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Abstract

In this study, the diesel oxidation performance of degreened (DG) and hydrothermally aged
monometallic and bimetallic Pd/Pt/SiOz(core)@Zr(shell) catalysts with varying Pd/Pt molar ratios
from 3/1 to 1/3 was evaluated. Pd/Pt(3/1)/Si02@Zr (DG) achieved 50% and 90% conversion of
CO at 166 °C (Ts0), 169 °C (T9o) and total hydrocarbons (THCs) at 198 °C (Tso0), 244 °C (T90).
Decreasing the Pd/Pt molar ratio led to a decrease in the Tso,90’s, with Pd/Pt(1/3)/SiOx@Zr (DG)
achieving Tso090’s at 153, 156 °C for CO and 171, 200 °C for THCs, respectively. Moreover,
Pd/Pt(1/3)/S102@Zr showed enhanced hydrothermal stability. XRD and TEM showed that in the
hydrothermally aged bimetallic catalysts, the fraction of Pd present as a Pt-Pd metallic alloy
increased with Pt content. The enhanced low temperature performance of Pd/Pt(1/3)/SiO2@Zr
compared to the other studied catalysts was attributed to Pd being primarily present in metallic

form, despite being subjected to severe oxidizing conditions.
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1. Introduction

Automobile manufacturers are required to develop efficient aftertreatment catalysts for
diesel vehicles to meet the increasingly stringent emission standards [1]. Moreover, improvements
in the design of diesel engines resulted in lower exhaust temperatures compared to conventional
engines, demanding future aftertreatment catalysts to be active at low temperatures [2-4].
Specifically, U.S. DRIVE set a goal of eliminating 90% of vehicle hazardous emissions
(hydrocarbons (HCs), CO, nitrogen oxides (NOx)) by 150 °C (150 °C challenge) [5]. The
aftertreatment system of diesel vehicles is commonly composed of a diesel oxidation catalyst
(DOC), a diesel particulate filter and a selective catalytic reduction (SCR) catalyst [6-8]. Long-
term usage of DOCs can lead to thermal degradation of the support and/or sintering of the active
metal sites [9]. Thus, the durability of DOCs is determined by evaluating their catalytic
performance after hydrothermal aging at temperatures as high as 700-800 °C [10-12]. Therefore,
hydrothermally stable SiO2(core)@Zr(shell) supports were previously developed by coating SiO2
spheres with a Zr-based shell [13]. Pd/SiO2@Zr catalysts were further synthesized by dispersing
Pd on the Zr-based shell. Pd/SiO2@Zr catalyst had an improved surface area (112 m*/g) compared
to Pd/ZrO2 (24 m?/g) after hydrothermal aging at 800 °C [14]. The hydrothermal stability of
Pd/SiO2@Zr was attributed to the formation of Si-O-Zr bonds, alleviating the formation of easily
crystallized ZrOa2. Specifically, 1 wt.% Pd/SiO2@Zr was able to achieve a Too (the temperature
that 90% conversion was achieved) for CO at 178 °C after hydrothermal aging (800 °C/10, feed
gas: 10% O2, 5% H20, 5% CO2/Ar), closely approaching the 150 °C challenge. However,
improving the total HC (THC) conversion over Pd/Si02@Zr is desired, since hydrothermally aged
Pd/Si02@Zr catalysts were only able to convert 90% of THCs at temperatures as high as 382 °C.

