroscopy (DRS) was analyzed (Fig. 6(a)). As indicated in
the UV—Vis spectrum of M, the adsorption band edges at
~360 nm corresponded to the absorption of titanium—oxo

clusters, and the adsorption band edges at ~480 nm corres-
ponded to the absorption of functional amine. When NH,-
MIL-125(Ti) was converted to TiO,@NH,-MIL-125(Ti)
nanocomposites, the absorption intensity of titanium—oxo
clusters increased, while the absorption intensity of function-
al amine decreased for MT-0.5, MT-1, and MT-2. Further-
more, the absorption intensity of the functional amine nearly
disappeared for NH,-MIL-125(Ti) derived TiO, due to the
ligand loss, and the absorption of titanium—oxo clusters was
maximized due to the good crystallization of anatase TiO,.
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Fig. 6. (a) UV-Vis DRS spectra and (b) photoluminescence spectra of NH,-MIL-125, TiO,@NH,-MIL-125, and TiO,; (c) time-res-
olution photoluminescence of M and MT-2; (d) transient photocurrent density and (e) Nyquist spectra of NH,-MIL-125, TiO,@NH,-

MIL-125, and TiO,.

Fig. 6(b) shows the steady state photoluminescence (PL)
emission spectroscopy of as-prepared samples. NH,-MIL-
125(Ti) had the strongest PL emission signal, while a series
of decreased peaks can be observed for TiO,@NH,-MIL-
125(Ti) nanocomposites. Further, MT-2 exhibited the weak-
est signal among all the samples, which indicated that the re-
combination of electron—hole pairs was drastically sup-
pressed. The time-resolution photoluminescence (TRPL) de-
cay spectra and the corresponding average lifetimes of M and
MT-2 are shown in Fig. 6(c) and Table S4, respectively. MT-
2 had an average lifetime of 3.54 ns, which was much longer
than that of M (2.15 ns). A longer fluorescent lifetime im-
plies lower charge recombination rate, and thus higher pho-
tocatalytic activity.

Photoelectrochemical experiments were made to investig-
ate the photogeneration and transfer of carriers under simu-
lated solar irradiation. The transient photocurrent response of
M, MT-2, and TiO, was recorded for several on-off cycles.
As shown in Fig. 6(d), the photocurrent density increased
drastically for MT-2 compared with M. When TiO,@NH,-
MIL-125(Ti) converted completely to TiO,, the photocurrent

density decreased significantly. Eelectrochemical impedance
curves were measured (Fig. 6(e)) to investigate the charge
transfer resistance. Obviously, MT-2 had a smaller radius of
Nyquist circle compared with M, indicating smaller charge
transfer resistance and faster carriers transfer rate. The res-
ults demonstrated that MT-2 exhibited the highest carriers’
transfer and separation efficiency compared with M and M
derived TiO,.

Based on the discussions, the as-synthesized TiO,@NH,-
MIL-125 nanocomposites have many advantages for pho-
tocatalytic Cr(VI) reduction. Firstly, the mesoporous struc-
ture of NH,-MIL-125 derived TiO,@NH,-MIL-125 nano-
composite can efficiently accelerate mass/charge transfer,
and thus improve the conductivity of photocatalyst. The res-
ult was further proved by the contact angle measurements
(Fig. S5). The contact angles were 59.14° for M and 12.81°
for MT-2. The lower contact angle for MT-2 indicates the
higher hydrophilicity, which can facilitate the mass/charge
transfer during the photocatalytic degradation of Cr(VI) re-
duction reaction. Secondly, the unsaturated titanium—oxo
cluster provides more active sites, improving the adsorption
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of reactant and surface photoredox reaction. Lastly, the in-
timate interface between the two components can accelerate
the separation and transport of carriers. Therefore,
Ti0,@NH,-MIL-125 nanocomposite would be a promising
photocatalyst for Cr(VI) reduction.

