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DOI: 10.1039/x0xx00000% Platinum-zinc oxide (Pt@ZnO) and palladium-zinc oxide (Pd@ZnO) core-shell nanoparticles

were synthesized in solution using a method based on self-assembly and deposited onto a
functionalized alumina (Si-Al203) support. TEM investigations of the samples confirm the
formation of core-shell structures of approximately 6 nm of diameter following calcination to
remove the ligands. In-situ TEM and coulometric titration experiments suggest that Pt-Zn alloys
are formed upon reduction and that these are highly tunable in size. While methanol-steam
reforming (MSR) measurements on conventional Pt/Al2Os and Pd/Al2Os catalysts show poor
COz selectivities, a Pt(1-wt.%)@ZnO(9-wt.%)/Si-Al203 system showed comparable activity and
selectivity for CO2 as a conventional Pt/ZnO catalyst, providing further indication that Pt@ZnO
forms a Pt-Zn alloy upon reduction due to the intimate contact between the two materials. The
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Pd@ZnO/Si-Al20; exhibited lower COz selectivities than Pt@ZnO/Si-Al20s.

Introduction

Methanol is a potentially convenient vehicle for storing
hydrogen that could then be used in fuel-cell vehicles. It is
relatively easy to convert methanol to hydrogen by the methanol
steam reforming (MSR) reaction due to its high H/C ratio and
absence of C-C bonds, allowing the reaction to take place at
relatively low temperatures.! An important goal with MSR
catalysts is to obtain high selectivity to COa, rather than CO, so
as to avoid the need for a water-gas-shift catalyst.> To achieve
this goal, various metals of group VIII have been studied on
different supports as potential catalysts for MSR.4¢

ZnO exhibits interesting properties as a support and as a
promoter for Pt and Pd catalysts.>* The relatively facile
reduction of ZnO and subsequent formation of PtZn and PdZn
alloys lead to strikingly different catalytic activities compared to
the bare metals. For example, PtZn alloys formed from Pt/ZnO
catalysts were found to be selective for hydrogenation of a,p-
unsaturated aldehydes to the corresponding saturated alcohols.”
It has been shown that the addition of Zn to Pt(111) surface
changes the reactivity of platinum, the catalysts becoming more
selective for deoxygenation of aldehydes and methanol steam
reforming (MSR) reaction due the formation of PtZn alloy.’°
Similarly, Zn-promoted, carbon-supported Pt and Pd catalysts
are selective for methanol steam reforming, with COz being the
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primary product, rather than CO.'%!! Also, Pd/ZnO has shown
high COz selectivity in the MSR reaction due to the formation of
an alloy phase.'? Other studies demonstrated that the particle size
of the PdZn alloy can affect the selectivity for the MSR.!3:14:22

The methods used for the preparation of the catalysts affect
the activity and selectivity for MSR and this has been reviewed.?
Structural and compositional heterogeneity are important
considerations for any supported-metal catalyst but they are
especially important with alloys. For example, most Pt/ZnO
catalysts formed by impregnation of Pt salts onto a ZnO support
would have Pt particles with wide size distributions.!! Pt-Zn
alloys form upon reduction, but the Pt:Zn ratio depends on the
reduction conditions and the initial Pt particle size. If Zn salts are
added to an existing supported-metal catalyst, only a fraction of
the Zn will end up interacting with the metal component, and a
significant excess of Zn has to be added in order to ensure contact
between Zn and Pt components.!! These issues bring the
challenge of finding preparation methods that allow fine tuning
of the composition and morphology of the catalysts.

Recent work from our laboratories has provided a method for
achieving homogeneous materials with uniform particle sizes
and compositions, with good contact between precious metals
and oxide phases.!> The method involves preparing metal
nanoparticles with oxide shells in solution, then adsorbing these
core-shell particles onto an inert support. Uniform metal
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particles are produced by reduction of a metal salt in the presence
of a bifunctional ligand, 11-mercaptoundecanoic acid (MUA), in
an organic solvent.!®!” Uniform oxide shells are then formed
around the metal nanoparticles by reaction of a metal alkoxide
with the carboxylic acid end group of the MUA ligand.
Following a controlled hydrolysis of the remaining alkoxide
groups in the presence of an organic acid, well defined, core-
shell particles are produced and remain stable and dispersed in
the organic solvent. Finally, the dispersed core-shell structures
can be deposited onto engineered oxide supports in monolayer
form, then calcined to remove the remaining ligands. Using these
methods, Pd and Pt nanoparticles have been prepared with CeOs-,
71Oz, and TiOz shells.!”