Platinum (Pt)-based catalysts have been reported to have an improved HC oxidation
activity compared to Pd-based catalyst [15-17]. Therefore, Pt attracted the interest of the emission
control community for the development of catalysts that can convert HCs more efficiently
compared to Pd-based catalysts to approach the 150 °C challenge. For example, Pt/Al2O3 was able
to achieve higher CsHs conversion (80% at 370 °C) than Pd/A1203 (10% at 370 °C) with the same
monolith metal loading of 50 g/ft® [17]. In another study, Pt/Al2O3 was able to achieve 100%
CsHe conversion at 220 °C, while Pd/Al2O3 with the same metal loading (mol %) achieved 55%

CsHe conversion at 290 °C [15]. However, in a diesel oxidation reaction, where CO coexists with



HCs, CO can be strongly adsorbed on the Pt surface sites of monometallic Pt-based catalysts
inhibiting HC oxidation [16, 18, 19]. Kang et al. compared the C2H4 oxidation performance of
Pt/Al20s3 in the presence and absence of CO [18]. The results indicated that C2Ha lights off at 220
°C and 300 °C in the absence and presence of CO, respectively, which is close to the temperature
that 90% CO was converted, implying that CO poisoned the Pt sites. Moreover, monometallic Pt
catalysts suffer from severe sintering because Pt is mobile due to its high volatility when exposed
to temperatures greater than 800 °C [20-22]. For example, Kaneeda at al. showed that the Pt
crystallite size in Pt/Al2O3 increased from 25 to 60 nm after exposing the catalyst to 830 °C in air
for 60 hours, leading to a decrease in the NO oxidation conversion from 70% to 40% at 300 °C
due to the decreased surface area of active Pt. Pt sintering can be retarded by Pd incorporation by
trapping mobile Pt species with PdO and/or forming Pd-Pt alloy [20, 21, 23]. Furthermore,
metallic Pd in Pd-Pt alloys [24] is more active compared to PdO for HC oxidation [25-27].
Specifically, reduced Pd/Al2O3 achieved a lower Tso (the temperature that 50% conversion was
achieved) (440 °C) compared to oxidized Pd/Al2O3 (Tso = 473 °C) for the CH4 oxidation reaction
[25].

Apart from the perspective of the catalytic performance, the rising price of Pd (Dec. 2001:
$450/0z; Sep. 2022: $2,032/0z) and Pt (Dec. 2001: $473/0z; Sep. 2022: $855/0z) in the past decade
requires an optimization of Pd and Pt usage in DOC applications. Herein, a series of Pd/Pt
bimetallic DOCs with Pd/Pt molar ratios varying from 1/3 to 3/1 were synthesized using
hydrothermally stable SiO2@Zr support. Monometallic Pd/SiO2@Zr and Pt/SiO2@Zr catalysts
were also prepared for comparison purposes. The synthesized catalysts were evaluated for their
low temperature diesel oxidation activity and hydrothermal stability using the low temperature
aftertreatment protocol developed by U.S. DRIVE [10]. Evaluation results suggested that the
degreened Pd/Pt(1/3)/SiO2@Zr showed the best performance among the studied catalysts with
different Pd/Pt molar ratios, with the lowest Tso,90’s at 153, 156 °C for CO and 171, 200 °C for
THCs. Moreover, bimetallic Pd/Pt(1/3)/SiO2@Zr exhibited retainable performance after
hydrothermal aging treatment. Characterization results suggested that decreasing the Pd/Pt molar
ratio from 3/1 to 1/3 led to an increase in the fraction of Pd that was alloyed with Pt in the metallic
portion of the catalyst. Specifically, decreased peak areas attributed to the oxide phase Pd,Pt (Hz-
temperature programmed reduction (TPR)) and higher intensity of metallic phase (X-ray

diffraction (XRD)) was observed. Moreover, transmission electron microscopy (TEM) suggested
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that a decrease in Pd/Pt molar ratio from 3/1 to 1/3 led to an increase in the Pd and Pt percentage

in the metallic phase from 50% to 68%, and 50% to 69%, respectively.
2. Experimental
2.1. Reagents and materials

Zirconium(IV) butoxide solution (Zr(BuO)4) (80 wt.% in 1-butanol, Sigma-Aldrich),
tetraethyl orthosilicate (TEOS) (98% purity, Strem), anhydrous ethanol (EtOH, 200 proof, Decon),
ammonium hydroxide (NH4OH, 28-30 wt.% solution of NHs in water, Sigma-Aldrich),
tetraamminepalladium nitrate (Pd(NH3)4(NO3)2) (10% in H20, Sigma-Aldrich) and
tetraammineplatinum nitrate (Pt(NH3)4(NO3)2) (99% purity, Strem) were used as received. A 3.76
wt.% aqueous solution of Brij30 (Ci2H25(OCH2CH2)4OH) (ACROS) was prepared prior to usage.

