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A B S T R A C T

Metal organic frameworks (MOFs) are exploited in many applications of materials science and very recently
were investigated as precursors or reagents for material synthesis. In a new way different from previous ap-
proaches, here we introduce for the first time the synthesis of metal oxide MxOy in the presence of M-free MOF
acting partially as a sacrificial template and as a provider of doping metal atom. We demonstrate this approach
in the case of ZnO prepared by a simple hydrothermal method in the presence of a Zn-free MOF like MIL-53(Al)
or MIL-125(Ti). The resulting ZnO show low content of Al or Ti< 2% and properties are significantly different
depending on whether MIL-53(Al) or MIL-125(Ti) are used or if no MOF is present. The nature and presence of
MOF has different major effects on the morphology, the specific surface area of as prepared ZnO and also on the
oxygen defects in its crystal structure. Corroborating the XPS, UV–vis DRS, PL, EPR and DFT studies evidence the
role of such O-defects on band gap narrowing for samples calcined at 400 °C. These exhibit high efficiency in
photodegradation of methyl orange (MO) compared to ZnO prepared in MOF-free conditions or previous lit-
eratures. The kinetics of MO degradation is different depending on the morphology, the specific surface and
oxygen defects. The present data open the door to a new approach of the synthesis of metal oxides and a control
of their properties.

1. Introduction

One of the most realistic and efficient green solutions for the
overwhelming energy and environmental crisis rely on photocatalytic
processes. Diverse pollutants can be degraded into carbon oxide and
water [1,2], and from this point of view, zinc oxide is one of the
common an attractive semiconductors. Due to its wide band gap
∼3.3 eV, exciton binding energy of 60mV, good thermal stability and
chemical stability, ZnO has wide applications in photocatalysis [3–5],
solar cells [6,7], gas sensors [8,9] and other fields [10,11].

The performance of such photocatalysts can be enhanced through
optimizing micro- and nanostructuration to obtain high photon ab-
sorption, high specific area and efficient separation of charge carrier
[12,13]. Photocatalysts with hierarchical structures are generally ob-
tained through controlled assembling of primary particles into sec-
ondary structures generally with the aid of templates. Such hierarchical
structure is important at different levels for photocatalytic reactions.

First, incident light repeatedly scattering on the surface of the multi-
level structure can increase the absorption efficiency. Additionally, this
may reduce charge-hole recombination and enhance their presence at
the surface of the photocatalyst. Finally, a hierarchical structure from
the macro to the microscale level is generally targeted to succeed in
high specific surface area and therefore to increase the proportion of
active catalytic sites. Various recent synthetic methods have been de-
veloped to prepare zinc oxide (ZnO) with hierarchical microstructures
such as nanospheres [14], nanowires [15], nanoflowers [16], nanorods
[17], etc.

In a continuous effort to find new ways of synthesizing materials
and with the idea of producing materials with better performances, we
have considered the synthesis of ZnO using Zn-free Metal Organic
Frameworks (MOFs) like MIL-125(Ti) and MIL-53(Al), these latter
being easily available and well-known hybrid coordination compounds
combining metal centers and organic ligands with functional groups
[18,19]. Because of the tremendous porosity that they can exhibit, the
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huge specific surface area and their regular structures, some of the
MOFs have been applied in the field of adsorption [20], hydrogen
storage [21], catalysis [22], etc.

MOFs themselves such as SMIL-NH2 [23] and HKUST-1 [24], were
checked as catalysts of the photodegradation of organic compounds in
waste-water. Although they exhibit interesting performances in the
photodegradation for water pollutants, however, they suffer of a severe
limitation due to their instability under the acid or alkaline conditions
[25,26]. Meanwhile, in order to enhance the adsorption performance
during the photocatalytic reaction, MOFs had been loaded onto the
surface of other photocatalysts [27,28]. More frequently, MOFs are the
precursors of metal oxides; in the case of ZnO this third way consist in
converting by a thermal or chemical process a Zn-containing MOF,
specially MOF-5 and ZIF-8, leading to a pure ZnO or ZnO/C nano-
composites if pyrolysis is used [29–32]. With MOF-5 and ZIF-8 as Zn-
sources, ZnO is grown as hetero-nanostructured nanocrystals with good
efficiency in photocatalytic hydrogen production [33] and CO2 reduc-
tion [34], respectively. In order to enhance the adsorption and photo-
catalytic activity, the precursor of Zn-based MOFs can be converted into
C- or N-doped ZnO nanocrystals not only with high specific surface
area, but also with inheriting the micromorphology of MOFs templates
[27,35].

It is worthwhile to mention that, in an opposite route, metal oxide
like ZnO can be used as an efficient nucleating agent and a source of
metal cation, here Zn2+, to form highly oriented MOFs layers applied in
catalyst [36,37], adsorbents [38], Zn-air battery [39], catalyst [40], etc.
In all these previous reports on the preparation of ZnO from MOFs, the
latter is the source Zn ions. Our approach is completely different, and to
the best of our knowledge, it is not the subject of any previous reports.
Here, we do not consider the MOFs as the Zn-source, but only as a
template and a possible source of another metal, Al and Ti in the pre-
sent case, as a potentially doping element of ZnO, as shown illustration
of the general concept in Fig. 1. In addition, MOFs were introduced in
very low quantity compared to the quantity of ZnO precursors. We
found that MOFs, here MIL-125(Ti) or MIL-53(Al), are transformed by
the process, at the same time that it provides a possible template and a
source of other metal for the growth and/or doping of the ZnO. We also
wanted to compare the effect of different MOFs on this ZnO process.