Here, we demonstrate that Pt@ZnO and Pd@ZnO core-shell
catalysts of uniform size and composition can be prepared by
methods similar to those used previously.!'® The core-shell
particles can again be adsorbed from solution onto
functionalized-alumina supports. In-situ TEM and coulometric
titration experiments suggest the formation of alloyed particles
of controlled size. The catalytic activity and selectivity of the
systems for MSR are also shown to be in agreement with the
formation of the alloys. This work provides a general method to
prepare alloyed particles of tunable size and composition starting
with well defined core-shell building blocks.

Experimental Section

Materials

Potassium tetrachloroplatinate(II) (K2PtCls, 98%), potassium
tetrachloropalladate(Il) (K2PdCls, 98%), diethylzinc (Zn 52.0 wt.
%), 11-mercaptoundecanoic acid (MUA, 95%), anhydrous 1-
butanol (99.8%), and triethoxy(octyl)silane (TEOOS, >97.5 %)
were purchased from  Sigma—Aldrich. Dodecylamine
(CH3(CH2)11NH2, 98%), lithium triethylborohydride (1.0 M
LiBEt3H in THF) and dodecanoic acid (CH3(CH2)10COOH,
99%) were purchased from Acros Organics. Anhydrous
magnesium sulfate was purchased from Fisher-Scientific.
Sodium borohydride (NaBHa4, 98%), tetraammineplatinum(II)
nitrate (Pt(NH3)4(NO3)2, 99.99%), tetraamminepalladium(II)
nitrate solution ((NH3)4Pd(NO3)2, 99.9%), tetraoctylammonium
bromide (TOABTr, 98%) and zinc oxide powder (ZnO, 99.9%,
42 m? g') were purchased from Alfa Aesar. Al203 powder
(Puralox TH100/150) was purchased from Sasol and calcined to
1173 K for 24 h prior to use (surface area 90 m? g'!). All of the
solvents were HPLC grade from Fisher-Scientific.

Synthesis of the catalysts

MUA -protected Pt nanoparticles (Pt-MUA in tetrahydrofurane,
THF) were prepared following previously reported procedures.!”
Briefly, KoPtCls was dissolved in deionized water and
transferred to CH2Cl2 using TOABT as phase-transfer agent. The
aqueous phase was discarded and the organic phase was dried
with anhydrous magnesium sulfate. Dodecylamine was added
and the reaction vessel was purged with N2 until after the Pt
reduction step. The reducing agent (LiBEt:H) was added rapidly,
with vigorous stirring, causing the solution to change from
orange to black. The solution was then stirred for an additional 5
min. Next, the reaction mixture was washed with water and the
solvent removed by evacuation. Ethanol was added to the black
solid, which was then centrifuged three times to remove the
excess of dodecylamine and TOABr. After dissolving the Pt-
dodecylamine nanoparticles in a CH2CL/THF solution, MUA
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was added and the solution stirred overnight. After again
removing the solvent by evacuation, the solid was washed with
CH2Clz and centrifuged three times to remove excess
dodecylamine. Finally, the black solid (Pt-MUA) was
redissolved in THF. The Pd-MUA nanoparticles were prepared
following previously reported procedures.!¢

The synthesis of zinc butoxide (Zn(OBu)2) was carried out in
a nitrogen-filled glove box (<0.1 ppm of water and Oz) following
previously reported procedures, with only slight modifications.'®
Diethyl zinc ((C2Hs)2Zn, 1 mmol) was added dropwise to
anhydrous 1-butanol (C4sH9OH, 5 mL) with vigorous stirring.
(Caution: Flammable gas is generated in this process and the
reaction is exothermic.) The zinc butoxide solution produced in
this reaction is stable under air exposure for a limited period of
time and was therefore taken out of the glove box and used
immediately without further purification. The functionalized,
hydrophobic alumina (Si-Al2O3) was prepared by allowing
pristine Al203 (10 g) to react with TEOOS (5.8 mL) in toluene
(30 mL)."® The solution was refluxed for 6 hours, filtered, and
washed several times with toluene to remove unreacted TEOOS.
The powder was dried in air overnight at 383 K.