DI water with a resistivity of 18.2 MQecm was used for all the synthesis performed in this study.

2.2. Synthesis of SiOz(core)@Zr(shell) supports

SiO2@Zr supports were synthesized using a previously reported synthesis method [13, 28].
Briefly, monodisperse SiO2 spheres were prepared following the Stober method [28]. Specifically,
172 mL EtOH, 10.8 mL DI water and 4.43 mL. NH4OH were mixed for 10 min, followed by the
addition of 12.5 mL TEOS. The obtained solution was stirred overnight at room temperature (RT).
The liquid phase of the obtained mixture was exchanged by EtOH (200 mL) and 200 mL DI water
(3 times) followed by another exchange with 200 mL EtOH (3 times) by centrifugation (5000 rpm).
The obtained SiO:2 spheres were suspended in 200 g EtOH followed by the addition of 1 mL of
Brij30 solution and the suspended solution was stirred for 1 h at RT. 3.6 mL Zr(BuO)s4 was then
added to the suspended solution that was stirred overnight at RT. The liquid phase of the obtained
mixture was then separated and exchanged for 200 mL DI water and the final mixture was aged at
RT for 3 days. The SiO2@Zr support was collected by centrifugation (5000 rpm), followed by
drying at 110 °C overnight and calcination at 500 °C for 2 h (ramp rate = 10 °C/min).

2.3. Catalyst preparation

Monometallic 1 wt.% Pd/Si02@Zr and 1.8 wt.% Pt/Si02@Zr catalysts were prepared by
a wet-impregnation method using 4.7x10 M Pd(NH3)4(NO3)2 and 4.7x10 M Pt(NH3)4(NO3)2
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stock solutions. Specifically, 20 mL of Pd and Pt stock solution was added to 1 g SiO2@Zr
resulting to 1 wt.% Pd/SiO2@Zr and 1.8 wt.% Pt/SiO2@Zr, respectively. 1.8 wt.% Pt/SiO2@Zr
contains the same moles of precious metal as 1 wt.% Pd/SiO2@Zr. The greater metal weight
loading of 1.8 wt.% Pt/SiO2@Zr compared to 1 wt.% Pd/SiO2@Zr is attributed to the greater
atomic mass of Pt (195.1 au) compared to Pd (106.4 au). Bimetallic Pd/Pt/SiO2@Zr catalysts with
Pd/Pt molar ratios of 1/3, 1/1 and 3/1 were prepared by co-impregnation where calculated amounts
of 4.7x10* M Pd(NH3)4(NO3)2 and 4.7x10 M Pt(NH3)4(NO3)2 were premixed and added to 1 g
of SiO2@Zr (20 mL stock solution to 1 g support, with 1/3, 1/1 and 3/1 (v/v) of Pd/Pt stock
solution). All synthesized bimetallic Pd/Pt/SiO2@Zr catalysts had the same total moles of precious
metal as the 1 wt.% Pd/SiO2@Zr (Table S1). The liquid phase used for wet impregnation was
evaporated with rigorous stirring at RT, followed by drying at 110 °C overnight and calcination at

500 °C for 2 h (ramp rate = 10 °C/min).

2.4. Characterization

The morphology of the SiO2@Zr support and the particle size determination of the active
metals were obtained by TEM (JEM-2010F) at an accelerating voltage of 200 kV. Higher
resolution images were also obtained with an aberration corrected TEM/scanning transmission
electron microscopy (STEM) instrument (JEOL NeoARM). Energy dispersive X-ray
spectroscopy (EDS) mapping and analysis was performed using an Oxford Aztec 3.0 system. The
catalysts were initially dispersed in ethanol under ultrasonication before imaging. The suspended
catalyst was then added drop wisely onto a carbon-coated copper TEM grid (Electron Microscopy
Sciences, CF300-CU) followed by drying in air at RT.