In comparison with the use of zinc acetate as ZnO precursor, we
explore how ZnO grains growth can be controlled by the MOFs

structure that itself is slowly hydrolyzed in the alkaline condition. We
found that the metal cation of the MOFs was sparely incorporated into
the ZnO nanocrystals. Several advanced techniques were applied to
investigate the effect of MOFs templates on the properties of ZnO na-
nocrystals such as spectroscopy (FT-IR, Raman), XRD, N2 adsorption,
scanning electron microscopy (SEM), transmission electron microscope
(TEM), etc. The photocatalytic activities of ZnO nanocrystals were
evaluated for methyl orange degradation by a set of different and
complementary studies.

2. Experimental

2.1. Materials

Terephthalic acid, aluminum nitrate nonahydrate Al(NO3)3·9H2O,
titanium(IV) n-butoxide Ti(O-(CH2)3−CH3)4, methyl orange (MO,
96%), methanol, ethanol, zinc acetate Zn(OCO−CH3)2, potassium hy-
droxide and N,N-Dimethylformamide (DMF) were purchased from
Aladdin Industrial Corporation, China. DMF and methanol were dis-
tillated with calcium hydroxide before experiment in order to remove
residual water and stored on molecular sieve (4 Å). Polyethersulfone
(PES) membrane (Φ13 mm×0.22 μm) was purchased from Jin Teng
Experimental Equipment Co., Ltd., Tianjin, China. All the chemical
reagents mentioned above were of analytical grade and used without
further purification.

2.2. Preparation of metal-organic frameworks

MIL-53(Al) was prepared according to a previously reported pro-
cedure [41] briefly, terephthalic acid (1.55 g, 9.36mmol) was firstly
dissolved in DMF (120mL) in a beaker. Then Al(NO3)3·9H2O (2.36 g,
6.30mmol) was mixed into terephthalic acid solution. After stirring for
30min at 25 °C, the solution was transferred into a 200ml Teflon-lined
autoclave and then kept at 220 °C for 72 h. After cooling to 25℃, a
white powder was obtained. The sample was washed three times with
DMF and anhydrous ethanol, respectively. The collected powder was
vacuum dried at 50 °C for 12 h to get final products. After cooling down
to room temperature, 1.65 g of MIL-53(Al) had been obtained with the
yield of 42.01% and stored in the desiccator with silica gel.

MIL-125(Ti) was prepared by following a previously reported

Fig. 1. Nomenclature of the samples and schematic illustration of the fabrication of ZnO nanosheets templated by MIL-125(Ti) and MIL-53(Al).
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procedure [42]: terephthalic acid (1.5 g, 9mmol) was firstly dissolved
in a mixture of DMF (27mL) and methanol (3mL). Then titanium(IV) n-
butoxide (0.78mL, 2.25mmol) was mixed with the solution, stirred for
30min at 25 °C and then introduced into a 100ml Teflon-lined auto-
clave, kept at 150 °C for 24 h. After cooling to 25 °C, a white powder
was obtained. The sample was washed by DMF and ethanol with three
times, respectively. Finally, the powder was vacuum dried at 50 °C for
12 h. After cooling down to room temperature, 0.454 g of MIL-125(Ti)
with the yield of 19.91% had been also stored in the desiccator with
silica gel.

2.3. Preparation of MIL53-ZnO and MIL125-ZnO using MOFs as reactive
templates

ZnO nanocrystals were prepared by hydrothermal method using
MIL-53(Al) and MIL-125(Ti) as reactive templates. The detailed pro-
cedures were as follows: powder of MIL-53(Al) (Al(OH)[O2C-C6H4-
CO2]) (0.104 g, 0.5mmol) or MIL-125(Ti) (Ti8O8(OH)4(O2C-C6H4-
CO2)6) (0.098 g, 0.0625mmol) was added gradually in a beaker con-
taining an aqueous solution of zinc acetate 0.2M (40mL, 8mmol) with
continuously magnetic stirring (400 rpm) for 30min at 25 °C. Next,
under continuous stirring, an aqueous solution of potassium hydroxide
2M (16mL, 32mmol) was added dropwise to the suspension and ad-
ditionally stirred for 30min. The mixture is then transferred into a
100mL Teflon-lined autoclave and reacted at 200℃ for 12 h under
static conditions and autogenous pressure. Cooled back to 25℃ in
ambient atmosphere, the as-prepared suspension was separated by
centrifugation (8000 rpm) for 15min and washed with anhydrous
ethanol (50mL). Then, the solid product was freeze-dried (-50 °C, va-
cuum pressure< 10 Pa, 24 h) and the dried product was grinded in the
agate mortar to obtain a soft white powder of MIL53-ZnO (0.65 g) and
MIL125-ZnO (0.70 g) in respectively 86.8% and 93.6% yield. For
comparison, ZnO sample was prepared by the same procedure without
addition of any MOFs, it is labelled ZnO-TF.

2.4. Thermal treatment of MIL53-ZnO and MIL125-ZnO

Finally, the powders were calcined at either 400 °C, 600 °C or 800 °C
for 2 h (heating rate: 5 °C /min, flow of air) to obtain MIL125-ZnOx, and
MIL53-ZnOx, with respectively x=400, 600 and 800. ZnO-TF400 was
obtained by calcination at 400 °C for 2 h of ZnO-TF. After calcination
treatment, the yields of the samples were all above 99%.

