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From metal—-organic framework to morphology-
and size-controlled 3D mesoporous Cr,0Oz toward

a high surface area and enhanced volatile organic
compound oxidation catalyst+
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Morphology- and size-controlled 3D mesoporous Cr,Oz have always been a research hotspot due to their

wide applications. Herein, we for the first time report that the carbonized Cr-MOFs can ignite spontaneously

at room temperature and form the corresponding 3D mesoporous Cr,Oz with high specific surface areas
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(219.25 to 303.44 cm? g1). More importantly, the shape and size of 3D mesoporous Cr,Osz can be well

controlled by a facile adjustment of the Cr-MOF synthesis conditions. Furthermore, these materials
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Introduction

Chromium oxide (Cr,O3) has been extensively investigated due
to its possible industrial applications in catalysis, lithium ion
batteries, magnetics, gas sensors, wear resistance, H, absorp-
tion material and so on.”™ Up to now, various distinct struc-
tures of Cr,0; have been reported, such as nanofibers,"* hollow
microspheres,> hollow hexagonal pellets and three-
dimensional (3D) mesoporous structures.**> Among these
morphological structures, 3D porous architectures have attrac-
ted increasing attention in recent years, due to their high
surface-to-volume ratio and permeability. In the past, large
amounts of effort have been focused on surfactant-templating
methods with solid porous silica or carbon (e.g. KIT-6, SBA-15,
MCM-41 and PMMA) to synthesize ordered porous structures,
however, template-assisted processes have shortcomings for
practical applications owing to the high cost, low yield and
environmental concerns. Moreover, it is difficult to fabricate 3D
porous Cr,0; with controlled shape and size. The design and
synthesis of metal oxides with different sizes and shapes have
stimulated great research interest, since the chemical and
physical properties of the materials depend not only on their
composition but also on their structures, sizes and morphol-
ogies.”*® Furthermore, it is well known that high surface area
of materials could improve their surface performances, but
there are rare 3D porous Cr,0; reported in previous works with
specific surface area larger than 200 m* g~ (most of them near
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showed an exceptionally high catalytic performance in formaldehyde oxidation. These results are
predicted to offer a novel method in the design and synthesis of 3D porous Cr,Os.

100 m> g~ 1), which greatly limits the performance and appli-
cations of the porous Cr,0;. Thus, methods to synthesize 3D
porous Cr,O; with high specific surface area, shape control,
high yields, low cost and good reproducibility are desirable.

Recently, metal-organic frameworks (MOFs) derived porous
metal oxides (Fe,03," C030,,2° CuO,* NiO/Zn0O?*?*) by calcination
in air have been reported. Due to the homogeneous distribu-
tions of the metal ions/clusters and highly porous structures in
MOFs, the porous metal oxides with controlled shape and size
and high surface areas can be well prepared by using proper
annealing treatment. Although Voskanyan et al. have intro-
duced a porous Cr,0; octahedra synthesis method using MIL-
101(Cr) as a sacrificial template, the extra oxidizer and
reducing agent are needed to initiate combustion reaction.?

Herein, we report a novel and facile route to synthesize 3D
mesoporous Cr,O3 with bipyramidal hexagonal prismatic and
octahedral morphology and high surface area via a MOF auto-
combustion method. Moreover, the morphology and size of
3D porous Cr,O; can be controlled by the MOF preparation
method. Furthermore, these materials exhibited exceptionally
high performance in catalyzing the oxidation of volatile organic
compound (VOC).

Experimental
Materials

All reagents were commercially available and used as received
without further purification. Analytical-grade Cr(NO;);-9H,0
(>99%), terephthalic acid (>99%) and N,N-dimethylformamide
(DMF) (>98%) were purchased from J&K Scientific Ltd. Cr,O3
powder (>99%) was purchased from Thermo Fisher Scientific
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Ltd. Hydrofluoric acid (40%) and formaldehyde solution (38%)
was obtained from Beijing Chemical Co., Ltd. (Beijing, China).

