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Supported platinum-group metal (PGM) catalysts are widely used in many important industrial processes.
Metal-support interaction is of great importance in tailoring their catalytic performance. Here, we report
the first example of oxidative strong metal-support interactions (OMSIs) between PGM and
hydroxyapatite (HAP) which can be extended to PGM and ZnO. It occurred under high-temperature
oxidation conditions accompanied by the encapsulation of PGM by HAP and electron transfer between
PGM and HAP. With this OMSI, the aggregation and leaching of PGMs were significantly inhibited,
resulting in an excellent catalytic stability and much improved reusability of supported Pt and Pd
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Introduction

Platinum-group metals (PGMs) are widely used as catalysts in
many commercial chemical processes such as automotive
pollution control, petrochemical, pharmaceutical feedstocks
and fuel cell power generation." To use them more efficiently,
PGMs were usually finely dispersed on high-surface-area
materials (referred as support). The support can therefore
influence the metals' catalytic performance through the
metal-support interaction between them.>® Specially, in the
late 1970s Tauster and his co-workers observed a dramatic
adsorption suppression of small molecules (such as CO and
H,) over TiO, supported PGMs after high-temperature
reduction (HTR) and termed this phenomenon as strong
metal-support interactions (SMSI).*” The discovery of SMSI
triggered a hot research topic subsequently,”* owning to its
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significant influence on the structure and electric property of
PGM catalysts and their catalytic performance.”*'® However,
so far all studies concerning SMSI on PGM catalysts are
focused on those occurred upon HTR; whether SMSI can
occurred upon high-temperature oxidation (HTO) treatment
remains undiscovered.

Recently the topic of SMSI has re-attracted extensive inter-
ests, primarily due to discoveries™*™"” on some new types of SMSI
as well as their applications.'*?® For example, a new type of
SMSI, i.e., HTO induced SMSI (referred as oxidative SMSI and
denoted as OMSI hereafter) was found to occur between Au and
ZnO-nanorod® and Au and hydroxyapatite (HAP).** The occur-
rence of OMSI was initially ascribed to the special property of Au
that is different from that of PGMs because for a long time Au
has not been found to manifest SMSI with TiO,. However, last
year we discovered that the SMSI can indeed occur between Au
and TiO, with appropriate H,-treatments.”® This new finding
suggested that there may be no intrinsic difference between Au
and PGMs in manifesting SMSI, which in turn imply that PGMs
may also manifest OMSI on suitable support and with appro-
priate treatments. If the latter is true, it would be highly
significant in fundamental study because for decades people
have believed that the HTR procedure is the prerequisite to the
occurrence of SMSL”*?* The occurrence of OMSI between PGM
and supports can therefore change this viewpoint and make
people re-recognize and re-understand the SMSI phenomenon
and formation mechanism. Of more importance, the OMSI of
PGMs would be very valuable in practical applications given that
they are in many cases industrially used in oxidative conditions.
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For instance, automotive pollution control is one of the most
important application areas of PGMs as more than half of the
annually produced PGMs were consumed in preparing three-
way catalysts (TWCs).>>** The sintering of PGMs is still the
major issue in regard to the catalyst deactivation.>**> The SMSI
effect can effectively stabilize the metal NPs and promote the
durability of the catalysts.***>** However, the stabilizing effect
of the classical SMSI can, at least theoretically, not persist under
HTO conditions (TWC's working condition) owning to the
reverse of the SMSI*>*” while the OMSI might works well at this
condition. The topic of SMSI re-attracted extensive interests
recently due to some new discoveries®™” on SMSI as well as
their new applications.”®? A new type of SMSI, ie., HTO
induced SMSI (referred as oxidative SMSI and denoted as OMSI
hereafter) between Au and ZnO-nanorod” and Au and
hydroxyapatite (HAP)'* were recently discovered. This was
initially considered to be due to the different properties of Au
from those of PGMs because for a long time, Au has not been
found to manifest H-SMSI with TiO,. However, in the last year
we discovered that the H-SMSI can indeed occur between Au
and TiO, with appropriate H,-treatments."* This new finding
suggested that there may be no intrinsic difference between Au
and PGMs in manifesting SMSI, which may in turn imply that
PGMs can also manifest OMSI suitable support and appropriate
treatments. If the latter is true, it would be highly significant in
the fundamental study because for decades people have been
believing that the HTR procedure is the prerequisite for the
occurrence of SMSL.”#** The OMSI between PGM and supports
can therefore change this viewpoint and make people re-
recognize and re-understand the SMSI phenomenon and
formation mechanism. Of more importance, the OMSI of PGMs
would be very valuable in practical applications given that they
are in many cases industrially used in oxidative conditions. For
instance, automotive pollution control is one of the most
important application areas of PGMs as more than half of the
annually produced PGMs were consumed in preparing three-
way catalysts (TWCs).>»** The sintering of PGMs is still the
major issue concerning the catalyst deactivation.>** The SMSI
effect can effectively stabilize the metal NPs and promote the
durability of the catalysts.'**>** However, the stabilizing effect
of the H-SMSI can, at least theoretically, not persist under HTO
conditions (such as TWC's working conditions) owing to the
reverse of the SMSI***” while the OMSI might work well at this
condition.