2.5. Characterizations

The crystal structural properties of samples were analyzed by a
(Rigaku, Ultima Ⅳ, Japan) X-ray diffractometer (XRD) with Cu Kα
radiation in the Bragg angle ranging between 5° and 80°. The thermo-
gravimetric analysis (TGA) curves of all the samples were measured
using STA-449 thermogravimetric analyzer (Netzsch, Germany) under
air atmosphere using a temperature range of 30 °C–800 °C at a heating
rate of 10 °Cmin−1. The surface morphologies of all the samples were
measured by (FEI, Nova NanoSEM 230, USA) scanning electron mi-
croscopy (SEM) at an accelerating voltage of 5–10 kV, together with
(Horiba, XMX 1011, Japan) energy dispersive spectroscopy (EDS). The
detailed microstructures of all the samples were investigated by using
(JEOL, JEM-2100, Japan) transmission electron microscopy (TEM) with
a field emission gun operating at 200 kV. Attenuated Total Reflection
Fourier transform infrared (ATR-FTIR) spectra were carried out using
an FT-IR spectroscopy (Pekin-Elmer, 1600, USA) within the wavelength
range of 400-4000 cm-1. The X-ray photoelectron spectroscopy (XPS)
spectra of samples were attained in an ESCALAB 250 instrument
(Thermo Scientific, USA) with Al Kα radiation monochromatic source.
Raman spectra measurements were carried out using Invia Reflex
Raman Microscope (Renishaw, UK) equipped with a 532 nm laser
source. The specific surface area and pore size distribution of the

samples were both determined by N2 adsorption /desorption on a
Micrometrics ASAP-2010 adsorption apparatus. UV–vis diffuse reflec-
tion absorption spectra (UV–vis DRS) were recorded in the range of
300–600 nm by UV–vis spectrophotometer (Shimadzu, UV 3600,
Japan) equipped with an integrating sphere using BaSO4 as a reference.
The Photoluminescence spectroscopy (PL) spectra of the samples were
investigated using LS55 spectrophotometer (Perkin-Elmer, USA) with
325 nm excitation wavelength. The photocurrent measurements and
electrochemical impedance spectroscopy were performed at a
VersaSTAT MC electrochemical workstation (Princeton, USA). The
measurement was carried out in a conventional three-electrode cell,
with a glassy carbon electrode as the working electrode [43], Pt plate
and Ag/AgCl electrode as the counter electrode and reference electrode,
respectively. Electron paramagnetic resonance (EPR) measurements
were performed on an EMXnano spectrometer (Bruker, Germany) op-
erating at a frequency of 9.4 GHz at 77 K. Photo-generated %OH and %O2-
radical species in the photocatalytic process were detected with 5,5-
Dimethyl-1-pyrroline N-oxide (DMPO) as a trap agent. 50mg of pho-
tocatalyst in the 5ml of DMPO (0.5 mM) solution was UV-irradiated by
a 100W Hg arc lamp within 5min.

2.6. Structure models and computational details

First―principles calculations were performed with the projector-
augmented wave (PAW) method [44] as implemented in the Vienna ab-
initio Simulation Package VASP code [45]. The generalized gradient
approximation to exchange and correlation of Perdew, Burke and
Ernzerhof (PBE) [46] is used for DFT level. Energy cutoff for the plane-
wave basis is 500 eV, and a 16× 16×10 Γ―centered Monkhorst–Pack
k-mesh is used for pristine ZnO calculations. Standard DFT is notorious
for its well-known underestimate of bandgap. To obtain reasonable
bandgap, we take the DFT+U framework, in which the Dudarev’s
approach [47] is used for Zn-d states, i.e., (U-J)Zn= 6 eV. We also
added some non-local external potential (NLEP) parameters for the
empirical band-gap correction [48]. The calculated ZnO bandgap is
3.35 eV as shown in Fig. 7, in good agreement with our experimental
results 3.22 eV. For ZnO with oxygen vacancies, we construct 3×3 ×
2 supercell with one oxygen vacancy to obtain impurities concentration
comparable with our experiments. Convergence criteria of energy and
force are set to 1×10−5 eV and 0.01 eV Å−1, respectively, for all
calculations.

2.7. Evaluation of photocatalytic activity

The photocatalytic performances of the samples were analyzed by
the degradation of methyl orange (MO) aqueous solution carried out in
a quartz tube reactor under the irradiation of UV source (100W Hg arc
lamp). A suspension of the photocatalyst (25mg, 0.31mmol) in an
aqueous solution of methyl orange (100mL, 25mg/L) was magnetically
stirred in the dark at 30 ℃ for 30min in order to reach the absorption
equilibrium and filtered 5ml of the suspension with PES membrane.
After ignition of the UV source, an aliquot (5mL of the suspension) was
drawn and filtered each using a PES membrane at 15min, 30min,
60min, respectively. The photodegradation efficiency of MO solution
was measured by UV–vis spectrophotometer (Shimadzu, UVmini-1240,
Japan) under the maximum absorption wavelength (463 nm). Other
control experiments, such as pH (controlled by 0.1M HCl and 0.1M
NaOH), photocatalyst concentration, MO concentration and scavenger
(t-Butanol, 5 mL) were carried out according to the above procedure.

3. Results and discussion

ZnO-based materials were prepared as powder and in high yield by
a direct one-pot hydrothermal process of Zinc (II) acetate in KOH so-
lution in the presence of powder of either MIL-125(Ti) or MIL-53(Al).
These were first characterized in order to identify as much as possible

H. Xiao et al. Applied Catalysis B: Environmental 244 (2019) 719–731

721



their transformation and role during the process of formation of ZnO.
The morphologies of the particles of MIL-125(Ti) and MIL-53(Al), a

crucial point in the view of their possible effect on the morphology of
the resulting ZnO materials. By SEM analysis shown in Fig. 2-a, b, MIL-
125(Ti) appeared as micrometric particles (3–5 μm) with morphology
in between ovoidal or flat cube with round corners. Differently, the size
of the particles of MIL-53(Al) was submicrometric, in the range of
30–100 nm, much smaller than MIL-125(Ti). Nonetheless, from BET
analysis in Table S2, both MOFs have very high specific surface area,
776.8 m2 g−1 for MIL-53(Al), and up to 984.2m2 g-1 for MIL-125(Ti).
However, the pore volume and pore size of MIL-53(Al) were 6.4 times
and 4.5 times larger than that of MIL-125(Ti), respectively. MIL-53(Al)
and MIL-125(Ti) were both confirmed by X-ray diffraction patterns in
Fig. 2-c that were in good accordance with the simulated XRD from cif-
files of CCDC 751157 and 220475, respectively. CCDC 751157 and
220475 contain the supplementary crystallographic data for this paper.
[49,50] The main peaks of MIL-125(Ti) were assigned to the (011),
(002) and (121) planes. [51] And the main bands of MIL-53(Al) were
ascribed to the (101), (200), (011), (202) and (112) planes. [52] In the
same idea, the FT-IR spectra of MOFs (Figure S1) presented the typical
absorbance reported in previous literature for these materials like for
MIL-125(Ti) [53] the −COO group (1686 and 1377 cm−1), the –C4H6