Preparation of MOFs: MIL-88B(Cr) and MIL-101(Cr)

MIL-88B(Cr) and MIL-101(Cr) were synthesized according to the
previous reports after a minor modification.>*** Typically, for
the synthesis of MIL-88B(Cr), the mixture of Cr(NOj);-9H,0
(1.6 g, 4 mmol), terephthalic acid (0.66 g, 4 mmol), hydrofluoric
acid (12 mmol) and DMF (30 mL) was placed in a 50 mL Teflon
autoclave and then heated at 210 °C for 24 h. After natural
cooling, the mixture was collected by centrifugation. The
resulting powder was ultrasonically washed with DMF and
ethanol, respectively. The final product of MIL-88B(Cr) was
obtained by dried in a vacuum oven (80 °C) for 8 h. For the
synthesis of MIL-101(Cr), the mixture of Cr(NO3);-9H,0 (2 g, 5
mmol), terephthalic acid (0.83 g, 5 mmol), hydrofluoric acid (5
mmol) and H,O (30 mL) was placed in a 50 mL Teflon autoclave
and then heated at 220 °C for 8 h. After natural cooling, the
mixture was collected by centrifugation. The resulting powder
was ultrasonically washed with DMF and ethanol, respectively.
The final product of MIL-101(Cr) was obtained by dried in
a vacuum oven (80 °C) for 8 h.

Preparation of 3D mesoporous Cr,03: AC-88B and AC-101

The carbonization of MIL-88B(Cr) and MIL-101(Cr) was carried
out in a tube furnace at 600 °C for 5 h under N, gas atmosphere
with a heating rate of 5 °C min '. After carbonization, the
samples were cooled to room temperature under N, flow. Then,
the auto-combustion of the resulting samples occurred when
there were taken out of the tube furnace and exposed to air.
After full combustion, the final products of 3D mesoporous
Cr,05: AC-88B and AC-101 were obtained.

To make a comparison, MIL-101(Cr) was also carbonized at
750 °C and 900 °C, respectively, for 5 h under N, gas atmo-
sphere. And the resulting samples were exposed to air after
carbonization. Additionally, the unburned sample of MIL-
101(Cr) carbonized at 600 °C was prepared by deactivation
method with introducing nitrogen-oxygen atmosphere (2% O,
by volume) before expose to air.

Characterizations

The adsorption-desorption isotherm of nitrogen was measured
by Micromeritics ASAP 2460 automated gas sorption system at
—196 °C, after the sample was degassed under vacuum at 300 °C
for 4 h. The specific surface areas of all samples were calculated
by the BET method, and the average pore diameters were
determined by Barret-Joyner-Halenda (BJH) method.

Thermal gravimetric analysis (TGA) was performed on TGA/
SDT851 (Mettler-toledo, CH) with heating rate of 10 °C min~* in
air flow.

The XRD patterns of the samples were recorded on a Rigaku
D/max-2500 power diffractometer using Cu Ko radiation (40 kv
and 100 mA) in the 26 range from 10° to 80° with a scan rate of
0.3° min~ .

SEM analyses were performed (JEOL, Model JSM-7500F) at
an acceleration voltage of 10 kV. TEM images were acquired on
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a FEI Tecnai G2 F20 operating at 200 keV. Diffraction patterns
were recorded on a Gatan UltraScan 1000XP CCD camera. TEM
samples were prepared by drop-casting 100 puL of sample
suspension (ground sample powder dispersed in ethanol) on
carbon grids. XPS measurements were acquired on a Kratos Axis
Ultra DLD multitechnique X-ray photoelectron spectrometer
(UK) equipped with a monochromatic Al Ka X-ray source (hv =
1486.6 eV). All XP spectra were recorded using an aperture slot
measuring 300 um x 700 pm. Survey and high-resolution
spectra were recorded with pass energies (within +0.2 eV)
were determined, with respect to the position of the adventi-
tious C 1s peak at 284.6 eV.

Catalytic evaluation

The catalytic performance test was evaluated in a continuous
flow fixed-bed quartz reactor (i.d. = 6 mm). 200 mg of the
catalyst (40-60 mesh) was loaded together with silicon dioxide
powder (40-60 mesh) to dilute the sample and avoid tempera-
ture gradients. The feed gas was 600 ppm formaldehyde
balanced with the air, which was obtained by passing an air flow
through a 38 wt% HCHO solution at 0 °C. The space velocity
(SV) was 90 000 mL (g h)". The outlet mixture was analyzed on-
line by a Shimadzu GC-2010 plus gas chromatograph equipped
with a GDX-403 packed column and TCD detector.

