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transformation of Pt nanocrystals
supported on ZnAl2O4 spinel†

Wei-Zhen Li,‡a Libor Kovarik,a Yingwen Cheng,a Lei Nie,a Mark E. Bowden,a Jun Liu*a

and Yong Wang*ab

The role of interfacial interaction on the stabilization and transformation of Pt nanocrystals supported on

zinc aluminate (ZnAl2O4) was systematically studied in this work. In addition to the remarkable stability

of Pt nanocrystals supported on the {111} ZnAl2O4 facet under a harsh oxidizing atmosphere, we also

identified the phase segregation of ZnAl2O4 to ZnO and Al2O3 and the transformation of Pt to PtZn

bimetallic alloy for Pt supported on other facets. High resolution scanning transmission electron

microscopy and X-ray diffraction analyses reveal the phase segregation is associated with a cation

migration mechanism associated with replacement of Zn2+ by Al3+ in the spinel structure. This work

confirms the strong interfacial interactions between precious metal nanocrystals and that the spinel

support is a general mechanism for stabilizing precious metal catalysts, with important implications for

the rational design of stable integrated catalysis systems.
Supported precious metal nanocrystals are essential for many
industrially important catalytic reactions because of their
remarkable activities that are difficult or impossible to achieve
with alternative materials.1 However, they usually have poor
stability under the harsh conditions associated with practical
applications especially with high temperatures and oxidizing
atmospheres, and readily transform to less reactive particles
with much larger sizes.1,2 Therefore, the development of effec-
tive approaches to stabilize nanocrystals is of critical impor-
tance and has been under intensive research in recent years.
The stability of supported nanocrystals depends on many
factors, including the phase, exposed facts and interfacial
molecular structures of the nanocrystal and the support mate-
rial, and the instability usually involves several mechanisms.
For example, supported Pt nanocrystals migrate and aggregate
and form large particles with supports such as Al2O3, SiO2, TiO2

and ZrO2,3,4 on the other hand, they can also react with the
support and form solid solutions with supports such as MgO
and CeO2.5,6 Overall, these pathways lead to loss in Pt dispersion
and substantial reduction in catalytic activity. The stability of Pt
nanocrystals can be enhanced by applying novel supports and/
or manipulating the surface chemistry of the supports.7–14
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However, the results are still unsatisfactory and it is still desired
for developing effective and general strategies for synthesizing
and processing stable precious metal catalysts systems.

We recently reported the remarkable capability of spinel
MgAl2O4 supports on stabilizing Pt nanocrystals with its {111}
facet during severe aging at 800 �C in air.15 This prior successful
demonstration has motivated us to examine a wider range of
spinel-precious metal combinations, with the goal of devel-
oping rational approaches for ultra-stable precious metal
nanocrystals. In fact, we found that in addition to Pt nano-
crystals, Rh and Ir nanocrystals can also be stabilized as small
(1–3 nm) particles using MgAl2O4 during severe aging (800 �C in
air for 1 week). The underlying mechanism is identied as
epitaxial lattice matching between the spinel {111} facet and the
metal nanocrystals.16 In this work, we desire to examine the use
of alternative supports with similar lattice characteristics but
different surface chemistry, i.e., zinc aluminate (ZnAl2O4)
support, so that the potential roles of surface chemistry can be
examined. ZnAl2O4 was selected because it has similar lattice
characteristics with MgAl2O4, (lattice constant of ZnAl2O4 is
8.0848 Å vs. 8.0831 Å for MgAl2O4) but different surface
composition and structure. The synthesis of ZnAl2O4 spinel and
its use as a catalyst support has been studied previously but
limited work has been done specically aimed at examining the
support–catalyst interactions and stabilizations.17–21

Herein, we report the synthesis of phase-pure ZnAl2O4 spinel
and the stabilization and transformation of Pt nanoparticles on
this support under oxidizing and reducing atmosphere at high
temperatures. Through systematic analysis of aged and reduced
samples with high resolution scanning transmission electron
microscopy (HR-STEM) and X-ray diffraction (XRD) analysis, we
This journal is © The Royal Society of Chemistry 2017
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Fig. 2 Set of XRD results: (a) as-synthesized ZnAl2O4 spinel and 1Pt/
ZnAl2O4 with different treatment: (b) after calcination at 500 �C for 5 h
(-FO); (c) reduction at 800 �C (-FR); (d) aged sample at 800 �C in air for
1 week (-1WO) and (e) reduced in H2 at 800 �C for 2 h (-1WR). The “*”,
“#”, and “+” mark indicates diffraction peaks from ZnAl2O4 spinel, Pt,
and PtZn alloy, respectively.