ring (1018 and 749 cm−1) and the O-Ti-O group at 400-800 cm−1 [54].
The peak at 1273 cm-1 was also assigned to the C–O vibration [55], and
the one at 1694 cm−1 to the unreacted free carboxylic groups
(−COOH) from terephthalic acid which was also identified by the peak
at 1686 cm−1 in the spectrum of MIL-125(Ti) [56].

Hydrothermal treatment of zinc acetate was performed in 2M KOH
solution at 200 °C, with or without MOFs. In the former case the Zn/Ti
and Zn/Al molar ratio were equal to 16/1; this low molar ratio being
chosen in order to show the effect of a low quantity of MOFs on the
synthesis of ZnO. Possible evolution of the MOFs during the hydro-
thermal treatment is a progressive dissolution leading to soluble spe-
cies. Although we were not able to identify them, one can propose the
formation of organic ones like potassium terephthalate and inorganic

ones like potassium aluminate KAlO2 or potassium titanate K4TiO4.

Once separated by centrifugation, the solid ZnO samples were analyzed
before or after calcination.

By TGA analysis in air (Fig. 2-d), MIL-125(Ti) and MIL-53(Al) pre-
sent an inorganic yield or respectively 37.2% and 41.6% at 800 °C
corresponding to the formation of respectively TiO2 and Al2O3. For
MIL-125(Ti) with the formula of Ti8O8(OH)4(O2C-C6H4−CO2)6, [57]
the theoretical inorganic yield of TiO2 should be 40.8% after calcina-
tion in air. With formula of Al(OH)[O2C-C6H4−CO2],ceramic yield for
MIL-53(Al)should be 26.0% corresponding to the formation of Al2O3

[58]. The discrepancy between the theoretical and experimental values
was ascribed of adsorbed water and solvent and this was supported by
the important weight loss before 200℃. Aside this, MIL-125(Ti) and
MIL-53(Al) were stable up to 436℃ and 475℃, respectively. As shown
in Fig. 2-d, MIL125-ZnO and MIL53-ZnO present very low weight loss
before calcination, respectively 2.1% and 0.3%. After calcination, the
weight loss is not significant (Figure S2). It suggests a complete de-
composition of the MOFs structure during the hydrothermal process
and the removal of any soluble species during the filtration.

Fig. 3-a, b shows the XRD data of ZnO samples prepared by reactive
templating with either MIL-53(Al) or MIL-125(Ti) before and after
calcination. All diffractograms exhibit the typical diffraction peaks at
31.86°, 34.52°, 36.35°, 47.54°, 56.60°, 62.86°, 66.38°, 67.96° and 69.10°
indexed to reflections of ZnO (JCPDS 36–1451; respectively (100),
(002), (101), (102), (110), (103), (200), (112) and (201)) and con-
sistent with hexagonal wurtzite structure of ZnO. This is also observed
for ZnO-TF400 prepared in the absence of any MOFs. Therefore, we
assumed that during the hydrothermal treatment, the MOFs structure
was completly reacted and destroyed at the same time that the ZnO
formed. Careful observation of the spectra did not allow us to identify
diffraction peaks of any Ti-containing or Al-containing oxides phases.
We further investigated the microstructures of ZnO nanocrystals at
different calcination temperatures by measuring the broadness and 2θ
peaking of three main crystal planes, namely (100), (002) and (101). In
Table S1, the peaks of the three planes had no shifts with different

Fig. 2. SEM images of MIL-125(Ti) (a) and MIL-53(Al) (b), XRD patterns of MIL-125(Ti) and MIL-53(Al) (c), TGA curves of MOFs and MIL-ZnO before calcination
treatment (d).
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calcination temperatures either MIL-53(Al) or MIL-125(Ti). However,
as expected, the calcination conditions had great influence on the
broadness of the signals indicating a grain sizes increase in the fol-
lowing order: MIL-ZnO400<MIL-ZnO≈ZnO-TF400<MIL-
ZnO600<MIL-ZnO800. More interestingly, using any of the three peaks
of the main planes, the crystallites size of ZnO prepared with MIL-
125(Ti) was always smaller than that with MIL-53(Al) although, for the
starting MOFs themselves, the crystallites size of MIL-53(Al) is much
smaller than the one of MIL-125(Ti). N2 adsorption-desorption iso-
therms and pore size distribution of all the samples were respectively
shown in Figure S3-a, b. BET data, such as the specific surface area,
pore size and pore volumes of the samples were listed in Table S2. The
specific surface area of MIL-125(Ti) appeared larger than that of MIL-
53(Al), but the pore volume and pore size of MIL-125(Ti) were smaller
than that of MIL-53(Al). As for the hydrothermal products, the specific
surface area of MIL125-ZnO and MIL53-ZnO reached 24.37m2 g−1 and
15.86m2 g−1, respectively. Whereas, the pore volume and pore size of
MIL125-ZnO were all smaller than MIL53-ZnO, which was similar to the
result between MIL-125(Ti) and MIL-53(Al). After the calcination pro-
cess, all specific surface areas were smaller due the growth and ag-
glomeration of nanograins. The pore volume and pore size of MIL125-
ZnO400 and MIL53-ZnO400 were a little bigger than for the non-calcined
ones, suggesting a collapse of porous structure, resulting in larger me-
sopores.