In this work, we report our discovery that PGMs (Pd and Pt)
can manifest OMSI with both HAP and the ZnO-nanorod
support wherein the PGM NPs were encapsulated by the
support thus the metal leaching and aggregation were effec-
tively inhibited, resulting in an excellent reaction stability of Pt/
HAP in CO oxidation in a simulated practical application
conditions and a much-improved reusability of Pd/HAP in
Suzuki cross-coupling, a liquid phase reaction. This is the first
time to discover that PGMs can form OMSI which not only
contributed to a deeper understanding of the SMSI effect, but
also provided a new way to fabricate stable PGM catalysts in
diverse application conditions.
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Results and discussion
Preparation of HAP supported PGM catalysts

The HAP was synthesized by a precipitation method*® and
further calcined at 400 °C before used as a support. The Pd and
Pt species were introduced onto the HAP by a facile adsorption
method***® with metal loading of 0.22 and 0.61 wt%, respec-
tively, and denoted as Pd/HAP-fresh and Pt/HAP-fresh, respec-
tively. The fresh samples were subsequently oxidized at 500 °C
under 10 vol% O,/He flow and denoted as M/HAP-O, where M
represents Pd and Pt. For comparison, the samples of M/HAP-O
were further reduced under 10 vol% H,/He flow at 250 or 500 °C
and denoted as M/HAP-OH. Details of the synthesis procedure
of HAP, preparation methods and thermal treating protocols
(Scheme S1t) of M/HAP samples are presented in the Experi-
mental section in the ESLt

Characterization of PGM dispersion

The XRD patterns of the PdA/HAP and Pt/HAP samples are shown
in Fig. S1t. It shows that the patterns of both the series of
catalysts are exactly the same as that of HAP; that is, no diffuse
diffraction peaks of the supported metal or metal oxide phase
were observed. This result suggested that either the Pd or Pt
species are highly dispersed on the support of HAP under
various redox treatments, demonstrating a good stability which
is probably due to a strong interaction with the support, or the
metal loading amount is too low to be detected by XRD. To
confirm the high dispersion of Pd and Pt species, the samples
were further examined by electron microscopy. Representative
high-angle annular dark-field scanning transmission electron
microscopy (HADDF-STEM) images of various Pd/HAP and Pt/
HAP samples are presented in Fig. S27. It reveals clearly that
on all samples the Pd and Pt NPs are highly dispersed with a size
of <2 nm.