3.3. Photocatalytic degradation of Cr(VI)

TiO,@NH,-MIL-125 nanocomposites were applied to
photocatalytic degradation of aqueous Cr(VI) solution under
pH of 6, which was made of K,Cr,0; dissolved into distilled
water. As shown in Fig. 7(a), all the TiO,@NH,-MIL-
125(Ti) nanocomposites (MT-0.5, MT-1, MT-2) displayed
better photocatalytic performance than NH,-MIL-125 (M)
under 300 W of Xe lamp irradiation. Typically, MT-2
demonstrated the highest photocatalytic degradation effi-
ciency among all the samples, and Cr(VI) was removed
nearly 100% within 40 min. Comparably, NH,-MIL-125
(M), MT-0.5, MT-1, and NH,-MIL-125 derived TiO, depic-

0.16
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ted ~20%, ~48%, ~77%, and ~87% removal efficiency with-
in 40 min. Correspondingly, the apparent reaction rate con-
stant (k) was calculated by the pseudo-first order model ac-
cording to the equation In(C/C,) = —kt, where C; is the ori-
ginal concentration of Cr(VI), and C, is the concentration of
Cr(VI) at time ¢. The rate constants for all the samples fol-
lowed the order that MT-2 > TiO, > MT-1 > MT-0.5 > M,
further confirming the highest photocatalytic reaction rate of
MT-2 (Fig. 7(b)). Furthermore, the surface state and compos-
ition of the used photocatalyst (MT-2 as representative) after
the photocatalytic Cr(VI) reduction reaction were investig-
ated via XPS. As shown in Fig. S6(a), Cr element can be ob-
served in the survey spectra of the used MT-2 except C, N, O,
and Ti. As shown in the high resolution XPS spectrum of Cr
(Fig. S6(b)), the binding energies at ~587.2 and ~577.3 eV
corresponded to cr*t 2py, and cr* 2psp- The results indic-
ated that all of the toxic Cr(VI) has been converted to Cr(III)
through the photocatalytic reduction reaction [60].
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periments of photocatalytic Cr(VI) reaction over MT-2; (e¢) XRD patterns and (f) FTIR spectra of MT-2 before and after Cr(VI) re-

duction experiments.

The pH of Cr(VI) aqueous solution is also a critical factor
that determining Cr(VI) reduction efficiency in practical ap-
plications of photocatalysts. Taken MT-2 as example, the ini-
tial pH of the Cr(VI) solution was adjusted at 2, 4, 6, 7, or 8 to
investigate the photocatalytic Cr(VI) reduction performance.
As displayed in Fig. 7(c), Cr(VI) can be nearly removed
within 20 min at pH of 2 and 3, and removed completely
within 40 min at pH of 6. The reason is that lower pH is ther-
modynamically conducive to the reduction of Cr(VI) [61].
When pH was increased to 7 or 8, the degradation efficiency
remarkably deteriorated because of the forming of Cr(OH),
precipitate, which adhered to the active site of the catalyst

and hindered the photocatalytic reaction [62].

Stability and reusability are also determinative factors for
photocatalysts in practical applications, and MT-2 was selec-
ted as representative for the stability tests. The long-term sta-
bility of MT-2 in photocatalytic Cr(VI) reduction was invest-
igated via cycling experiments and is shown in Fig. 7(d). Ob-
viously, no apparent deterioration of photodegradation effi-
ciency can be observed after 5 cycles, demonstrating excel-
lent stability of MT-2. The XRD patterns (Fig. 7(e)) and
FTIR spectra (Fig. 7(f)) of the used MT-2 were similar to
those of the unused photocatalyst, indicating that the crystal-
line structure and composition of the photocatalyst also re-
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mained intact. Moreover, the SEM image shown in Fig. S7
indicated that the morphology of used photocatalyst was well
retained. The results indicated the excellent reusability and
stability of the TiO,@NH,-MIL-125 nanocomposite pho-
tocatalyst.

Further, high-pressure xenon lamp assigned with band-
pass filters with central wavelengths of 365, 400, and 500 nm
was used as light source to evaluate the photocatalytic per-
formance of MT-2 and the results are shown in Fig. S8(a). It
can be seen that Cr(VI) was nearly removed completely after
100 min over high-pressure with filters of 365 nm. Compar-
ably, Cr(VI) was nearly removed completely after 2 h for
MT-2 with filters of 400 nm and was removed ~80% after 2 h
for MT-2 with filters of 500 nm. The apparent reaction rate
constants (k) were calculated and are shown in Fig. S8(b), in-
dicating the rate constant for MT-2 decreased with the in-
crease of central wavelength for band-pass filters. Thus, it
can be concluded that the MT-2 demonstrated rather excel-
lent photocatalytic performance when the wavelength of
photon increased to 400 and 500 nm, illustrating the pho-
tocatalyst has excellent photocatalytic performance over a
broad solar spectrum.