From SEM analysis in Fig. 4, showed the morphologies of ZnO-TF,
MIL125-ZnO and MIL53-ZnO notably differences between each other.
This is a clear evidence of the effect of the MOFs. These differences are
not lost upon calcination up to 400 °C. And for instance, the pure ZnO of
ZnO-TF before or after calcination, exhibits the six square prism
structure with about 200 nm section diameter and 350 nm in length.
Differently, MIL125-ZnO400 presented a nanoplate or flaky morphology
with a little amount of ultrafine nanosheets of which the thickness was
50 nm. Compared to the MIL125-ZnO400, MIL53-ZnO400 exhibits this
flaky morphology but with much more ultrafine nanosheets in the
samples. On the one hand, increase of temperature of calcination led to
an increase of the ZnO nanoplates’ size derived from MIL-125(Ti) and
MIL-53(Al), and on the other hand, the thickness of ZnO nanoplates
templated by MIL-125(Ti) gradually changed from 30 nm to 80 nm, and
the thickness of MIL53-ZnOx grew from 40 nm to 90 nm. As for the
ultrafine nanosheets of MIL-ZnO, MIL125-ZnOx extended from about
the size of 50 nm to 100 nm with the increase of calcination tempera-
ture, while MIL53-ZnOx notably enlarged from 50 nm to 200 nm. From
energy dispersive spectroscopy in Fig. 4-k, l, MIL125-ZnO and MIL53-
ZnO were mainly composed of zinc and oxygen with low amount of Ti
and Al, respectively. Therefore, it was the first indication that Ti and Al
from MIL-125(Ti) and MIL-53(Al) were integrated into the MOF-tem-
plated ZnO samples. The high-resolution TEM (HRTEM) (Fig.5-a–f) of
regions showed the characteristic lattices fringes of 0.281 nm, 0.265 nm

and 0.272 nm, which were assigned to the (101) plane of ZnO-TF400,
MIL125-ZnO400 and MIL53-ZnO400, respectively. Compared to the ZnO-
TF400, the lattices fringes of the MIL125-ZnO400 and MIL53-ZnO400 was
narrowed, and could result from the crystallites size that was reduced in
those cases according to the data of Table S1. Furthermore, the SAED
patterns in Fig. 5-g and h indicated that the MIL125-ZnO400 and MIL53-
ZnO400 were polycrystalline materials containing (100), (002), (101),
(102), (110) and (103), as also found by XRD (Fig. 3-a, b). Fig. 5-i and j
shows the EDS maps of MIL125-ZnO400 and MIL53-ZnO400, which re-
confirms the presence of Zn, O, Ti and Al, this being an additional in-
dication of Ti and Al incorporation thereof initially present in the
MOFs.

It is known that the morphology of ZnO can be controlled at the
nanoscale by the use of directing agent [59], or by playing with the pH
and Zn(II) concentration in hydrothermal process [60]. In the present
case, dissolution of MIL-53(Al) and MIL-125(Ti) gives soluble salts due
to overdose of alkali source can react with ligands and metal ions as
following functions:

MIL-53(Al): Al(OH)[O2C-C6H4-CO2] + KOH (overdose) → KO2C-C6H4-
CO2K (soluble) + KAlO2 (soluble) (1)

MIL-125(Ti): Ti8O8(OH)4(O2C-C6H4-CO2)6 + KOH (overdose) →KO2C-
C6H4-CO2K (soluble)+K4TiO4 (soluble) (2)

This process may contain competitive mechanism. Due to the OH−

ions were overdose, Al3+ and Ti4+ from MOFs not only transformed
into soluble salts (mainly), but also doped in ZnO nanocrystals growing
(minor). At the same time, the terephthalate anion released in the so-
lution by the MOFs can be considered as one of the possible explanation
for the lamellar morphology of ZnO here. The kinetics of dissolution of
the MOFs were different for MIL-53 and MIL-125 and probably also the
amount of dissolved cations and anions. However, it has also been
shown that metal cations can also lead to an orientation of the mor-
phology of ZnO nanoparticles, especially in the case of Al(III) [61].
Since Al (III), Ti (VI) is hexacoordinated, a similar effect on crystal
growth of ZnO can be expected.

Additional characterization was made by XPS reported in Fig. 6 that
shows the spectra of ZnO samples after calcinations at 400℃. From the
full-pattern spectra of Fig. 6-a, it can be seen that beside Zn and O the
presence of either Ti or Al is clearly related to the use of respectively
MIL-125(Ti) or MIL-53(Al). The presence of carbon (284.8 eV) with low
intensity was ascribed to the carbon dioxide adsorbed on the samples
[62]. In Fig. 6-b, for ZnO-TF400, the peaks at 1044.5 eV and 1021.4 eV
were ascribed as Zn 2p1/2 and Zn 2p3/2 levels of Zn2+ in ZnO [63], in
which the gap of binding energy was 23.1 eV. For MIL125-ZnO400 and
MIL53-ZnO400, the binding energies of Zn 2p1/2 and Zn 2p3/2 was very
little negatively shifted, possibly due to electronic effect or different
valence states with Zn2+. Concomitantly, the gap of binding energies
between Zn 2p1/2 and Zn 2p3/2 of MIL125-ZnO400 or MIL53-ZnO400 all