Fig. 1 STEM images of 1Pt/ZnAl2O4-FR (a–c), and 1Pt/ZnAl2O4-1WR (d–f). The {111} and {100} facets are marked in magenta and yellow dash
lines, respectively.
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demonstrate the remarkable stability of small Pt nanocrystals
attached on the ZnAl2O4 spinel {111} facet, and the partial phase
segregation of ZnO as well as the formation of PtZn alloys. In
practice, phase-pure ZnAl2O4 spinel was synthesized via an
ethanol-mediated controlled hydrolysis method similar to the
one reported in our recent papers.15,16 Typically, stoichiometric
amount of aluminum isopropoxide (0.1 M) and zinc nitrate
hexahydrate (0.05 M) were added to 300 ml ethanol with stirring
and the mixed solution was heated at 150 �C (hotplate surface
temperature) for 12 hours. The mixture was then dried and the
powders obtained were calcined at 800 �C for 12 hours. The XRD
pattern conrms formation of pure ZnAl2O4 aer calcination
without any detectable impurity phases (Fig. 2a). The as-
synthesized ZnAl2O4 crystals have the characteristics of well-
dened cuboctahedral shape with dominant {111} facet, small
grain sizes (�12 nm, Fig. S1†) and high surface areas (110.3 m2

g�1) (Table S1†). Supported Pt nanocrystals (with a typical
loading of 1 wt%) were prepared by the incipient wetness
impregnation method using desired amount of PtCl4 with water
as the solvent (see ESI† for detailed experiment procedure). The
sample was dried and then calcined at 500 �C for 5 hours in air,
and was subsequently reduced in 5% H2/He at 800 �C for
2 hours to obtain the 1Pt/ZnAl2O4. The Pt nanocrystals prepared
with this method were well dispersed on the surface of ZnAl2O4

and had a dispersion as high as 40.2% as determined via H2

chemisorption. In addition, the Pt nanocrystals had diameter
mostly less than 3 nm as revealed with STEM analysis (Fig. 1a–
c). The high dispersion was further supported with XRD as
no obvious diffraction peaks originated from Pt were detected
(Fig. 2b and c).

The stability of Pt nanocrystals under oxidizing and reducing
atmospheres was studied via high temperature aging and
reduction since severe sintering of nanocrystals usually occurs
under elevated temperatures. A typical procedure is aging in air
This journal is © The Royal Society of Chemistry 2017
at 800 �C for 1 week and reducing in 5% H2/He at 800 �C for
2 hours. The aging temperatures and the Pt loadings were
systematically examined as will be discussed in detail below.
The labeling and discussions of samples were organized as
follows since a large number of samples were involved: the
calcinated samples were labeled with a suffix “O” whereas
the reduced samples were labeled with “R”. In addition, the
fresh prepared samples had a suffix of “F” and the 1 week
aged samples had a suffix of “1W”.
RSC Adv., 2017, 7, 3282–3286 | 3283
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The Pt dispersion decreased to 10.4% with the ZnAl2O4

support aer aging in air at 800 �C for 1 week (Table S1,† 1Pt/
ZnAl2O4-1WR). This decrease in dispersion is similar to the
results observed with the MgAl2O4 support but is much better
than other conventional supports such as Al2O3.22 The aged
sample was then analyzed with STEM and XRD (Fig. 1 and 2).
The diameter of Pt particles aer aging and reduction was
found to center on the two ranges (therefore a bimodal distri-
bution) of few nanometers similar as prior to aging (1Pt/
ZnAl2O4-FR, Fig. 1a–c) and much larger sizes of�80 nm (Fig. 1d
and S3†). In addition, we observed formation of the PtZn alloy
phase (tetragonal, P4/mmm (123)) by XRD (Fig. 2e). Interest-
ingly, the XRD patterns of the 1Pt/ZnAl2O4-1WO sample (aer
aging but prior to reduction) only exhibited pure metallic Pt
phase. This suggests that the formation of PtZn alloy occurred
during the H2 reduction.19,20 By using a quantitative multi-
component Rietveld analysis, we estimated that �70% of Pt
forms large Pt particles in 1Pt/ZnAl2O4-1WO sample, which is in
line with the loss in Pt dispersion (from 40.2% to 10.4%)
determined via H2 chemisorption as discussed above.