Preparation of the catalyst Pt(1-wt%)@ZnO(9-wt%)/Si-
AO3 was similar to published procedures.'®!” An appropriate
volume of Pt-MUA solution was added dropwise to an
appropriate amount of Zn(OBu):2 solution under constant stirring
to achieve the final desired loadings. Dodecanoic acid (1 mol per
Zn), dissolved in THF, was added to the dispersed particles, after
which the hydrolysis was carried out by slowly adding a solution
containing 0.5 mL H2O in 10 mL of THF over a period of two
hours. Next, the Si-Al2O3 was slowly added to the Pt@ZnO
solution and the slurry was stirred overnight. During this period,
the Pt@ZnO nanostructures were adsorbed onto the Si-Al2O3
support, as evidenced by the solution turning from black to
translucent white (The translucent white appearance is likely due
to a small amount of Al2O3 or ZnO remaining suspended in
solution.). Next, the solvent was removed by rotary evaporation.
Finally, the Pt@ZnO/Si-Al203 sample was calcined in flowing
air at 773 K for 6 h, using a heating ramp of 3 K min'!. The
Pd@ZnO/Si-Al2O3 sample was prepared following the same
procedure described above but using the Pd-MUA solution.

Conventional Pt/ZnO, Pt/Al,0s, Pd/ZnO, Pd/AL>Os3 catalysts
with 1-wt% metal were also prepared for comparison purposes
by wet impregnation of ZnO or Al>O3 with aqueous solutions of
Pt(NH3)4(NO3)2 and (NH3)4Pd(NO3)2, respectively. The dried
powders were calcined in air at 773 K for 6 h using a heating
ramp of 3 K min’!,

Characterization

Transmission electron microscopy (TEM) images were obtained
using a JEOL 2100 microscope, with an accelerating voltage of
200 kV. CO chemisorption measurements were performed using
a home-built adsorption apparatus. To prepare the samples for
chemisorption measurements, the calcined sample was first
exposed to 200 Torr Oz at 673 K for 2 min and then evacuated.
This pre-treatment was repeated three times. Next, the sample
was exposed to 200 Torr of Hz at either 423 or 673 K for 5 min,
followed by evacuation. This reduction step was again repeated
three times. CO chemisorption was performed at room
temperature by adding small pulses of CO to the sample until a
pressure rise in the sample cell was detected.

A detailed description of the coulometric titration apparatus
is given elsewhere.!® Briefly, 1 g of Pt@ZnO/Si-Al203 sample
that was calcined at 1073 K was put in an aluminium crucible
and inserted inside a yttria-stabilized zirconia (YSZ) tube with
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Ag electrodes that were painted on the inside and outside. After
the apparatus was heated to 873 K, a mixture of 5% O2, 11% H20
and 84% Ar was introduced through the YSZ tube for 1 h, and
the two ends of the tube were then sealed. The measurement of
the redox isotherms was performed by -electrochemically
pumping controlled amounts of oxygen into the YSZ tube via the
application of a voltage across the electrodes using a potentiostat
(Gamry Instruments). The amount of oxygen transferred was
quantified by integrating the current, and the system was allowed
to reach equilibrium (when open-circuit voltage changes are less
than 3 mV/day). The equilibrium P(O2) was determined from the
open-circuit potential using the Nernst equation. After obtaining
the reduction isotherm, oxygen was added in controlled volumes
to get the oxidation isotherm to confirm reversibility.

Rate and selectivity for methanol steam reforming (MSR)
reaction were measured in a 4 inch, quartz, tubular reactor at
atmospheric pressure. 0.10 g of sample were loaded into the
reactor and held in place with glass wool. Prior to MSR activity
tests, the catalysts were reduced in flowing 5% H2-He mixtures
at 523 K for 30 min. After cooling to 453 K in flowing He,
methanol/water mixture with partial pressure of 45 torr MeOH
and 45 torr H2O were introduced into the reactor with He as a
carrier gas. The total volumetric flow rate in the reactor was kept
to 110 mL min’'. Products were analyzed using an online gas
chromatograph (SRI8610C) equipped with a HayeSep Q column
and a TCD detector. The catalytic activity and CO: selectivity
were calculated on a carbon basis. The selectivity to CO2 was
defined as S = (moles CO2)/((moles COz) + (moles CO)).