MT-2 was also used for photocatalytic degradation of
methylene blue (MB) under the same irradiation. The de-
gradation curve is shown in Fig. S9 and ~25% MB was de-
graded after 3 h irradiation.
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3.4. Possible photocatalytic mechanism

The electronic structures of NH,-MIL-125 and NH,-MIL-
125 derived TiO, were investigated via Mott-Schottky meas-
urements. As shown in Fig. 8(a), the n-type semiconductor
feature could be observed, and the flat band potentials (£y,)
determined from the x-axis intercepts of the liner region were
—0.70 V vs. Ag/AgCl and —0.56 V vs. Ag/AgCl for M and
TiO, (equivalent to —0.50 vs. NHE and —0.36 V vs. NHE).
The flat band potential is more positive by approximately
~0.1 V than the bottom of the conduction band for n-type
semiconductors [63]. Therefore, the LUMO of M and the
CBM of TiO, could be regarded as —0.60 V vs. NHE and
—0.46 V vs. NHE. Based on the plots of (ahv)® versus hv
(Fig. 8(b)), where a, h, and v represent the adsorption coeffi-
cient, Planks constant, and incident photon frequency, the
bandgap energies of M and TiO, were ~2.70 eV and ~3.24
eV. Combined with the bandgaps of M and TiO,, the HOMO
of M and VBM of TiO, could be estimated to be +2.1 V and
+2.78 V vs. NHE according to Eyp = Ecp + E,, where E, is the
band gap energy, Eyg is the valence band (VB) potential, and
Ecg is the conduction band (CB) potential. The calculated
VBM and HOMO of TiO, and M can also be verified by the
valence band XPS (Fig. S10) [64].

Additionally, the carrier densities (Ny) of M, MT-2, and
NH,-MIL-125 derived TiO, were calculated based on Mott-
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Fig. 8. (a) Mott-Schottky curves at 1000 Hz of M, MT-2, and TiO, (C is the capacitance of the space charge region); (b) band gaps
of M and TiO,; (c) effect of different scavengers on Cr(VI) reduction; (d) EPR spectra of e trapped by TEMPO over M, MT-2, and
TiO,.



638

Schottky plots and the results are shown in Table S5 [65].
The N, values were 1.65 x 107, 2.36 x 10%, and 1.48 x 10%
cm” for M, MT-2, and TiO,. MT-2 had a higher N, value
compared with TiO,, whichis contributed to higher pho-
tocatalytic performance. It’s worth mentioning that M had a
higher N; value than MT-2, but the higher carrier density for
M did not lead to improved photocatalytic performance be-
cause of the limited transfer and separation efficiency of car-
riers.

In order to investigate the active species produced in the
photocatalytic reaction, a series of free-radical trapping ex-
periments were performed. The scavengers including ethyl-
ene diamine tetraacetic acid disodium salt (EDTA-2Na), N,,
isopropanol (IPA), and potassium peroxydisulfate (K,S,0s)
were employed to quench the holes (h"), superoxide radials
(-O3), hydroxyl radicals (-OH), and electrons (e") generated
in the photocatalytic reaction. As depicted in Fig. 8(c), the
photocatalytic Cr(VI) reduction efficiency over MT-2 was
suppressed to ~50% within 40 min with the addition of
K,S,05 (€). It can be inferred that e are the chief carriers in
the process of Cr(VI) reduction reaction. Meanwhile, the
photocatalytic efficiency was slightly suppressed with the ad-
dition of N, (-0O3), indicating -O; which formed via reaction
between electrons and O, molecules absorbed on the surface
of photocatalyst can also be an important radical in pho-
tocatalytic Cr(VI) reduction reaction. The result could fur-
ther convince that e~ is the upmost active radical in Cr(VI) re-
duction reaction. The photocatalytic efficiency has no appar-
ent changes with the addition of IPA (-OH), indicating -OH
is not the chief species in photocatalytic reaction. Unusually,
photocatalytic Cr(VI) reduction efficiency was enhanced
slightly with the introduction of EDTA-2Na (h"). The reason
can be explained that EDTA-2Na would capture photogener-
ated holes, which can suppress the recombination of photo-
generated carriers, and then permit more free electrons parti-
cipating in the Cr(VI) reduction reaction.