2D-XRD patterns were obtained on a Rigaku D/Max instrument equipped with CoKa
radiation source (A= 1.78899 A, 40kV, 30mA), a 0.8mm collimator, and a Fe filter. As synthesized
samples were mounted perpendicularly to the goniometer using a sample stage fabricated in house
and patterns were collected for 6 hours. 26 scans were collected using a Rigaku SmartLab
diffractometer equipped with a Cu-Ka X-ray source (40kV, 40mA), a D/TEX detector, and a Ni
filter. As synthesized samples were mounted on a low background quartz sample holder and
patterns were collected for 2.5 hours.

H>-TPR experiments were conducted in a Micromeritics AutoChem II 2920 device
equipped with a thermal conductivity detector (TCD). 50 mg of sample was loaded in a U-shaped
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quartz tube reactor stabilized by packed quartz wool and a total flow rate of 50 sccm (mL/min
(STP)) was applied. The samples were initially pretreated with 20% O2/Ar at 500 °C for 30 mins
prior to the H2-TPR measurements. The samples were initially cooled down to -50 °C (isopropyl
alcohol and liquid nitrogen mixture) in Ar and the TCD signal was stabilized before further
measurements. The samples were then heated to 400 °C (10 °C/min) in 10 % H2/Ar while the TCD

signal was recorded.

2.5. Catalyst evaluation

Catalyst evaluation was performed in a customized fixed-bed U-shaped quartz reactor as
reported previously [29]. The reactor was placed in a cylindrical furnace surrounded by quartz
wool to eliminate heat gradients. Catalyst powders were pressed and sieved into pellets with sizes
ranging from 250 to 500 pum to eliminate pressure effects during reaction. 100 mg of catalyst
pellets was placed in the U-tube reactor supported by two quartz wool plugs. The furnace
temperature, controlled with a PID temperature controller, and the inlet gas temperature were
measured by K-type thermocouples placed outside and inside the U-shaped reactor, respectively,
close to the upper plug of quartz wool. Water was supplied by a D-series syringe pump (Teledyne
Isco) to a tube furnace (200 °C) where it got evaporated and steam was carried in the reactor by
Ar. All gas lines after water introduction were heated to 170 °C to avoid water condensation. The
reactor exhaust was diluted with 667 sccm Ar and analyzed by an MKS MultiGas 2030 FTIR gas
analyzer operating at 191 °C.

The catalysts were initially pretreated at 600 °C for 20 min in 12% Oz, 6% H20, 6%
CO2/Ar and they were evaluated after degreening (DG) (700 °C/4 h) and hydrothermal aging (HTA)
(800 °C/10 h) under the flow of 10% Oz, 5% H20, 5% CO2/Ar. Simulated diesel oxidation
experiments were performed using the low temperature combustion of diesel (LTC-D) gas
composition defined by U.S. DRIVE (12% Oz, 6% H20, 6% CO2, 400 ppm Hz, 2000 ppm CO,
100 ppm NO, 250 ppm C2H4, 100 ppm C3Hs, 33 ppm CsHs, 210 ppm n-CioH22/Ar (HCs in Ci
basis)) [10]. Diesel oxidation experiments were conducted from 100 to 500 °C with a ramp rate
of 2 °C/min. The total flow rate was 333 sccm, corresponding to a gas hourly space velocity
(GHSV) of 113,000 h''. A set of MKS mass flow controllers were used to regulate the flows of
COz2, O2, H2, CO, NO, C2H4, C3He, C3Hs, and Ar (99.999% UHP, Airgas). Liquid n-CioH22 was
placed in a bubbler immersed in a water bath maintained at 20 °C and it was carried in the reactor
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by Ar. The flow of Ar required to carry the desired amount of n-CioH22 was calculated with the

