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A hybrid catalyst consisting of polymer-coated Ru
nanoparticles (Ru-PVP, PVP: poly(N-vinyl-2-pyrrolidone))
embedded in a porous metal-organic framework of ZIF-8
(Ru-PVP@ZIF-8) was synthesized by the crystallization of
ZIF-8 in a methanol solution of Ru-PVP. Structural
properties of Ru-PVP@ZIF-8 were examined by N, gas
adsorption, infrared spectrum, and X-ray powder diffraction
measurements. We successfully identified the most
appropriate pretreatment condition for surface activation of
the Ru nanoparticles in the catalyst. The pretreated Ru-
PVP@ZIF-8 was applied for a CO oxidation reaction with H,
gas feeds. Ru-PVP@ZIF-8 was found to exhibit higher
catalytic activities and higher CO, selectivity than those
observed on a carbon-supported Ru-PVP (Ru-PVP/C),
implying that the pores of the ZIF-8 provide a more suitable
environment for the reaction with O, and CO gases.

Ruthenium is one of the most important elements for catalytic
reactions because of its wide applicability including preferential CO
oxidation,'2 Fischer—Tropsch synthesis,>* ammonia synthesis,>® and
decomposition.” Ru catalysts where nanoparticles (NPs) of Ru are
dispersed on porous carbon or metal oxides are commonly studied
for these reactions. Metal-organic frameworks (MOFs) have
attracted much interest as a new class of porous solids showing
various functionalities such as separation,® gas storage,*° controlled
delivery,"* magnetism,"®> and conductive property.**® Recently,
designable architectures of MOFs have emerged as a new type of
support material applicable to the heterogeneous catalysis because of
their high surface area, porosity, and various chemical interactions
with substrates.’® Composites of metal NPs and MOF supports were
prepared as catalysts by solid grinding,*” impregnation,'® gas-phase
infiltration,'® and encapsulation methods.?® However, few examples
of catalysis using the Ru-MOF composite’®?! have been reported.
Here, we perform a synthesis, characterization, and catalytic reaction
of a composite of Ru NPs and MOF. We employ the third method
using Ru NPs and [Zn(mIM),], (ZIF-8, HmIM: 2-
methylimidazole),? as reported by Huo and Hupp et al.® to take
advantage of the thermal and moisture stability of a framework.

This journal is © The Royal Society of Chemistry 2012

nanoparticles embedded in a porous metal-organic
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Ru NPs coated with PVP (abbreviated to Ru-PVP, PVP = poly(N-
vinyl-2-pyrrolidone)) were synthesized by heating a mixture of
RuCls;-nH,0, PVP, and ethylene glycol at 190 °C. Ru-PVP was
obtained by centrifugation of the mixture and was washed several
times with a mixed solvent of water and acetone (details are shown
in the Electronic Supplementary Information (ESI)). The catalyst of
Ru-PVP embedded in ZIF-8 (Ru-PVP@ZIF-8) was prepared by
mixing a methanol solution of Zn(NO3),-6H,0 and HmIM with a
methanol suspension of Ru-PVP.2° After maintaining the catalyst at
room temperature for 24 h, Ru-PVP@ZIF-8 was separated by
centrifugation, washed by methanol, and dried under vacuum at
room temperature (see the ESI). We also synthesized PVP-coated Ru
NPs supported on carbnon (Ru-PVP/C) for comparison (see the
ESI). The Ru-PVP@ZIF-8 and Ru-PVP/C were estimated, by
using energy-dispersive X-ray (EDX) spectrometry, to be comprised
of 5 wt% Ru element.
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Fig. 1 TEM images of (a) Ru-PVP and (b) Ru-PVP@ZIF-8.
(c) HAADF-STEM image of Ru-PVP@ZIF-8 and (d) spatial
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distributions of STEM-EDX signals of Zn-L (red) and Ru-L
(green) integrated in the area surrounded by a white square
along a white arrow shown in (c). The intensity at each position
is normalized by total intensity in the square.