Results and Discussions

The supported Pt@ZnO and Pd@ZnO core-shell nanostructures
were prepared in solution by self-assembly methods discussed
above. Temperature-programmed-oxidation (TPO) (Fig. Sl1,
Supporting Information) experiments on the uncalcined
Pt@ZnO/Si-Al2O3 sample show that the decomposition of the
ligands begins at approximately 400 K and that there is a peak in
the oxygen consumption centered at 525 K (Fig. S1). Slightly
higher temperatures (575 K) are required to remove the ligands
in Pd@ZnO/Si-Al203 compared to Pt@ZnO/Si-AlO3. A
previous study of Pd@CeO2/Si-Al2O3 shows the O:z-
consumption peak at 480 K.?° The temperature in which the
ligands are removed from the samples depends on the metal and
the oxide used; but, for all the samples, the ligands were removed
by 650 K. For all studies in this paper, the samples were calcined
at 773 K to form the core-shell nanostructures.

Transmission electron microscopy (TEM) investigations
were performed to understand nanoparticle morphology and
particle size. Figure 1 shows representative TEM images of the
Pt@ZnO/Si-Al2Os3 calcined at 773 K in air. The low resolution
TEM images (Fig. 1A-B) show the core-shell particles
distributed throughout the Si-Al2Os support and the high
magnification TEM images (Fig. 1C-F) show the morphology of
the core-shell nanostructures. The images show dark Pt cores
surrounded by a crystalline ZnO shell supported onto the alumina
grains. The Pt cores are about 2 nm in diameter, the same as the
starting Pt-MUA nanoparticles,!” demonstrating that there was
no agglomeration of the metal particles after calcination at 773
K. The entire core-shell nanostructures have a diameter of
approximately 6 nm, from which a 2 nm-thick ZnO shell is
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measured. This thickness is similar to what observed in the case
of titania, zirconia and ceria!?> and demonstrates the successful
implementation of the procedure to the Pt-ZnO combination. The
oxide shells in this synthesis procedure are limited to 2 nm by
the number of carboxyl end groups present in the MUA ligands
surrounding the dispersed metal nanoparticles.

It was possible to observe the formation of Pt-Zn alloy in the
TEM due to the reducing power of the electron beam. Figure 2
reports a series of images taken at 20-s intervals where the initial
Pt-ZnO core-shell particle dispersed onto the alumina support
transforms into a slightly larger Pt-Zn core surrounded by a
thinner ZnO shell. During alloy formation, the core Pt particle
lose their crystalline morphology (Fig. 2A) to transform into the
disordered alloy (Fig. 2D). Figure S2 shows the representative
TEM images for the Pd@ZnO/Si-Al2Os core-shell sample.
Despite the lower contrast between Pd and the oxide, the ~2 nm
metal cores are discernible also in this case and the metal
particles are again surrounded by a ~2 nm oxide shell.

. F. o LN 5 "

Fig. 1 Representative low (A, B) and high (C-F) resolution transmission electron
microscopy (TEM) images of Pt@Zn0O/Si-Al,0; sample calcined at 773 K in air.
Yellow arrows point to core-shell structures where the higher contrast is
attributed to Pt cores surrounded by a lighter, ZnO shell.
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electron beam irradiation. The images were taken at 200 kV.

Fig. 2 TEM images taken at 20 s interval (from A to D) of two Pt@ZnO core-shell structures (A) that progressively transform into Pt-Zn alloy

ed particles under the

X-ray diffraction (XRD) of the Pt/ZnO sample showed very
low intensity and broad peaks near 20 angles of 39.6° and 46.1°
which can be attributed to Pt (111) and Pt (200) family of planes,
respectively (Fig. S3D). In the Pt/ZnO sample, a crystallite size
of 45 nm was calculated using the Scherrer equation. Pt-Zn alloy
was formed as evidenced by the lattice parameter shift in the
Pt/ZnO (0.3942 nm) compared to that of pure platinum (0.3923
nm).?! The XRD pattern of the sample Pt@ZnO/Si-Al.O3 was
dominated by the alumina peaks and only a broad, low intensity
peak at ~56° that can be attributed to ZnO was discernible (Fig.
S3E). Similar results were obtained for the Pd and Pd@ZnO/Si-
AlOs catalysts (Fig. S4). The small crystallite size and the low
loadings effectively prevent observation of the PtZn and PdZn
XRD peaks.