Identification of OMSI

There are four basic characteristics concerning the SMSI,**™**
i.e., (i) the significant suppression of small-molecule adsorption
(such as CO and H,), (ii) electron transfer between metals and
the support, (iii) mass transport from the support to form the
encapsulation of metal NPs, and (iv) a reversal of the preceding
phenomena upon reversal treatment.
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Fig.1 Insitu DRIFT spectra of CO adsorption on the (a) Pd/HAP and (b)
Pt/HAP series of samples obtained at 20 °C. Spectra were collected by
purging gas CO with He after the samples were saturated by CO
adsorption.
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The suppression of chemisorption of small molecules over
these samples was firstly explored as it is the essential charac-
teristic of SMSI. In situ diffuse reflectance infrared Fourier
transform spectroscopy (DRIFTS) measurements were per-
formed since it is sensitive to adsorption properties of the metal
surface when an appropriate probe molecule was selected.****
As shown in Fig. 1a, for the sample of Pd/HAP-fresh, two peaks
at 2088 and 1920 cm™ " were observed and attributed to linear-
and bridge-bonded CO on Pd species, respectively.
However, no CO adsorption peak was observed for the sample of
Pd/HAP-O, suggesting a complete suppression of the adsorption
after calcination with 10 v% O,/He at elevated temperatures. It's
worth noting that this suppression should not be, at least not
majorly, caused by the oxidation of Pd, since CO adsorption can
be detected on the oxidised Pd species.*®*¢® To confirm this,
a control experiment on the Pd/HAP catalyst calcined at lower
temperatures (300 and 400 °C) under 10 v% O,/He were per-
formed and CO adsorption on oxidized Pd was clearly observed
(as shown in Fig. S37). Similar results were obtained on Pt/HAP
samples, as shown in Fig. 1b; the CO adsorption peaks on Pt
species at 2106, 2084, 2058 and 1828 cm™* over the Pt/HAP-
fresh sample, which were separately ascribed to linear CO
adsorption on PtO, NPs, Pt’" single atoms, Pt’ NPs and bridged
CO adsorption on Pt species,”*® were not observed after
oxidation. This dramatic suppression of chemisorption on
small metal NPs (<2 nm, Fig. S2b and S2et) after HTO is iden-
tical to the feature that is observed on HAP supported Au NPs
due to the physical coverage of the metal NPs surface by a thin
layer of HAP.** However, in this work it is difficult to directly
verify the encapsulation layer by the high-resolution trans-
mission electron microscopy (HRTEM) due to the ultrasmall
metal NPs. We therefore performed a HTR treatment of the
fresh samples at a higher temperature (800 °C) with a longer
time (5 h) before calcination to cause the aggregation of metal
NPs. Then the reduced samples were subjected to the same
calcination procedure and denoted as Pd/HAP-RO and Pt/HAP-
RO, respectively. As expected, on these samples the size of some
metal NPs increased significantly (Fig. S41). Notably, the
HRTEM images (Fig. 2) revealed clearly that both Pd and Pt NPs
were covered by a thin layer, which should originated from the
migration of HAP species onto them."*

One of the important characteristics of SMSI is that the
above phenomena are reversible under the opposite treatment
conditions. We therefore further reduced the calcined samples
(M/HAP-OH) and measured their adsorption properties. As

33,34

Fig. 2 HRTEM images of (a) Pd/HAP-RO and (b) Pt/HAP-RO samples
which were treated under 10 v% H,/He at 800 °C for 5 h followed by
oxidation under 10 v% O,/He at 500 °C for 3 h.
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Fig. 3 CO conversion curves as a function of reaction time on Pt/
HAP-O and Pt/TiO,-H500 samples at 400 °C. SV of Pt/HAP-O and Pt/
TiO,—H500 are ~1 690 000 and 1100 000 L gp ' h™2, respectively.
Reaction gas composition: 1.6 v% CO, 1 v O,, 0.01 v% propene,
0.0087 v% toluene, 10 v% water and balanced with He.

shown in Fig. 1, the adsorption capacity was restored after
reduction: On Pd/HAP-OH both adsorption peaks of linear-CO
(2088 cm™') and bridged-CO (1957 and 1920 cm™') species
were observed. On Pt/HAP-OH only three adsorption peaks at
2084, 2067 and 1836 cm ' were clearly observed. The disap-
pearance of the 2106 cm™* peak suggested the reduction of Pt>
NPs. The results clearly demonstrated a reversal of the adsorp-
tion capacity under redox treatments in our case, as this change
is not owing to the dispersion change of the metals (Fig. S27).
The reversibility is exactly the same as that for the OMSI that
occurred in the HAP supported Au catalyst.™

The occurrence of SMSI is usually accompanied by electron
transfer between metal NPs and the support. The electronic
properties of Pd and Pt under redox treatment were therefore
examined by X-ray photoelectron spectroscopy (XPS). Unfortu-
nately no effective information was obtained on the Pd/HAP
sample due to the signal overlap of Pd 3d and Ca 2p.
However, the XPS spectra of Pt suggested the reversible electron
transfer clearly. As shown in Fig. S51, the binding energy (BE) of
Pt 2p;3/, in the Pt/HAP-fresh sample is 72.0 eV, suggesting that
the Pt species existed in the Pt*" oxidative state. The BE of Pt
2ps shifted to 72.5 eV after calcination at 500 °C, suggesting
that an electron transfer from Pt NPs to the HAP support
occurred. After a subsequent 500 °C-reduction treatment, the

U7 PdiHAP-fresh [ Pd/HAP-O

Conversion (%)

Cycle number

Fig. 4 Cycling performance of Pd/HAP-fresh and Pd/HAP-O in the
Suzuki cross-coupling reaction. Reaction conditions: 80 °C, 3 h,
iodobenzene (4 mmol), phenylboronic acid (4.8 mmol), K,COs (8
mmol), H,O (20 mL), and catalyst (50 mg).
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Fig. 5 In situ DRIFT spectra of CO adsorption on the (a) Pd/ZnO and
(b) Pt/ZnO series samples obtained at 20 °C.