The detailed structures and interactions between Pt and
ZnAl2O4 both for the fresh and aged samples were further
studied with HR-STEM. Fig. 1b shows a typical image for the
1Pt/ZnAl2O4-FR sample. Based on the orientation of the spinel
crystal, we can determine the exposed facet ({111} vs. {100},
marked with different color in Fig. 1) and therefore the Pt
nanoparticle distribution with regard to facet of the support.
The loaded Pt particles had particle size of few nanometers and
exhibited random distribution on the ZnAl2O4 spinel facets,
suggesting the loading of Pt had no preference on spinel facets
during catalyst loading process. Aer the 1 week aging treat-
ment and the reduction (1Pt/ZnAl2O4-1WR), small Pt nano-
crystals were still observed in the STEM images. Their
interaction with the support, however, showed clear preferences
and most of the particles were selectively attached on spinel
{111} facet and had epitaxial relationship with the support.
Interestingly, we also noted that the size of Pt particles retained
in the aged samples appear smaller than those in the fresh
ones, presumably because larger Pt particles have weaker
interaction with the support and are more readily to undergo
migration and coalesce during aging. The random occupation
of Pt in fresh sample and selective occupation in aged one are
also evident in additional HR-STEM images (Fig. S2 and S3†),
suggesting that Pt nanocrystals attached on the {111} facet has
remarkable stability under the conditions examined in this
work. These results suggest ZnAl2O4 spinel also have superb
capabilities to stabilize Pt nanoparticles in small sizes even
during extremely severe aging. Therefore, taking together the
results from H2 chemisorption, STEM and XRD, it was
concluded that ZnAl2O4 spinel had the capability to stabilize Pt
nanocrystals similar as MgAl2O4 spinel and Pt nanoparticles on
spinel {111} were stable whereas those on other facets were not.
Since these two types of spinel have very similar lattice struc-
ture, the origin of the remarkable ability of ZnAl2O4 spinel {111}
facet could be rationally understood as the strong interactions
between the oxygen termination and platinum {111} facet as
have been discussed extensively in our previous works with
3284 | RSC Adv., 2017, 7, 3282–3286
MgAl2O4.15,16 Overall, these suggest that the strong epitaxial
interaction at the metal–support interfaces is a general stabili-
zation mechanism.

The phase transformation of Pt to PtZn alloy is an interesting
phenomenon and was therefore further studied. This trans-
formation is different from observations with MgAl2O4 support
(where only pure Pt phase was observed) under the same
conditions. The STEM images reveal ne structures of dark
lines in parallel with the spinel (111) plane in the projection of
ZnAl2O4 spinel, which overall appears fault planes in the 1Pt/
ZnAl2O4-FR sample (Fig. 1c and S2†). The formation of such
dark lines was presumably due to missing of atoms or
replacement of heavy atoms by light ones, such as replacement
of heavier Zn2+ by lighter Al3+ since the formation energy of
antisites of Zn2+ and Al3+ was reported to be small.23,24 Consid-
ering the fact that g-Al2O3 has “spinel structure” (cubic, Fd�3m
(227), lattice constant: 7.9 Å) with Al3+ lling both tetrahedral
and octahedral sites and the fact that these dark lines didn't
generate signicant particle fragmentations, the fault planes
can be presumably assigned to the replacement of Zn2+ by Al3+

on spinel (111) planes and phase segregation to ZnO and Al2O3.
These features were also observed for particles aer aging
experiments, suggesting such structure is relatively stable or the
phase segregation had relatively slow kinetics. The replaced
Zn2+ cannot be detected as zinc oxide by XRD for all the samples
processed with 1 wt% of Pt and aged at 800 �C (Fig. 2), implying
that the zinc oxide are very small or highly dispersed in the
host spinel.