in the core-shell catalyst. The low adsorption uptake is likely due
to formation of the Pt-Zn alloy, which has much reduced
adsorption compared to the pure Pt particles present in the
Pt/Al2O3 system. It is noteworthy that reduction at higher
temperatures decreases the CO uptake to almost zero for the
ZnO-containing samples. The low CO chemisorption uptake for
the core-shell sample can also be explained by the ZnO shell
which coats part of the Pt surface as has been observed for other
core-shell systems.!” For Pd@ZnO/Si-Al>03, reduction at 673 K
slightly increases the dispersion. Oxidizing the samples restores
the initial chemisorption values, providing evidence that alloy
formation is primarily responsible for the reduced adsorption
capacity.

Table 1 Metal apparent dispersions (%) based on CO uptake at room
temperature for the calcined samples after different pre-treatment conditions.

1™ 2ond 3
Sample Reduction Reduction Reduction
at423 K at 673 K at423 K
Pt@ZnO/Si-Al0s I 4 I 0 I 2
Pt/ALLO3 34 41 32
Pt/ZnO 3 0 2
Pd@ZnO/Si-Al:O; 3 4 2
Pd/ZnO 1 1 1
Pd/ALO; 22 18 19

=} o

N o

3 *

g 5 20 *

E3 o

=

2540-

£ |009
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Fig. 3 Redox isotherms for Pt@ZnO/Si-Al,0; at 873 K. Closed symbols were
obtained starting from the oxidized state. Open symbols were measured while re-
oxidizing the sample.

CO chemisorption results are reported in Table 1. In contrast
to what is observed for the Pt/Al2Os sample, which shows
appreciable CO uptakes, both Pt/ZnO and Pt@ZnO/Si-Al2O3
samples show very low CO uptakes corresponding to Pt
dispersion values well below 5%. For conventional catalysts, this
would imply particle sizes of the order of 10 nm. This result is
clearly in contrast with TEM investigations (Fig. 1), which
showed the presence of small (2 nm), well dispersed Pt particles

This journal is © The Royal Society of Chemistry 2014

Coulometric titration experiments were also performed on
the supported Pt@ZnO core-shell catalyst. Coulometric titration
is an equilibrium, electrochemical technique for measuring
oxidation state as a function of P(O2). Figure 3 shows the redox
isotherm for the Pt@ZnO/Si-Al203 sample at 873 K. Only a
single reduction step was observed in the P(O2) range of 105 —
1020 atm, which is close to the calculated P(O2) for ZnO-Zn
equilibrium, 2.3x107'¢ atm. The amount of oxygen that could be
removed from the sample is about 50 pmol g!, corresponding to

J. Name., 2014, 00, 1-6 | 4

Page 4 of 7



Page 5 of 7

an O/Pt ratio of 1, further indicating the formation of a PtZn
alloy. Interestingly, most of the ZnO in the core-shell catalyst is
not being reduced in this experiment, possibly because of
interactions with the alumina support. The results also imply that
PtZn alloy formation does not significantly affect the Zn-ZnO
equilibrium. The temperature programed reduction (TPR) profile
for the Pt@ZnO/Si-Al2O3 shows two peaks, the first of which
corresponds to the reduction of ZnO in contact with Pt.
Approximately 55 pmol g! of oxygen is removed in this low-
temperature feature, a result that correlates well with the
coulometric titration results for the formation of the PtZn alloy.

(A)| 100
= 80 |
[ =
o
£ 60
Q
>
S
O 40 -
T :
(o] 4 Pt@Zn0/Si-Al,O4
[}
z 20 + & PYALO,
< Pt/ZnO
0 o —t f Yt
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Temperature (K)
(B)] 10
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o]
(&}
0.2
0.0 1 e Pt
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Fig. 4 (A) Methanol steam reforming (MSR) catalytic activity and (B) CO, selectivity
over the Pt@Zn0/Si-Al,0; core-shell (triangle symbol), and conventional Pt/Al,O3
(circle symbol) and Pt/ZnO (diamond symbol) calcined at 773 K. The catalysts were
pretreated in a reducing (5% H,/He) atmosphere at 523 K for 30 minutes. All
catalysts with 1 wt% of Pt.