BE of Pt 2p;/, shifted to 71.0 eV, the typical value for metallic Pt.
This reversibility of the electron transfer under redox treat-
ments in the Pt/HAP sample is exactly the same as that for the
OMSI that occurred on the HAP supported Au catalyst.™ It
should be noted that the absence of the Pt® species in the Pt/
HAP-fresh sample detected by XPS seems discrepant with the
DRIFTS results where a peak of CO-Pt’ at 2058 cm™ " was
observed (Fig. 1b). This can be explained by the in situ reduction
of the partial surface Pt** species during the CO adsorption
measurements.””*!

The above results unambiguously demonstrated the occur-
rence of OMSI between PGMs and HAP, a kind of nonoxide. In
our previous work, we have proven that Au can form OMSI with
HAP and we proposed that the occurrence of this OMSI is
related to the change of the PO,’~ species (cation didn't affect
the occurrence of this SMSI) in an O, atmosphere (in the inert
gas this SMSI didn't occur)."* However, recently, Xiao and co-
workers found that on the Mg-Al layered double oxides sup-
ported Au catalyst, Au NPs could be encapsulated by the support
due to the hydroxide-to-oxide transformation under calcination,
although this process is not reversible."” This report together
with the fact that HAP also contains the hydroxyl group (-OH)
inspired us to conjecture that the dehydroxylation during the
calcination process may also contribute to the occurrence of
this OMSI in the HAP system. If this is the case, a hydroxyl
compensation may reverse the OMSI. To verify this, we treated
the sample of Pd/HAP-O under 3 v% H,O/He at 250 °C for 0.5 h
(denoted as Pd/HAP-O-H,0) and examined the CO adsorption
by DRIFT. It was clearly observed that the CO adsorption on Pd
restored compared with that treated by O, (Fig. S6), indicating
that the -OH indeed plays an important role in the reverse of
OMSI upon the HAP system. Accordingly, we believe that the
dehydroxylation/dehydration may also trigger the OMSI. We
therefore treated the sample in an inert gas (helium) at 500 °C.
It was found that CO adsorption didn't decrease at all, consis-
tent with our previous result of Au/HAP. However, when
treating the sample at a higher temperature (800 °C, denoted as
Pd/HAP-He-800) where the dehydroxylation of HAP starts,*
a complete disappearance of CO adsorption was observed. As
most of Pd NPs is in size <5 nm (Fig. S7a and bf), this CO
suppression should have been mainly due to the occurrence of
OMSI rather than the increased Pd NP size. This was further
confirmed by the HRTEM images. As suggested in Fig. S7c and
d,f the Pd NPs on the Pd/HAP-He-800 sample were encapsu-
lated by a thin layer. We therefore further treated the Au/HAP
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sample in He at 800 °C (denoted as Au/HAP-He-800) and
examined the CO adsorption by DRIFT. However, as shown in
Fig. S8,T a peak at 2103 cm ™', ascribed to linear CO adsorption
on metallic Au NPs, was clearly observed, demonstrating that
a complete encapsulation of the Au NPs by HAP didn't occur.
This is different from the Pd/HAP-He-800 sample which might
originate from the different work function and surface energy of
Au and PGMs. HRTEM images revealed that the Au NPs were
actually partially encapsulated (Fig. S97), in consistent with the
DRIFT results. This set of experiments clearly demonstrated
that the dehydroxylation/dehydration during high-temperature
treatments contributes, at least partially, to the formation of
OMSI. Of course, the contribution of the change of the PO,*~
species under an O, atmosphere cannot be excluded. A detailed
and systemic study is still needed to clarify the origin and
mechanism of the OMSI.