Additionally, the EPR spin-trap measurements were con-
ducted to validate the active species. The 2,2,6,6-tetra-
methylpiperidine-1-oxyl (TEMPO)-e” measurements for M,
MT-2, and MT derived TiO, under the irradiation for 5 min
are shown in Fig. 8(d) and triplet EPR spectrum with intens-
ity of 1:1:1 can be observed. MT-2 had the weaker TEMPO-
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e signal compared with M and TiO,, indicating improved
photogenerated electrons in the photocatalytic process. Also,
5,5-dimethyl-1-pyrrolidine-N-oxide (DMPO)--O; measure-
ments were employed and are shown in Fig. S11. Four typic-
al signals of DMPO--O; can be detected upon irradiation for
5 min. Notably, the DMPO--OJ signal for MT-2 was much
stronger than those of M and TiO,. The results agree well
with the best photocatalytic performance of MT-2.

According to the band alignments of TiO, and NH,-MIL-
125(Ti) as well as the radical generation results, the type-II
photocatalytic Cr(VI) reduction scheme was proposed
(Fig. 9). The schematic bandgap of TiO,@NH,-MIL-125(T1)
nanocomposites is shown in Fig. 9(a). When irradiated with
Xe lamp, photogenerated electrons transfer from the organic
linker of NH,-MIL-125(Ti) to the titanium—oxo cluster, leav-
ing the holes in the organic ligand. TiO, generates electron—
holes pairs in the CB and VB respectively. Further, the pho-
toinduced electrons in the LUMO of NH,-MIL-125 are apt to
migrate from the LUMO of NH,-MIL-125 to the CB of TiO,
driven by the potential difference, and photogenerated holes
in the VB of TiO, migrate to the HOMO of NH,-MIL-125.
The transfer route of photogenerated electron—holes leads to
efficient separation of photogenerated electron—hole pairs in
TiO,@NH,-MIL-125(Ti) composite. Consequently, the pho-
togenerated electrons accumulated in the CB of TiO, can in-
volve into the Cr(VI) reduction reaction. Also, because the
potential of O,/-O3 (—=0.33 eV vs. NHE) is more positive than
the CB of TiO,, the electrons accumulated on the CB of TiO,
react with the dissolved oxygen to generated O3, which is
thermodynamically feasible. Accordingly, photogenerated
electrons and -O; are both involved into the photocatalytic
Cr(VI) reduction reaction.

In brief, the schematic diagram of reduction path of
Cr(V]) ions can been depicted in Fig. 9(b). Firstly, Cr(VI)
ions adsorb on the surface of photocatalyst, and then are re-
duced to Cr(III) by the photogenerated electrons and -O; pro-
duced by TiO,@NH,-MIL-125(Ti) composite. Finally, the
Cr(IIl) is desorbed for the surface of photocatalyst and re-
leased into the solution. TiO,@NH,-MIL-125 as a pho-
tocatalyst in Cr(VI) photoreduction provides efficient gener-
ation and separation of photogenerated electron—holes pairs,
and thus achieves excellent photocatalytic performance.

(a) Schematic bandgap of TiO,@NH,-MIL-125(Ti) nanocomposites; (b) schematic diagram of photocatalytic reduction path
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4. Conclusion

In summary, we adopted a facile method to prepare
TiO,@NH,-MIL-125(Ti) nanocomposites via an in situ dis-
tilled water-etched route using NH,-MIL-125(Ti) as precurs-
or. The prepared TiO,@NH,-MIL-125(Ti) nanocomposites
have mesoporous structure and unsaturated Ti—O clusters,
which endow them improved photocatalytic Cr(VI) degrada-
tion efficiency. Compared with NH,-MIL-125(Ti) and NH,-
MIL-125(Ti) derived TiO,, the optimized MT-2 exhibited
superior Cr(VI) degradation efficiency and possessed good
reusability and stability. Based on the structure and thermo-
dynamic characteristics, the type-1I scheme mechanism was
speculated to boost the separation of photogenerated carriers
and the formation of reactive species. This work proposes a
promising and eco-friendly route for preparing TiO,@NH,-
MIL-125(Ti) nanocomposites and opens up a new pathway
for water remediation.
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