Fig. 3. XRD patterns of ZnO samples using MIL-125(Ti) (a) and MIL-53(Al) (b) as reactive templates.
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retain at 23.1 eV, which are accordance with the sample of ZnO-TF400.
From O 1 s XPS spectra in Fig. 6-c, deconvolution by Gaussian dis-
tribution suggests three peaks centered at 530.0 eV, 531.6 eV and
533.3 eV, and presently attributed to respectively the lattice oxygen OⅠ,
vacancy oxygen OⅡ and OⅢ the loosely bound oxygen adsorbed onto
the surface of ZnO [64]. Their relative proportions in Table 1 reveal
that the presence of the MOF and its nature has some influence. It is not
understood at present but could be related to the presence of Ti and Al
introduced into the ZnO and possibly decrease the percentage of lattice
oxygen of ZnO, but increase the content of vacancy oxygen [65]. The
relative peak area of vacancy oxygen of MIL125-ZnO400 and MIL53-
ZnO400 is respectively 1.3 and 1.8 times that of ZnO-TF400, indicating
that more oxygen defects have been generated by the presence of
MIL125-(Ti) and MIL53-(Al). As shown in Fig. 6-d, the binding energies
of Ti 2p3/2 and Ti 2p1/2 are located at 458.4 eV and 463.9 eV,

respectively, which are identical to that of Ti4+ of TiO2 [66]. In the
case of Al 2p3/2, the binding energy peak at 73.9 eV can be attributed to
the presence of Al3+ of Al2O3 [67]. Obviously, due to the electronic
interaction between embedded Ti4+, Al3+ and Zn2+, the Ti-O-Zn and
Al-O-Zn bindings were formed in the MIL125-ZnO400 and MIL53-
ZnO400 lattices, respectively. That resulted in a slight lowering binding
energies of Ti4+ and Al3+ compared to the reported references [68,69].
These results once more confirm that Ti and Al had been ideally doped
into ZnO lattices.

To get insight into the effect of the intrinsic structural oxygen va-
cancy on the photocatalytic activities, DFT computations were per-
formed. The bandgap structures and electronic density of states (DOS)
of both pure ZnO and oxygen-defective ZnO were investigated and the
results were illustrated in Fig. 7. The valence band (VB) of ZnO is
mainly attributable to the O-orbit below Fermi level and the conduction

Fig. 4. SEM images of MIL125-ZnO (a), MIL53-ZnO (b), ZnO-TF (c), MIL125-ZnO400 (d), MIL53-ZnO400 (e), ZnO-TF400 (f), MIL125-ZnO600 (g), MIL53-ZnO600 (h),
MIL125-ZnO800 (i), MIL53-ZnO800 (j); EDS of MIL125-ZnO400 (k), MIL53-ZnO400 (l).

H. Xiao et al. Applied Catalysis B: Environmental 244 (2019) 719–731

724



band (CB) is assigned to the Zn-orbit above Fermi level. Upon involving
with oxygen vacancy, the bandgap of ZnO was greatly reduced from
3.35 eV to 2.49 eV, and it should be noted that this bandgap might be
underestimated because of the derivative discontinuity of the exchange-
correlation function in DFT computation. Importantly, examination of
the VB width of oxygen-defective ZnO indicates a slightly increase in
comparison with that of pure ZnO, which is suggestive of a significantly
enhanced holes mobility and an effectively strengthened oxidation ac-
tivity of the holes. And similarly, the blue shifted and broadened CB
also manifests the higher mobility of electrons [70]. Undoubtedly,

involving oxygen vacancies is able to narrow the band gap of ZnO by
generating new valence band and further extend its light absorption
which improved the photocatalytic activity [71]. Therefore, the ex-
istence of oxygen vacancies in ZnO fulfilling narrow the band gap and
promote the motilities and activities of the photo-induced electron-hole
pairs, which will be confirmed by the optical and photocatalytic per-
formance as shown below.

In view of their photocatalytic activity, UV-DRS detecting was ob-
tained for ZnO samples after calcinations at 400℃ to further investigate
the adsorbed wavenumbers and band gap. The latter was calculated by

Fig. 5. TEM images of ZnO-TF400 (a), (b), MIL125-ZnO400 (c), (d), MIL53-ZnO400 (e), (f); SAED images of MIL125-ZnO400 (g), MIL53-ZnO400 (h); EDS mapping
images of MIL125-ZnO400 (i), MIL53-ZnO400 (j).
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Eg = 1240 / λ as abscissa and (αhγ)2 as ordinate in Fig. 8-a [72]. The
band gap was obtained from the intersection of tangent along the upper
part of the curves and abscissa. From Fig. 8-a, the band gap of ZnO-
TF400, MIL125-ZnO400 and MIL53-ZnO400 was 3.22 eV, 3.21 eV and
3.18 eV, respectively. Thus, the absorption edge of MIL53-ZnO400 was
390 nm, a slightly higher value compared to the one for MIL125-ZnO400

(386 nm) and ZnO-TF400 (385 nm). It evidences the possible effects of
the integration of the MOF-derived cation and oxygen defects in the
ZnO crystals, reducing the band gap of ZnO and consequently to a
possible absorption of a higher proportion of the incident light. To
better investigate the band structure of ZnO samples, valence band (VB)
positions of ZnO-TF400, MIL125-ZnO400 and MIL53-ZnO400 were further
tested by XPS spectra and calculated through linear extrapolation
method [73]. In Figure S4, the VB values of ZnO-TF400, MIL125-ZnO400

and MIL53-ZnO400 were respectively 2.78 eV, 2.59 eV and 2.35 eV.
Thus, the conductive band (CB) positions of ZnO-TF400, MIL125-ZnO400

and MIL53-ZnO400 were -0.44 eV, -0.62 eV and -0.83 eV, respectively,
according to the band gaps and VB values.

Raman spectroscopy is a very effective technique for investigating
the microstructure and crystal defects sometime not detected by XRD.
In Fig. 8-b, the Raman spectra of ZnO-TF400, MIL125-ZnO400 and

MIL53-ZnO400 all show three predominant Raman modes centered at
330 cm−1, 380 cm−1 and 437 cm−1 assigned to E2H-E2L, A1

TO and E2H
phonon modes, respectively. The signal at 437 cm−1 is the most intense
peak in all the samples and correspond to the Wurtzite hexagonal
structure of ZnO. [74] The lower intensity of E2H in the MIL125-ZnO400

and MIL53-ZnO400 compared to the one of ZnO-TF400 can be ascribed to
lower crystallites sizes [75] observed by XRD, which was verified that
grain size of three main facets of MIL125-ZnO400 and MIL53-ZnO400

was smaller than that of ZnO-TF400 in Table S1. Importantly, the Raman
peak at 575 cm−1 of ZnO-TF400 belonged to E1LO mode, which can be
assigned to the contribution of oxygen vacancies. Due to Ti and Al
doping in the ZnO, E1LO peak at 575 cm−1 had red shifted and broa-
dened to 584 cm−1 and 586 cm−1 in the Raman peaks of MIL53-ZnO400

and MIL125-ZnO40°, respectively. This red shift and broadening can
suggest the increase of defects such as oxygen vacancies [76].