A transmission electron microscope (TEM) was used to observe
the size of the Ru NPs in Ru-PVP and Ru-PVP@ZIF-8. After
counting 200 particles on the TEM images (shown in Figure 1a), the
mean diameter of Ru NPs in Ru-PVP was calculated to be 1.6 £ 0.4
nm. Figure 1b shows that Ru NPs seem to be located in a hexagonal-
shaped ZIF-8 microcrystal.® To get clear evidence for the existence
of Ru NPs embedded in Ru-PVP@ZIF-8, we also performed high-
angle annular dark-field scanning TEM (HAADF-STEM)
observation (Figures 1c and S2) and STEM-EDX analysis (Figure
1d). As shown in the figure 1c and S2, Ru NPs are uniformly
dispersed in a ZIF-8 crystal even a part of Ru NPs are located on the
surface of the crystal. Spatial distribution of Zn and Ru elements in
Ru-PVP@ZIF-8 was obtained by integration of Zn-L and Ru-L
STEM-EDX as shown in Figure 1d. We can recognize that the Ru
distribution indicates the same tendency of the distribution of Zn
ions that are located inside Ru-PVP@ZIF-8. This clearly suggests
that the Ru NPs are uniformly dispersed in a ZIF-8 crystal and a
large percentage of Ru atoms are included in the ZIF-8 medium. The
mean diameter of Ru NPs in Ru-PVP@ZIF-8 was found to be 1.7 +
0.4 nm, which is nearly equal to the mean diameter of Ru-PVP.
These results indicate that the Ru-PVP is successfully embedded in
the ZIF-8. In addition, we found that Ru NPs in Ru-PVP/C also
have a similar mean diameter of 1.5 + 0.3 nm (Figure S1).

X-ray powder diffraction (XRPD) measurements were taken to
check the structure of Ru NPs and ZIF-8 crystals. Figures S3 and S4

show XRPD patterns of Ru-PVP and Ru-PVP@ZIF-8 (see the ESI).

The Ru-PVP showed very broad diffraction peaks due to the small
diameter of the particles. The Ru-PVP peak pattern was attributable
to hcp structure, which reveals that metallic Ru NPs are formed. On
the other hand, Ru-PVP@ZIF-8 showed very sharp diffraction
peaks that are characteristic of the ZIF-8 crystals (Figure S4). It was
also apparent that peaks derived from Ru NP were difficult to
recognize in the XRPD patterns of Ru-PVP@ZIF-8, while the
existence of Ru nanoparticles was confirmed in the TEM
observation.

We measured N, gas adsorption/desorption isotherms at 77 K
(Figure S5) to investigate the porosity and guest accessibility of the
ZIF-8 framework around Ru NPs in Ru-PVP@ZIF-8. N, gas was
highly adsorbed at low pressure in Ru-PVP@ZIF-8, which is
indicative of a type | isotherm. This indicates that the microporous
framework is formed around Ru NPs and the gas substrate is
diffusive in Ru-PVP@ZIF-8. From an analysis of the absorption
isotherm, the BET surface area of Ru-PVP@ZIF-8 was estimated to
be 1460 m? g%, which is somewhat smaller than the surface area of
the blank ZIF-8 (1664 m? g%, BET). The decrease of surface area is
due to the difference in the ZIF-8 content (ZIF-8 90 wt%, Ru 5 wt%,
and PVP 5 wt%) in Ru-PVP@ZIF-8, which was evident from the
elemental analysis and, therefore, the ZIF-8 framework in Ru-
PVP@ZIF-8 has empty pores similar to the blank one.

In general, certain appropriate pretreatment of a metal catalyst is
required to recover its metallic surface before application to catalytic
reactions. First, we performed thermogravimetric analysis (TGA)
with a H, gas feed. As shown in Figure S6, a large weight loss
around 300 °C was observed in Ru-PVP@ZIF-8, which is
attributable to the decomposition of PVP. Analogously to the blank
ZIF-8, Ru-PVP@ZIF-8 was stable below 500 °C. We also