Results and discussion

3D porous Cr,O; with bipyramidal hexagonal prismatic and
octahedral morphology were derived from MIL-88B(Cr) and
MIL-101(Cr), respectively, via auto-combusting in air after
carbonization under N,. And the corresponding Cr,O; samples
were denoted as AC-88B and AC-101, respectively. The X-ray
diffraction (XRD) patterns of AC-88B and AC-101 present
diffraction peaks characteristic of a Cr,O; phase (PDF# 38-1479)
without any impurities (Fig. 1). Scanning electron microscopy
(SEM) analysis indicates that AC-88B exhibited bipyramidal
hexagonal prismatic mesoporous structures with sizes of 1.0-
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Fig.1 XRD patterns of AC-88B and AC-101. Standard reference peaks
of Cr,Oz was also included.
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1.5 um in length and 200-300 nm in width (Fig. 2b) and AC-101
exhibited octahedral mesoporous structures with sizes of 200-
400 nm (Fig. 2f). The morphology of AC-88B and AC-101 were
well consistent with their MOF templates of MIL-88B(Cr)
(Fig. 2a) and MIL-101(Cr) (Fig. 2e), respectively. From the
transmission electron microscopy (TEM) images (Fig. 2¢ and g),
we can see that the two 3D structures were both composed of
clustered Cr,O; nanoparticles with size of <30 nm. The high-
resolution TEM (HRTEM) images of AC-88B and AC-101 show
lattice fringes with interplanar of ca. 0.36 nm, corresponding to
the (012) plane of Cr,O; phase (Fig. 2d and h). This further
confirms the results of XRD analysis. What's more, in addition
to the good shape control, the size of 3D mesoporous Cr,0; can
also be regulated by controlling the synthesis conditions of their
MOF templates.?**° For example, ca. 800 nm octahedral meso-
porous Cr,0O; were fabricated from ca. 900 nm MIL-101(Cr) via
lowing the concentration of reactants and extending the reac-
tion time (Fig. S1t). As compared to MIL-101(Cr), the size of
corresponding porous Cr,O; decreased a little, which was
resulted from the decomposition and contraction when being
heated.

The X-ray photoelectron spectroscopy (XPS) analysis was
carried out to further investigate the oxidation state of chro-
mium. From Fig. 3a and b, one can see Cr 2p;,, peak of AC-88B
and AC-101 that could be resolved into the three components at
BE = ca. 578.2, 576.4 and 575.2 €V, ascribable to Cr**, Cr’" and
Cr**, respectively.’** The results of quantitative analyses on the
Cr 2p3,, spectra were summarized in Table S1.T Apparently, the
surface Cr’* species on both of AC-88B and AC-101 were the
highest content; in addition, the surface Cr’" contents on both
of AC-88B and AC-101 were higher than 11%. It has been proved
that the co-presence of multivalent chromium atoms was
beneficial for the improvement in activity of the catalyst.'®*

The nitrogen sorption results of AC-88B and AC-101 (Fig. 3c
and d) suggest the existence of different pore sizes spanning
from meso- to macropores. The slight hysteresis of the
desorption curves at medium relative pressure demonstrate the
existence of mesopores, while the final almost vertical tail at
high relative pressure (p/p, > 0.9) reveal the presence of mac-
ropores. Furthermore, the hysteresis loops at p/p, > 0.8 in the
adsorption/desorption isotherms indicate the condensation of
nitrogen in the irregular pores between the particles, ie.

I \\‘0.365 nm

(012)

Fig.2 SEM images of (a) MIL-88B(Cr) and (b) AC-88B. (c) TEM image
and (d) HRTEM image of AC-88B. SEM images of (e) MIL-101(Cr) and (f)
AC-101. (g) TEM image and (h) HRTEM image of AC-101.
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Fig. 3 XPS core level spectra of Cr 2p for (a) AC-88B and (b) AC-101.
N, sorption isotherms and the corresponding pore distribution (inset)
of (c) AC-88B and (d) AC-101.

intergranular porosity.*> The pore size distribution curves of AC-
88B and AC-101 (inset of Fig. 3c and d) show that the mesopore
sizes were centered at ca. 20 nm, while the macropore sizes were
ranged from 50 to 200 nm. The specific surface areas of AC-88B
and AC-101 were calculated to be 219.25 m® g~ ' and 303.44 m*>
g™, respectively. As we know, this is the highest specific surface
area of the reported porous Cr,0; so far.