PL measurements were investigated for optical properties of the
ZnO-TF400, MIL125-ZnO400 and MIL53-ZnO400 with 325 nm excitation
wavelength as shown in Fig. 8-c. The synthesized ZnO-TF400 shows an
emission at 382 nm that referred as UV band edge emission (UV emis-
sion) which originates from recombination of the free excitons [77].
Besides, the emission peak at 675 nm (defect emission) in the PL curve
of ZnO-TF400 can be assigned to the intrinsic oxygen defects that are
attributed to the recombination of photo-generated holes [78]. The
peak at 675 nm for MIL125-ZnO400 and MIL53-ZnO400 is clearly more
intense than for ZnO-TF400, while the intensity of the peak at 382 nm
had no changes. To estimate the photocatalytic activity, the ratio be-
tween defect peak and UV emission peak is sometimes used, in the
present case, this ratio is MIL53-ZnO400>MIL125-ZnO400> ZnO-
TF400. This is in agreement with proportion of oxygen vacancies de-
termined by XPS above in the MIL-125(Ti) and MIL-53(Al). In Fig. 8-d,
with Al and Ti doped into ZnO nanocrystals, the MIL125-ZnO400 and

Fig. 6. XPS spectra of ZnO samples (a), the spectra of Zn 2p peak of ZnO samples (b), the spectra of O 1s peak of ZnO samples (c), the spectra of Ti 2p and Al 2p peaks
of ZnO samples (d).

Table 1
The amount of O1s in the ZnO samples.

Samples EO/eV (AO/Atotal %)

Lattice OⅠ Vacancy OⅡ Adsorbed OⅢ

ZnO-TF400 530.0 (72.6) 531.6 (24.4) 533.3 (3.0)
MIL125-ZnO400 530.0 (65.1) 531.6 (32.1) 533.3 (2.8)
MIL53-ZnO400 530.0 (48.2) 531.6 (43.8) 533.3 (8.0)
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MIL53-ZnO400 presented higher photocurrent than that of ZnO-TF400,
suggesting that the separation of photogenerated charge carriers is
greatly promoted. Also, Nyquist impedance plots of ZnO-TF400,
MIL125-ZnO400 and MIL53-ZnO400 were displayed in Fig. 8-e. MIL125-
ZnO400 and MIL53-ZnO400 exhibited smaller slope than ZnO-TF400,
suggesting that MIL125-ZnO400 and MIL53-ZnO400 will meet less re-
sistance under light.

The defects over the ZnO-TF400, MIL125-ZnO400 and MIL53-ZnO400

were characterized by EPR testing. As shown in Fig. 8-f, the field signal
at g= 1.96 can be attributed to the defects related to oxygen vacancies
[79,80]. Notably, MIL53-ZnO400 displayed stronger signals than that of
MIL125-ZnO400 and ZnO-TF400, indicating the order of Vo content:
MIL53-ZnO400>MIL125-ZnO400> ZnO-TF400. Thus, with the increase
of oxygen defects in the ZnO samples, more oxidative holes will be
photo-generated, which are favor to photocatalytic performance [81].

The photocatalytic activity of ZnO samples prepared with or
without MOFs templates was tested by photodegradation of methyl
orange (MO) under UV-irradiation at 25℃ with the initial pH 7. Other
control experiments, such as pH, photocatalyst concentration, methyl
orange concentration and scavenger (t-Butanol) have been optimized in
Figure S5. In Fig. 9-a–d and Table S3, photodegradation of MO is
plotted as a function of (C0-Ct) / Ct ×100%, with C0 = [MO] after
equilibration in the dark, Ct = [MO] under UV-irradiation at different
time. From Fig. 9-a and b, methyl orange had been removed by 98.15%
and 96.89% after 60min of irradiation, respectively using MIL53-
ZnO400 and MIL125-ZnO400. These non-optimized data corresponded to
a significant improvement of the photocatalytic activity (+15%) when
compared to the 83.10% removal by ZnO-TF400. The data from Table S3
not only shows a higher removal of MO using ZnO prepared by reactive
templating with MOFs, but also a higher rate constant of MO de-
gradation. Fig. 9-c and d shows that photocatalytic rate of ZnO-TF400

was only 2.97×10−2min-1, by comparison the rate constants are the

highest for MIL53-ZnO400 and MIL125-ZnO400, respectively with 2.24
times and 1.94 times the one for ZnO-TF400. Compared with data of the
literature reported in Table 2, the ultrafine MIL53-ZnO400 nanosheets
appear among the highest active materials. Figure S6-a-c show full
wavelength curves for photocatalytic degradation of methyl orange
(MO) at different reaction times of ZnO-TF400, MIL125-ZnO400 and
MIL53-ZnO400, respectively. The photodegradation rates of MIL125-
ZnO400 and MIL53-ZnO400 for MO appear both faster than ZnO-TF400.
The maximum absorption peak at 463 nm for MO molecule became
smaller with the reaction time, which was due to the removal of MO
molecule. Besides, the maximum absorption peak at 463 nm for MO had
been shifting to shorter wavelength because MO had been degraded
into other small molecules [83]. Photostability of ZnO-TF400, MIL53-
ZnO400 and MIL125-ZnO400 were investigated by reusing these catalysts
in consecutive methyl orange (MO) degradation reactions under UV-
irradiation. The photocatalyst was washed with deionized water three
times and vacuum dried at 60 °C for six hours. Figure S6-d shows that
all the samples exhibit a great durability and there are no significant
changes in the photocatalytic activity after five cycles.