2| J. Name., 2012, 00, 1-3

measured the infrared (IR) spectra of the samples treated at various
temperatures with a H, gas atmosphere (Figure S7). The peak of the
stretching mode of the carbonyl group on PVP at 1680 cm™
disappears on Ru-PVP@ZIF-8 after being treated at temperatures
exceeding 400 °C (see Figure S7). This clearly indicates that the
PVP in the Ru-PVP@ZIF-8 can be removed by heat treatment at
temperatures exceeding 400 °C. The other peaks derived from the
ZIF-8 framework (from 650 to 1600 cm™) did not show significant
changes by heat treatment below 500 °C, suggesting that the ZIF-8
framework does not decompose when temperature is less than
500 °C. The XRPD pattern of Ru-PVP@ZIF-8 was almost
unchanged after the heat treatment at 500 °C, which also supports
that the crystal structure of ZIF-8 framework remains after this heat
treatment (Figure S8).

(c)

H, consumption (a.u.)

50 100 150 200 250
Temperature (°C)

Fig. 2 TPR profiles of (a) ZIF-8, (b) Ru-PVP@ZIF-8, and (c)

Ru-PVP@ZIF-8 treated with a H, gas feed at 500 °C.

300

We performed temperature-programmed reduction (TPR)
measurements using 5% H,/Ar mixed gas to evaluate
favourable pretreatment conditions for catalytic application of
Ru-PVP@ZIF-8. Figure 2 shows the TPR profiles of ZIF-8,
Ru-PVP@ZIF-8, and Ru-PVP@ZIF-8 treated with a H, gas
feed at 500 °C (described as Ru@ZIF-8 hereafter). One peak is
observed around 120 °C in the profile for Ru@ZIF-8 and two
peaks around 100 and 240 °C for Ru-PVP@ZIF-8. Because
the blank ZIF-8 does not show any reduction peaks, peaks
observed for Ru@ZIF-8 and Ru-PVP@ZIF-8 are due to H,
consumption by the included Ru-PVP. Considering that the
Ru@ZIF-8 does not show any peaks above 200 °C, the peak
observed around 240 °C on Ru-PVP@ZIF-8 is due to the
reductive decomposition of PVP and the first peak around
100 °C is due to the reduction of the surface of Ru NPs. These
results clearly suggest that the surface of Ru NPs in the ZIF-8
can be activated by thermal treatment above 150 °C with a 5%
H,/Ar mixed gas feed. It should be noted that this thermal
treatment is also effective for activation of Ru-PVP/C, as
illustrated in a TPR chart (Figure S9).

This journal is © The Royal Society of Chemistry 2012
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Fig. 3 CO conversions on (a) Ru-PVP@ZIF-8 and (b) Ru-
PVP/C. Before the catalytic reaction, samples were pretreated
at 160 °C for 30 min with a 5% H,/Ar mixed gas feed.
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We examined catalytic activities of Ru-PVP@ZIF-8 and
Ru-PVP/C for CO oxidation reaction in H, gas feeds™? using a
reaction gas mixture of 0.1% CO, 0.5% O,, 49.2% H,, and
50.2% Ar. Figure S10 shows the CO conversions observed on
Ru-PVP@ZIF-8 before and after the pretreatment at 160 °C
and the pretreated one after being treated further at 300, 400
and 500 °C with a H, gas feed. Activity for the reaction was
negligible when a catalyst was used without pretreatment. In
contrast, the pretreated one had high catalytic activity,
indicating that the Ru surface was successfully activated by the
removal of adsorbed oxygen atoms by the pretreatment at
160 °C. Note that the blank ZIF-8 did not show catalytic
activity for the reaction, indicating that the CO oxidation
reaction is catalysed by the included Ru NPs and that the
gaseous reactants are accessible to the surface of Ru NPs
surrounded by the porous ZIF-8 and PVP. On the other hand,
activities of the catalysts treated at 300, 400, and 500 °C with
H, gas feeds were lower, especially at higher treatment
temperatures. Considering the results of TGA, IR, and TPR
experiments, we assume that surface poisoning of Ru in the
catalyst was a result of adsorption of decomposed matters of
PVP or the physical contact between Ru NPs and ZIF-8
surfaces at high temperature. This assumption was examined by
performing CO-pulse adsorption measurements. The samples
were treated in a manner analogous to the CO oxidation
reaction (160 °C for 30 min with 5% H,/Ar mixed gas feeds)
just before measurements. CO chemisorption amounts, for
various Ru-PVP@ZIF-8 catalysts, were measured as 12.8
(only 160 °C treatment), 2.50 (further pretreatment at 300 °C
with a H, gas feed), 0.69 (at 400 °C), and 0.02 (at 500 °C) cm?®
g(Ru)™, respectively (Table S1). These results suggest that
decreases in catalytic activity are due to surface poisoning of
Ru NPs. Because the sample without H,/Ar mixed gas
pretreatment at 160 °C did not show CO chemisorption, it can
be concluded that the heat treatment around 160 °C with 5%
H,/Ar mixed gas feeds can activate Ru-PVP@ZIF-8 catalysts
without the surface poisoning of Ru NPs.