The formation of fault planes and segregation of ZnO and
g-Al2O3 from ZnAl2O4 could decrease the thermal stability of
support. Therefore, the thermal stability of the support was
subsequently studied systematically and samples were pro-
cessed with different calcination temperatures and then were
analyzed. The spinel was relatively stable at 800 �C since
samples processed at this temperature did not show detectable
ZnO phases even aer calcining for 1 week (Fig. 2). However,
the formation of ZnO phase was evident with calcination
temperature higher than 900 �C (Fig. 3) and the grain size
of ZnO increasedmarkedly from the 32 nm at 900 �C to 54 nm to
1200 �C (Table S2†). Despite the increase in grain size,
the weight percentage of ZnO as estimated from XRD results
remained small (few wt%, Table S2†) and didn't increase obvi-
ously with increased calcination temperature. In addition, the
corresponding Al2O3 phase was not detected, which might
be due to the overlap of ZnAl2O4 and Al2O3 diffraction peak
positions. These results suggest that the phase segregation
should be a thermodynamically slow process and might be
promoted by the presence of crystals defects (such as disloca-
tions and vacancies) that are introduced during material
synthesis. Further improvements in spinel synthesis with
controlled defect densities might improve the thermal stability
substantially.

The observation and discussions presented above suggest
clearly that the formation of PtZn alloy under reducing atmo-
sphere and the phase segregation of ZnO and g-Al2O3 from
ZnAl2O4 spinel. In order to better understanding the process, we
performed additional experiments with varied Pt loadings with
This journal is © The Royal Society of Chemistry 2017
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Fig. 3 Set of XRD results for ZnAl2O4 samples after calcination at
different temperatures: 800 �C for 12 h (a), and further calcination at
900 �C (b), 1000 �C (c), 1050 �C (d), 1100 �C (e) and 1200 �C (f) for 2 h.
The “*” and “O” marks indicate the diffraction peaks for ZnAl2O4 spinel
and ZnO, respectively.
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supports calcinated at different temperature. Fig. 4a shows the
XRD of a freshly prepared 5Pt/ZnAl2O4-800-FR sample (5� Pt
loading than samples discussed above). The increases in Pt
loading resulted in substantially stronger diffractions of the
PtZn phase than the 1Pt/ZnAl2O4-800-FR. In addition, Fig. 4b
and c show results obtained with the ZnAl2O4-900 support that
has �2.4 wt% ZnO and varied Pt loadings of 3, 5 and 8 wt%.
Fig. 4 XRD pattern for Pt/ZnAl2O4 samples after reduction in H2 at
800 �C for 2 h in which the support was calcined at 800, 900 and
1050 �C before use. (a) 5Pt/ZnAl2O4-FR; (b) 3Pt/ZnAl2O4-900-FR; (c)
5Pt/ZnAl2O4-900-FR; (d) 8Pt/ZnAl2O4-900-FR; (e) 5Pt/ZnAl2O4-
1050-FR, and (f) 8Pt/ZnAl2O4-1050-FR. The “*”, “+” and “V” mark
indicate diffraction peaks for ZnAl2O4 spinel, PtZn alloy and g-Al2O3,
respectively.

This journal is © The Royal Society of Chemistry 2017
Noticeably, all of these samples exhibited evident diffraction
responses from PtZn and g-Al2O3 and their fractions increased
from 0.9, 3.7 to 5.3 wt% and from 22, 61 to 54 wt% for loadings
of 3, 5 and 8 wt%, respectively (Table S3†). Very similar results
were found with the ZnAl2O4-1050 support with Pt loadings of
5 and 8 wt% (Fig. 4e and f and Table S3†). Interestingly, the
estimated lattice constant of the “g-Al2O3” phase generated
during phase segregation of ZnAl2O4 was c ¼ 7.93 Å, which is
slightly higher than the standard (c ¼ 7.90 Å). Furthermore,
small Pt nanocrystals with sizes less than 3 nm and very high
particle densities were also evident in the STEM images for
the freshly prepared samples with higher Pt loadings (5Pt/
ZnAl2O4-FR, Fig. S4; 3Pt/ZnAl2O4-900-FR, Fig. S5; 5Pt/ZnAl2O4-
1050-FR, Fig. S6†). Moreover, almost all of the large particles
observed with these samples were PtZn alloys. These observa-
tions agree well with Pt stabilization and phase transformations
discussed above.

In summary, we demonstrated the superior capability of
ZnAl2O4 spinel {111} facet on stabilizing Pt nanocrystals espe-
cially under harsh oxidizing and reducing conditions. This
discovery together with our previous studies on MgAl2O4 spinel
support solidies the stabilization mechanism of strong
epitaxial interaction of metal–support interfaces, that overall
provided a general approach for rational processing of support
materials and metal nanocrystals to meet the rigid require-
ments for specic catalytic reactions. Furthermore, the obser-
vations of phase segregation and transformation might have
broader implications for alloy type catalyst particles synthesis
and stabilization.
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