The core-shell structures were tested as catalysts for
methanol steam reforming (CH3OH + H20O — CO:z + 3Hz), with
light-off curves for Pt@ZnO/Si-Al2O3 and conventional
Pt/Al203 and Pt/ZnO catalysts shown in Fig. 4A. Before the
reaction, each of the materials was exposed to flowing Hz at 523
K for 30 min. Reaction occurred at lower temperatures on
Pt/Al203, with nearly complete conversion of the CH3OH by 550
K. The reaction started at higher temperatures on Pt@ZnO/Si-
Al203 and Pt/ZnO, with complete conversion requiring 600 K.
However, the selectivities to CO2 with Pt@ZnO/Si-Al203 and
Pt/ZnO were much higher than that with Pt/Al,Os, as shown in
Fig. 4B. At 573 K, the selectivity to CO2 was 66% on Pt/ZnO,
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76% on Pt@ZnO/Si-Al20O3 and less than 10% on Pt/Al2Os. The
formation of alloy phases increases the CO2 selectivity compared
to metallic phase.

Similar trends were observed with the Pd-based catalysts.
For a given temperature, the conversions were highest with
Pd/Al20Os3, as shown in Figure 5A. However, as shown in Figure
5B, the selectivities for CO2 were much higher on the Pd/ZnO
and Pd@ZnO/Si-AL2O3 catalysts. The conventional Pd/ZnO
exhibited somewhat higher selectivities than did the PdA@ZnO
core-shell catalyst, possibly due to particle size effects. Conant
et al. observed that smaller crystallites of Pd-Zn alloys were less
selective than larger particles.?? However, in all cases, the Pd-Zn
alloy catalysts were more selective for CO: than their pure Pd
analogues. This agrees with previous observations that the
selectivity of ZnO-supported catalysts in MSR depends on the
reduction temperature.'223-2>

(A)| 100
g 80 -
S
.E 60 _
[
g
© 40 -
o
5 £ Pd@Zn0/Si-Al,04
= 20 1 & Pd/AILO;
© 4Pd/Zn0O
0 —_
450 475 500 525 550 575
Temperature (K)
B)| 10
| 4 Pd@ZnO/Si-Al,O,
0.8 L ©Pd/AIO;
4 Pd/ZnO
2
z 0
£~
[3}
Q@
2 04
o)
© o2
0.0 T . t - i \ﬂ
450 475 500 525 550 575
Temperature (K)

Fig. 5 (A) Methanol steam reforming (MSR) catalytic activity and (B) CO, selectivity
over the Pd@Zn0/Si-Al,0; core-shell (triangle symbol), and conventional Pd/Al,O3
(circle symbol) and Pd/ZnO (diamond symbol) calcined at 773 K. The catalysts were
pretreated in a reducing (5% H,/He) atmosphere at 523 K for 30 minutes. All
catalysts with 1 wt% of Pd.

What we have demonstrated in this paper is that the
procedures developed in previous work for making hierarchical
core-shell catalysts can be extended to include ZnO shells. An
advantage of these materials is that the core-shell particles are
highly uniform, both in their metal diameters and shell
thicknesses. These core-shell particles can also be attached to
any functionalized surface.?® Therefore, the self-assembly
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method can be useful for the synthesis of heterogeneous catalysis
with highly tailored and tunable properties.

Conclusions

We successfully demonstrated the preparation of Pt@ZnO and
Pd@ZnO core-shell nanostructures, well dispersed on a
functionalized alumina support. TEM images proved the
formation of Pt@ZnO and Pd@ZnO core-shell nanostructures of
6 nm in diameter composed of a metal core of ~2 nm surrounded
by an homogeneous ZnO shell of ~2 nm. Coulometric titration
experiments, TPR, and methanol steam reforming (MSR) results
strongly suggest that the metal core-oxide shell structures can
form alloys upon mild reduction. The MSR results show that
Pt/Al2O3 and Pd/Al2Os3 catalysts have catalytic activity with poor
COz selectivity, while the alloy catalysts (Pt@ZnO/Si-Al203 and
Pd@ZnO/Si-Al203) have higher COz selectivity. These findings
present a controlled method for preparing alloys for
heterogeneous catalysis.
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