Clausius-Clapeyron equation using the vapor pressure of n-CioHz2 at 20 °C (0.16 kPa) [30].
3. Results and discussion
3.1. Catalyst characterization

3.1.1. XRD analysis

XRD was performed on hydrothermally aged Pd/SiO2@Zr, Pd/Pt(3/1, 1/1, 1/3)/SiO2@Zr,
and Pt/SiOx@Zr catalysts (Fig. 1). The peaks corresponding to the fcc metallic phase are well
defined in the Pt and Pd/Pt catalysts, and the peak positions are consistent with the literature [31,
32]. The peaks are shifted to lower angles with increasing Pt content from Pd/Pt(3/1)/SiO2@Zr to
Pt/SiO2@Zr. Such a peak shift is attributed to the expansion of the lattice with increasing Pt
content, consistent with the larger atomic radius of Pt (1.77 A) compared to Pd (1.69 A) [33, 34].
The peak position is used to estimate the composition of the metallic Pd/Pt particles using Vegard's
law [35], assuming a linear relationship between the lattice parameters of Pd (3.8898 A) [36] and
Pt (3.9231 A) [37]. Specifically, HTA Pd/Pt(3/1)/SiO2@Zr was calculated to have a lower Pd/Pt
weight ratio (Pd/Pt = 44/56) than the bulk catalyst (Pd/Pt = 63/37) (Table S1). This is due to a
portion of Pd being present as an oxide, leading to Pd-dominated Pd-Pt oxide particles over HTA
Pd/Pt(3/1)/Si02@Zr as confirmed by the XRD peaks of the tetragonal oxide phase [38, 39]. For
the HTA Pd/Pt(1/1)/SiO2@Zr catalyst, the Pd/Pt weight ratio for the metallic phase obtained from
XRD (39/61) was similar to the nominal Pd/Pt weight ratio (36/64) suggesting that Pd and Pt are
uniformly dispersed in both oxide and metallic phases. Finally, the Pd/Pt weight ratio obtained
from XRD for the metallic portions of the HTA Pd/Pt(1/3)/SiO2@Zr (24/76) was slightly greater
than the bulk Pd/Pt weight ratio (14/86). This observation can be attributed to the existence of Pt-
rich Pd-Pt alloy along with metallic phases of Pt and Pd. However, the presence of such phases is
beyond the detection limits of XRD. A more detailed discussion of Pd-Pt alloy, oxide and metallic
phases of Pd and Pt is provided later in this section. The HTA Pd/SiOx@Zr catalyst shows
primarily the oxide phase, with small peaks from hex Pd [40]. In contrast, the Pd is present as a
Pt-Pd alloy in the bimetallic catalysts, with the fraction of Pd present in metallic form increasing

with Pt content.



3.1.2. TEM-EDS analysis

The average particle size of all degreened and hydrothermal aged catalysts was determined
by TEM. Representative micrographs and particle size distributions of all studied samples are
shown in Figs. 2 and S1. The size of at least 300 particles was taken into consideration when
calculating the Sauter mean diameter (ds2) [41] (Table 1). Few particles were observed from DG
Pd/Si02@Zr consistent with the broad XRD peaks seen in Fig. 1. It is noted that due to the close
atomic mass between Pd (106.42 u) and Zr (91.224 u), small Pd particles in Pd-containing catalysts
may not be distinguishable in the TEM images. Other DG catalysts showed similar average
particle sizes of ~20-30 nm. HTA at 800 °C resulted in a 52-203% increase in the particle size of
all studied catalysts compared to their DG states. Large, non-spherical particle aggregates (17 out
of 310 measured particles) with particle sizes varying from 150 to 452 nm were observed over
HTA Pt/SiO2@Zr and they were not taken into consideration when determining the Sauter mean
diameter. The formation of abnormally large particles is attributed to the high mobility of Pt at
elevated temperature [18, 42]. Pd-containing catalysts showed relatively smaller particle sizes (ds2
= 23.0-58.6 nm) compared to Pt/SiO2@Zr (78.7 nm). This behavior can be attributed to the low
vapor pressure and mobility of the PdO phase and its ability to trap mobile PtO2 during
hydrothermal aging that can slow down Pt sintering [21, 43]. Overall, all catalysts showed a broad
particle size distribution (standard deviation of 9-26 nm), with severe sintering seen in HTA
Pt/SiOx@Zr.

