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Nanocrystalline ZnO-supported platinum nanoparticles
were synthesized by introducing inorganic platinum salt into
the pores of MOF-5 ([Zn4O(bdc)]s; bdc = 1,4-benzenedicar-
boxylate) followed by heating in air at 600 °C. The Pt particle
sizes can be controlled by adjusting Pt precursor concen-
tration. The resultant Pt/ZnO samples displayed higher
catalytic activity for CO oxidation than conventional Pt/ZnO
catalyst.

Metal-organic frameworks (MOFs) have shown rapid
growth during the past decade, benefitted from the successful
application of secondary building units (SBUs), and exhibit
potential applications in many fields including hydrogen
storage, and catalysis.! Generally, MOFs show two features:
one is SBUs and the other is versatile pore structures and
topologies. Currently, more interest has been focused on the
control and application of the pores in MOFs,! while little
attention has been placed on the application of the SBUs. SBUs
are generally built up with metal and coordinated atoms (for
instance, N, O, and S) in the way of metal oxide (nitride and
sulfide) subunits. In a previous work, we introduced small
organic molecules into the pores of MOF-5 ([Zn4O(bdc);],
bdc = 1,4-benzenedicarboxylate)'" followed by polymerization
and carbonization to synthesize nanoporous carbon and found
that metal oxide subunits in MOF-5 assembled into nano-
crystals during treatment at high temperature.> On the other
hand, supported metal catalysts, especially for noble metals,
exhibit good catalytic activities for various reactions such as
CO oxidation,> hydrogenation,* and water-gas shift.> Inves-
tigations have verified that the catalytic activities depend on the
size, shape, and chemical nature of supports and the interaction
between metals and supports, all of which are involved in the
preparation process.® In this work, we specify a strategy for the
first time to synthesize ZnO-supported platinum nanoparticles
via introducing an inorganic platinum salt into the pores of
MOF-5 followed by heating, taking advantage of the ZnO
subunits in MOF-5. The sizes of platinum nanoparticles can be
tuned by changing the concentration of platinum precursor. The
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prepared nano-structured Pt/ZnO samples displayed higher
catalytic activity for CO oxidation than conventional Pt/ZnO
catalyst.

Experimental

MOF-5 used in this work was prepared according to the
literature.® Powder X-ray diffraction of MOF-5 was measured to
verify its phase purity.

MOF-5 was pretreated under dynamic vacuum at 200°C for
24 h to free the pores in MOF-5. The degassed MOF-5 was soaked
in platinum tetrachloride DMF solution (0.1, 0.025, and 0.005 M).
The mixture was placed under vacuum to make solution fully
penetrate into the pores of MOF-5 for 30 min. After filtrating and
washing with DMF, the residue was heated at 600°C for 1h in
air, which leads to the formation of Pt/ZnO samples (denoted as
Pto.1/Zn0, Pty 25/Zn0, and Pt; o95/Zn0O according to Pt precursor
concentration).

CO catalytic oxidation was conducted using a TPR system
equipped with an online mass spectrometer (MS). Mass flows of
CO, O,, and Ar were controlled by mass flow controllers (Brooks).
Typically, Pt/ZnO sample (Pty;/ZnO (75mg), Ptygr5/ZnO
(300mg), and Ptj09s/ZnO (1500 mg)) was diluted by quartz sand
(6.93 g, 30-60 mesh) and the mixture was charged into a reactor
made of stainless steel. The catalyst was pretreated by heating at
350°C for 2h, and then cooled down to room temperature in an
Ar flow. Subsequently, a gas mixture (CO 1%, O, 21%, Ar 78%,
total rate of 150mL min~', 1atm) was fed into the reactor. The
temperature inside the reactor was monitored by a thermocouple
extending into the catalyst bed. After inlet gas reached a steady
state in about 3 h, the steady-state catalytic activity was measured,
during which the outlet gas was detected by online MS. The CO
conversion (Xco) is defined as follows:

Xco = (Nco,in — Nco,out)/ Nco,in X 100% (D

where N is mol of CO. In the absence of a catalyst, there is no
measurable conversion of CO in the temperature range of interest.