Figure 3 shows CO conversions on the Ru-PVP@ZIF-8 and
Ru-PVP/C. The CO conversions increased at higher
temperatures and reached 100%, indicating that both catalysts
have sufficient activity for the CO oxidation reaction. There is a
significant difference between the catalytic activity of Ru-
PVP@ZIF-8 and Ru-PVP/C. The CO oxidation reaction on
Ru-PVP@ZIF-8 started at lower temperature (the temperature
at 50% CO conversion (Tsg) is determined to be 60 °C.) than

This journal is © The Royal Society of Chemistry 2012
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Ru-PVP/C (Tso = 97 °C). The difference was likely due to the
difference in the supports. Interestingly, the Ru-PVP@ZIF-8
showed higher catalytic activity than Ru-PVP/C while the CO
chemisorption amount of Ru-PVP@ZIF-8 (12.8 cm® g(Ru)™?)
was similar to that of Ru-PVP/C (13.0 cm® g(Ru)™) (Table S1).
This indicates that the ZIF-8 is preferable as a support material
for the CO oxidation reaction. Ratio of O, used for CO
oxidation to total consumption of O,, i.e., CO, selectivity, was
calculated from the conversions of O, and CO gases (Figures
S11 and S12).2 At temperatures less than 70 °C, the CO,
selectivity on Ru-PVP@ZIF-8 was higher than that on Ru-
PVPI/C, indicating that the ZIF-8 framework is also preferable
for the selective CO oxidation in this temperature region. This
suggests that particular adsorptive interactions of CO and O,
gases to ZIF-8 are deeply related to catalytic selectivity of Ru-
PVP@ZIF-8.

In conclusion, we synthesized Ru NPs embedded in a porous
metal—organic framework of ZIF-8 and measured high catalytic
activity of Ru-PVP@ZIF-8 for the CO oxidation reaction with
H, gas feeds. The activation condition of the catalyst was
optimized, whereby Ru-PVP@ZIF-8 treated with 5% H,/Ar
mixed gas around 160 °C exhibited the best catalytic
performance. The activity of Ru-PVP@ZIF-8 catalyst was
found to be lower at higher treatment temperatures because
surface poisoning of Ru NPs occurred. Finally, it should be
emphasized that the porous framework of ZIF-8 provides a
more suitable environment for the CO oxidation on Ru NPs.
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Graphical abstract

A hybrid catalyst consisting of polymer-coated Ru nanoparticles (Ru-PVP, PVP: poly(N-vinyl-2-pyrrolidone))
embedded in a porous metal-organic framework of ZIF-8 (Ru-PVP@ZIF-8) was synthesized by the crystallization of
ZIF-8 in a methanol solution of Ru-PVP. Structural properties of Ru-PVP@ZIF-8 were examined by N, gas adsorption,
infrared spectrum, and X-ray powder diffraction measurements. We successfully identified the most appropriate
pretreatment condition for surface activation of the Ru nanoparticles in the catalyst. The pretreated Ru-PVP@ZIF-8 was
applied for a CO oxidation reaction with H, gas feeds. Ru-PVP@ZIF-8 was found to exhibit higher catalytic activities
and higher CO, selectivity than those observed on a carbon-supported Ru-PVP (Ru-PVP/C), implying that the pores of

the ZIF-8 provide a more suitable environment for the reaction with O, and CO gases.

Porous ZIF-8