The results of thermogravimetric analysis (TGA) (Fig. S2t)
show that there is only one slight weight loss peak for both of
AC-88B and AC-101 at 200-300 °C, corresponding to the loss of
residual carbon. But the carbon content is very low (ca. 1.2%),
which can be neglected to the specific surface areas of AC-88B
and AC-101.

It should be noted that the auto-combustion phenomenon of
carbonized Cr-MOF (Fig. S3t) only occurred at a relative low
carbonization temperature (normally, lower than 700 °C). To
study the mechanism of auto-combustion, the samples of MIL-
101(Cr) carbonized at 600 °C, 750 °C and 900 °C were prepared,
respectively. To avoid auto-combustion, the sample carbonized
at 600 °C was deactivated with nitrogen-oxygen atmosphere
(2% O, by volume). From their TEM and HRTEM images
(Fig. S4t), it clearly shows that the size and the crystallinity of
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(a) 100+ (b) ® AC-101
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Fig. 4 (a) Conversion of formaldehyde over AC-88B and AC-101 at
different reaction temperatures. (b) Stability of AC-88B and AC-101 for
the oxidation of formaldehyde at 100 °C under the conditions of
HCHO = 600 ppm and SV = 90 000 mL (g h)™.
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chromium oxide nanoparticles increased with the temperature
increasing, which was consistent with the XRD results
(Fig. S51). XPS analysis reveals that Cr** species was the only
content on the surface of samples carbonized at 750 °C and
900 °C, while Cr*" species was detected when the carbonization
temperature decreased to 600 °C. In the fact, there will be more
low valent chromium in the original sample than the deacti-
vated ones, since some of the low valent chromium would
transform to Cr** in the process of deactivation. Thus, the
reason of auto-combustion for Cr-MOFs carbonized at low
temperature should be due to the presence of nanosized low
valent chromium with high surface activity, while the high
temperature carbonized samples would not auto-combust for
the formation of stable and large Cr,O; particles. Moreover,
these high temperature carbonized Cr-MOFs would not convert
to 3D porous Cr,O; with controlled shape and high specific
surface area, even they are further calcinated in air, as seen in
Fig. S7 and S8t (the structure of the resulting Cr,O; samples
were collapsed after calcinated in air and the corresponding
specific surface area was lower to 47.11 m> g ).

The catalytic performances of AC-88B and AC-101 were
examined by the complete oxidation of formaldehyde (a major
VOC pollutant to the environment). The experiment results
(Fig. 4a) indicate that the formaldehyde conversion increased
with the rise of reaction temperature. For both of AC-88B and
AC-101, the formaldehyde conversions improved remarkably
from 50 °C to 90 °C and reached to 90% at 100 °C and 90 °C,
respectively, even at a high space velocity (SV), which was much
superior in catalytic performance to the ordered mesoporous
Cr,0; prepared with KIT-6 as hard template.’® More impor-
tantly, compared to the commercial Cr,0; (comm-Cr,0;), the
3D mesoporous Cr,O; prepared in this work exhibited excep-
tionally high performance which may be benefited from the
high specific surface area and the concomitant multivalent
chromium atoms of the catalysts (the commercial Cr,0; only
have Cr’* and its specific surface area is 0.66 m” g~ ', as shown
in Fig. S9 and S10,} respectively)."**> The stabilities of AC-88B
and AC-101 were also tested within 50 hours of on-stream
reaction (Fig. 4b). Apparently, the conversions were quite
sable with time on-stream, indicating the high stability of AC-
88B and AC-101. In fact, these catalysts could be recovered
efficiently by a simple catalytic combustion procedure to
remove organic pollutants because of their stability at high
temperatures.

Conclusions

In summary, we provide a novel method to synthesize 3D
porous Cr,0; with high specific surface area (up to 303.44 cm?*
g~ ') via MOF auto-combustion. More importantly, the shape
and size of the 3D mesoporous Cr,0; can be good controlled by
a facile adjustment of MOF synthesis conditions. Furthermore,
benefiting from the porous structural property and the co-
presence of multivalent chromium, these materials showed an
exceptionally high catalytic performance in formaldehyde
oxidation. These results provide a novel method in designing
and synthesis of various shapes and sizes 3D porous Cr,03. The
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potential applications of these 3D porous Cr,03 as other cata-
lysts, adsorbents, gas sensors, electrodes and electromagnetics
will be studied in our next research.
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