Catalytic performance

The finding of OMSI of PGMs is of great value in practical
application. For example, TWCs, consuming over half of annual
PGM production, generally work in an oxidative atmosphere at
elvated temperatures which requires the catalysts to be stable at
HTO conditions. Our sample M/HAP-O, with the encapsulation
occurring at HTO conditions, may meet this requirement. To
verify this, we tested the durability of Pt/HAP-fresh and Pt/HAP-
O (with a Pt loading of ~0.04 wt% that is in a similar level to the
commercial TWCs to avoid activity saturation at higher
temperatures) at 400 °C by using CO oxidation in a simulated
auto-emission control as the probe reaction.”® As shown in
Fig. S11f, for the Pt/HAP-O sample, the conversion kept
unchanged during a 40 hour test, showing an excellent stability.
However, the Pt/HAP-fresh, as expected, showed a much higher
initial CO activity but a much lower CO stability in the identical
condition. The abrupt decrease of CO conversion at the 5™ hour
should be ascribed to the formation of OMSI under the reaction
conditions where a net oxidative gas atmosphere was remained
after CO being totally converted. For comparison, we also tested
a Pt/TiO,-H500 catalyst prepared by the same method with
a similar Pt loading. Before the test the sample was pre-reduced
at 500 °C under 10 v% H,/He for 1 h which would lead to the
formation of classical SMSI. As shown in Fig. 3, although
a higher initial CO conversion was obtained which should be
due to the lower space velocity, the CO conversion decreased
severely within a 23 h test, suggesting a much worse stability.
This tendency is more straightforward when the result was
presented in a reaction rate vs. reaction time model. As shown
in Fig. S127, the Pt/TiO,-H500 sample had slightly higher initial
reaction rate (~630 molco gp ' h™") compared with Pt/HAP-O
(~570 molco gpe ' h™") but deactivated quickly. On the
contrary, the Pt/HAP-O catalyst is very stable and its reaction
rate remained unchanged. The result of stalbity test clearly
highlights the advantage of OMSI in this application.

In addition, PGM catalysts are widely used in fine chemical
syntheses. They, however, suffer from the deactivation by
metal leaching and aggregation during reaction.**** Our
previous work has demonstrated that the formation of OMSI

This journal is © The Royal Society of Chemistry 2018
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can effectively inhibit the aggregation and leaching of Au NPs
in the liquid phase alcohol oxidation reaction.** In this work,
this effect was further exemplified by using Suzuki cross-
coupling, a widely used reaction in the organic synthesis
industry catalyzed by Pd-based catalysts.*>*® As shown in
Fig. 4, on the Pd/HAP-fresh sample the initial conversion of
iodobenzene is 92%. However, it continuously decreased to
50% in the subsequent 4 cycles. The analysis of the used
catalyst shows that there is a severe leaching of Pd, with the Pd
loading amount decreased from 0.36 wt% to 0.06 wt% (Table
S1t1). Furthermore, besides a small amount of Pd NPs with
a size of ~2 nm, some big Pd NPs can also be observed in the
HAADF-STEM images (Fig. S10a and bt), suggesting the
aggregation of the Pd species during the reaction progress. On
the contrary, the conversion (~90%) on the Pd/HAP-O kept
almost unchanged in five cycle tests, suggesting an excellent
reusability. As expected, after the reaction, the Pd NPs are still
small (~2 nm, Fig. S10c and df) and the Pd loading is
0.35 wt% (Table S1t), suggesting that the encapsulation layer
can effectively prevent the leaching and aggregation of metal
NPs, thus significantly enhance the reusability of the catalysts.

OMSI in ZnO supported PGM catalysts

It was also found previously that Au NPs can manifest OMSI
with a ZnO-nanorod support.”® We therefore speculated that the
OMSI can also occur upon the PGMs/ZnO system. To verify this,
we further prepared ZnO-nanorod supported Pd and Pt samples
and measured their CO adsorption properties by DRIFTS, and
the results are presented in Fig. 5. Similar to that of CO
adsorption on HAP supported catalysts, a reversible CO
adsorption was detected on both the Pd/ZnO and Pt/ZnO
samples, demonstrating the occurrence of OMSI.

Conclusions

In summary, in this work the OMSI (O,-induced SMSI) between
PGM NPs and HAP was discovered for the first time. It takes
place with HTO and reversed with HTR. In addition, it also
occurs at high-temperature treatment in inert gas atmosphere,
and at least partially reversed with water treatment, suggesting
that the losing of -OH group at high temperature partially
contributes to the formation of OMSI. With this OMSI effect, the
PGM NPs were encapsulated by a thin support layer thus their
aggregation and leaching were effectively inhibited. As a result,
the catalytic stability and the reusability of the M/HAP catalysts
were significantly improved. Furthermore, it was found that this
OMSI is general and can be extended to ZnO-nanorod sup-
ported PGM catalysts. The new findings in this work not only
contributes to a deeper understanding of the SMSI effect but
also would be beneficial for the development of ultrastable PGM
catalysts in various application conditions, thus opening a new
window for the design and tailor of PGM catalysts.
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