In order to investigate the mechanism of photocatalytic reaction,
EPR spectra of ZnO-TF400, MIL125-ZnO400 and MIL53-ZnO400 suspen-
sions under UV irradiation were measured to detect the formation of
generated radical species using DMPO as capture agent. It is well known
that photo-induced holes and electrons are of great importance to im-
plement the photocatalytic process: [86,87]

+ + ++ZnO h ZnO h eVB CB( ) ( ) (3)

+ + ++ + +h H O H OH or h OH OHVB
h

VB( ) 2 ( ) (4)

+e O OCB
h

( ) 2 2 (5)

+ +O H OOH2 (6)

Fig. 7. Total density of states (DOS) of perfect ZnO (a) and oxygen-defective ZnO (c), optimized surface configuration of perfect ZnO (b) and oxygen-defective ZnO
(d). The dotted lines at energy zero represent the Fermi level.
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+ ++O H e H O22 2 2 (7)

H O OH2
h

2 2 (8)

+ +H O e OH OH2 2 (9)

+ + +OH O MO Degradation Products (CO H O)2 2 2 (10)

As shown in Fig. 9-e,f, after 5min UV irradiation, the emerging
peaks were ascribed to trapped hydroxyl radicals (%OH) and superoxide
radical anions (%O2

−). While, neither of the signals of %OH and %O2
−

was detected under dark condition. Under UV irradiation, signals of
either %OH or %O2- were clearly observed, which is generally due to two
phenomena: photo-induced holes in the valence band (VB) can react
with H2O or OH− to generate %OH while electrons in the conduction
band (CB) can reduce oxygen molecules into %O2

−. In addition, the
signals of %OH were stronger than %O2- that indicated that %OH gener-
ated from h+(VB) played the main role while the %O2

− produced from
e−(CB) played the minor role in the photodegradation of MO. Under UV
irradiation, electrons are excited from VB to CB in ZnO, leaving holes on
the VB. Therefore, the holes and electrons are separated in ZnO. Thus,
%OH and %O2- are respectively generated by holes and electrons. Com-
pared to the ZnO-TF400, the signals of %OH and %O2

− belonged to the
MIL125-ZnO400 and MIL53-ZnO400 were more intense, which indicated
that ZnO rich in oxygen defects could produces more oxidative holes.

To propose an explanation of the high activity and the higher rate

constant for MIL53-ZnO400 than that of MIL125-ZnO400, we first note
that the MOFs reactive templating processing of ZnO easily introduces
abundant oxygen defects into ZnO crystals and affects the band gap, the
one of MIL53-ZnO400 being slightly narrower than the MIL125-ZnO400.
On the one hand, oxygen defects in the ZnO crystal are not only as trap
center, but also create impurity layer near valence band which produces
more holes in the VB layer, besides, causes band gap narrowing and
incident light absorption increasing. On the other hand, MOFs reactive
templating also impact porosity, indeed the specific surface area of
MIL53-ZnO400 is smaller than the one of MIL125-ZnO400, but the pore
volume of MIL53-ZnO400 is larger than the MIL125-ZnO400 and might
be suitable for the formation and diffusion of reactive species at the
surface of the photocatalyst. Finally, the MOFs reactive templating by
MIL-125(Ti) and MIL-53(Al) produce a different morphology in each
case, a point that may favor more active sites of the ZnO nanocrystals as
illustrated in Fig. 10.

4. Conclusions

The preparation of ZnO nanocrystals in the presence of Zn-free
MOFs is a new approach of the use of MOFs in metal oxide processing.
In the case of ZnO prepared by hydrothermal process, Zn-free MOFs
have major impact on their characteristics. MIL-125(Ti) and MIL-53(Al)
act as a reactive template affecting differently the morphology, the
structure and the properties of the resulting ultrafine nanosheets ZnO.

Fig. 8. Characterization of ZnO-TF400, MIL125-ZnO400 and MIL53-ZnO400 by UV–vis DRS and UV–vis relationship between band gap energy and (αhγ)2 (a), Raman
spectra (b), PL spectra (c), Photocurrent response (d), Nyquist impedance plots (e), EPR spectra (f).
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Compared to ZnO prepared in MOF-free conditions, the improved
photocatalytic activity is ascribed to the morphology, specific surface
area, Ti or Al content (< 2%) and also to abundant oxygen defects

associated with the presence of the Zn-free MOFs at the synthesis stage.
Altogether, this is opening a new route of broad scope for the pre-
paration of metal oxide by using MOFs in a new role.

Fig. 9. Photocatalytic degradation curves of methyl orange on ZnO using MIL-53(Al) (a), (c) and MIL-125(Ti) (b), (d) as reactive templates, EPR spectra of
DMPO-%OH radicals species (e) and DMPO-%O2

− radicals species (f), color solid lines for the radicals species after 5min UV irradiation, all the green solid lines for the
radicals species under dark condition (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).

Table 2
Comparison of photocatalytic activity of MOF-derived ZnO nanomaterials with other recently reported ZnO photocatalysts.

N. Morphology Catalyst
Conc.
(g/L)

MO conc.
(mg/L)

UV- irradiation
(min)

Degradation
(%)

kapp (min−1)
×10−2

Ref.

1 Spindle 0.6 20 180 95 1.04 [82]
2 Nanorod 4 20 120 95 3.35 [69]
3 Spherical 1 9.8 80 complete 5.73 [83]
4 Corn seed 0.5 10 90 99.7 5.99 [84]
5 Nanosheet 1.5 16.4 240 98 1.35 [85]
6 MIL53-ZnO400 0.25 25 60 98.15 6.65 Present work
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