Results and Discussion

MOE-5,"" one of the most representative MOFs, contains
Zn40O13 built from four ZnO, tetrahedra sharing a common
vertex and six carboxylate carbon atoms that define an
octahedral SBU joined by benzene links, and has a three-
dimensional intersecting channel system (cavity diameter
18 A). Platinum tetrachloride was introduced into the pores
of degassed MOF-5 by the incipient wetness method and then
the mixture was washed with DMF. Subsequent heating leads
to the formation of Pt/ZnO samples. During the heating
process, the MOF-5 was decomposed into ZnO while platinum
tetrachloride accommodated in the pores of MOF-5 was also
directly decomposed to Pt, giving rise to the formation of
platinum-supporting zinc oxide (Pt/ZnO) nanoparticles (Pt
5.0wt% determined by inductively coupled plasma (ICP)
spectrometry for Pty ;/ZnO sample) as schemed in Figure 1.
Undoped ZnO nanocrystals were prepared by directly heating
MOF-5 at 600°C for 1h in air.

FTIR spectra (Figure 2) were recorded at room temperature
to verify the stability of Zn—O subunits in MOF-5 samples
heated at temperatures ranging from 100 to 600°C. The
commercial ZnO (Alfa) was also measured for comparison. For
the MOF-5 samples heated from 100 to 400 °C, the absorption
peak centered at about 520 cm ™! is attributed to the vibration of
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Figure 1. Growth illustration of Pt/ZnO nanoparticles.
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Figure 2. FTIR spectra of MOF-5 treated at different
temperatures as well as commercial ZnO in the ranges of
(a) 5000400 and (b) 700-400 cm™" (the enlarged region of

(@)).

Zn-0 in MOF-5.7 With the temperature increasing to 500 and
600 °C, all the peaks from MOF-5 disappear except the band
for Zn—0, agreeing well with that of the commercial ZnO. The
formation mechanism of ZnO nanocrystals in the present work
is much different from the metal-organic chemical vapor
deposition (MOCVD) method, where the zinc originates from
the decomposition of organozinc compounds and additional
oxidants such as O, and N,O are necessary.® In contrast, the
intrinsic Zn—O subunits in MOF-5 as a ZnO source were
directly assembled into the ZnO nanocrystals in our method.
Powder XRD patterns were measured to examine the crystal
structures of the ZnO and Pt/ZnO samples (Figure 3a). The
diffraction peaks match well with the wurtzite structural ZnO
(JCPDS 36-1451) and platinum (JCPDS 04-0802). For the
Pty025/Zn0O and Pty g9s/ZnO samples, the signals of Pt are
weak because of the low Pt contents. More structural details
were investigated by TEM (Figure 3), where the sizes of Pt
particles decrease with the decreasing Pt precursor concen-
tration, ranging from 10 (Pto;/ZnO) and 5 (Pto5/Zn0) to
2 nm (Pt go5/Zn0), while ZnO particles with average diameters
of 30 nm are observed for all three samples. When only MOF-5
was heated under the same conditions, ZnO nanocrystals were
formed with a similar diameter (30 nm). We can conclude that
the size of ZnO particles is determined by the MOF employed,
regardless of the Pt precursor concentration and the sizes of Pt
particles can be controlled by adjusting the Pt precursor
concentration. The X-ray diffraction peaks and the lattice
fringes observed from high-resolution TEM (HRTEM) for
Pty1/ZnO (Figure 3g) demonstrate that ZnO and Pt nano-
particles are highly crystalline. The X-ray photoelectron energy
spectrum (XPS) of Pt ;/Zn0O samples for the binding energy of
the Pt (4f) core level region (Figure 4) indicates two peaks
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Figure 3. (a) Powder X-ray patterns of as-prepared ZnO
(black line), Pty.;/ZnO (red line), Pty 025/Zn0 (green line),
and Pty go5/Zn0O (blue line); TEM images of as-prepared (b)
Zl‘lO, (C) PtoAl/ZHO, (d) Pt()‘()zs/zno, and (e) Pt0<005/ZnO;
HRTEM images of as-prepared (f) ZnO and (g) Pty.;/ZnO.
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Figure 4. XPS of Pt (4f) core level region for the as-
prepared Pty ;/ZnO sample.

centered at 74.8 and 71.5 eV, corresponding to the metallic Pt
species, which agrees well with the XRD result.

An advantage of the MOF route is the facile introduction of
metal precursors into the pores leading to supported metal
particles of uniform size resulting from the intrinsic metal oxide
subunits and pores of the MOF. Interestingly, this approach
makes feasible preparation of nano-sized metal oxide support,
deriving from assemble of the metal oxide subunits in MOFs in
one step, which is difficult to accomplish by the conventional
wet techniques with bulk metal oxides as supports. Importantly,
the sizes of the noble metal nanoparticles can be controlled,
which is vital for practical applications.

Various supported platinum catalysts have been documented
for catalytic CO oxidation’®3¢3¢ and different mechanisms of
CO oxidation have been proposed.’ In the present work, CO
oxidation by O, was performed over the prepared Pt/ZnO
samples using a temperature-programmed reaction (TPR)
instrument equipped with a quadrupole mass spectrometer
(MS). The percentage of CO conversion as a function of
temperature is presented in Figure 5. Complete CO conversions
were reached at 154 and 160 °C for Pty ;/Zn0O and Pty ¢25/Zn0O,
respectively. The catalytic activity is enhanced when the
diameter of Pt particle is reduced to 2nm (Ptg9s/Zn0O), for
which complete conversion was reached at lower temperature
(140 °C). It has been reported that 100% CO conversion can be
achieved at a temperature of 160°C over Pt/ZnO composite
prepared by colloidal approach'® and that Pt/y-Al,0; and Pt/
TiO, pretreated at varied conditions gives rise to the 100% CO
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Figure 5. Conversion of carbon monoxide (CO:0;:Ar =
1:21:78, total flow rate, 150mL min~'; 1atm) over the
Pto‘l/ZnO (75 mg), Pt0A025/ZIlO (300 mg), and Pt0‘005/Zl’lO
(1500 mg) catalysts as a function of temperature. The Pt
contents were normalized to the same for the three
catalysts. The catalytic activity data of 1% Pt/ZnO was
taken from Ref. 10 for comparison.

Table 1. Comparison of Reaction Conditions and Catalytic
Activities for CO Oxidation over Various Catalysts

Catalysts
Pty,/ZnO  Pt/ZnO'®  Pt/Al,05*  Pt/TiO,*
. Colloid Incipient Incipient
Prep atr}a:tlé)n MOtF deposition wetness wetness
metho foute route impregnation impregnation
Pretreatment ~ 350°C, 2h, 300°C, 4h,  400°C, 200°C,
conditions Ar flow  O,/Ar flow  H, flow H, flow
Coggfbalance 121:78  0.5:10:89.5  1:21:78 1:21:78
GHSV,l - 120000 120000 120000 120000
/mLg™"h
/Tgfgvmi"" 0% 54 160 240 200

conversion at temperatures above 240°C and around 200 °C,
respectively.>® The detailed comparison of reaction conditions
and catalytic activities over various catalysts are summarized in
Table 1. The surface areas (S) have been theoretically calculated
by taking the diameters of platinum particles and ZnO as
observed by TEM for Pty ;/Zn0O (S = 27.96 m?> g~!, d = 10 nm),
Pt0,025/ZnO (S =55.92 m2 gil, d=>5 nm), Pto'005/ZnO (S =
139.79m?g~!, d=2nm), and ZnO (S =35.68m?>g~"!, d=
30nm) (S = 6/dp, d: particle diameter; 0: density, 21460 and
5606 kgm™ for platinum and zinc oxide, respectively). Turn-
over frequencies (TOF) are calculated to be 0.53 and 0.27 s~ ! at
160 °C for Pty 1/ZnO (radius of Pt particles, 5 nm; CO flow rate,
1.5mL min~") and Pt/ZnO (1%) prepared by colloidal deposi-
tion (radius of Pt particles, I nm; CO flow rate, 0.5 mL min_l),10
respectively. The surface density (ps) of platinum atoms is
taken as 1.25 x 10'? atoms per square meter.!! It is clear that the
catalytic activity for CO oxidation of the Pt/ZnO prepared by
MOF route is twice as high as the activity of the Pt/ZnO
obtained by conventional methods. The good catalytic activities
of the Pt/ZnO samples may result from metal (Pt)-support
(ZnO) interaction and depend on Pt particle size.!?

In summary, we have for the first time employed MOFs as a
precursor to prepare Pt-supporting ZnO nanoparticles based on
the intrinsic metal oxide subunits and pores in MOFs, which
exhibits excellent catalytic activities for CO oxidation. The
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present finding provides us a new example of application of
the rapidly growing MOF family. The structural diversity of
MOFs will show high potential for synthesizing functional
materials.
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