The lattice fringes in the TEM images were analyzed using Fast Fourier transforms (FFT)
allowed indexing of the phases in HTA Pd/SiO2@Zr catalysts. Fig. S2(a-c (1,2)) shows the TEM
images for HTA Pd/SiOx@Zr. FFT patterns of the yellow boxed regions show lattice fringes that
are consistent with tetragonal PdO. TEM images of all HTA bimetallic Pd/Pt/SiO2@Zr catalysts
were also collected (Fig. 3) and the phases were confirmed by analyzing the lattice fringes. In all
cases, the metallic component was consistent with the fcc Pt-Pd alloy and the oxide phase was
tetragonal containing both Pt and Pd, implying that Pt was present as a solid solution in PdO. The
bimetallic catalysts contained particles that were biphasic, containing a metallic (bright, in dark
field images) phase adjacent to an oxide phase (grey, in dark field images). Similar conclusion
regarding the occurrence of Pd and Pt uniformly dispersed in both oxide and metallic phases were

also drawn from the XRD results for HTA Pd/Pt(1/1)/SiO2@Zr. The composition of the oxide and



metallic phases in individual biphasic particles was analyzed and the average is reported in Figs.
3 and S3. Moreover, a dispersed phase (particles < 10 nm) was also observed in HTA
Pd/Pt(1/1)/Si02@Zr and Pd/Pt(1/3)/SiO2@Zr as shown in Fig. S4. It is seen that the oxide phase
is always Pd rich, as expected from the stability of the tetragonal PdO phase, but surprisingly, there
is Pt present in this oxide phase, presumably as a solid solution. Since the ionic sizes of Pt and Pd
are similar, and both prefer the square planar structure, it is likely that this solid solution is stable
at these high temperatures. To our knowledge, this solid solution of Pt in PdO has not been
reported previously. With regard to the metallic phase, it is seen from Fig. 3 that as the Pt content
is increased, the composition of the alloy becomes Pt-rich. It is significant that while Pd under
these conditions would be present only as an oxide, in these bimetallic catalysts, Pd is present both
in metallic and oxide form. The composition of the metallic phase determined by TEM-EDS is
consistent with the XRD analysis using the lattice constant and Vegard’s law (Table 2).

The TEM-EDS data on individual nanoparticles in Fig. 3 was combined to generate the
overall speciation for Pt and Pd into oxide and metallic phases, as shown in Fig. 4. It is evident
from Figure 4 that the amount of Pd and Pt present in the metallic phase of the biphasic particles
increased from 50 wt.% Pd and 50 wt.% Pt over HTA Pd/Pt(3/1)/SiO2@Zr to 68 wt.% Pd and 69
wt.% Pt over HTA Pd/Pt(1/3)/SiO2@Zr. Further, EDS elemental analysis of the oxide phase of
the biphasic particles suggested that apart from Pd, Pt was also present in oxide phase (Figs. 3 and
4). A possible explanation of this behavior is that Pt diffusion into the PdO lattice, can create a
Pd, Pt solid solution that can retard the sintering of Pt observed in HTA Pt/SiO2@Zr (Table 1 and
Fig. 2). Pd/Pt biphasic particles were previously reported to consist of a Pd/Pt alloy phase adjacent
to a PdO phase [21, 44]. The formation of the PdO phase was attributed to the low surface energy
of Pd compared to Pt and its tendency to segregate from the Pd/Pt alloy. Here we show that the
oxide and metal phases co-exist in individual particles, and report for the first time the observation

of a Pt/Pd solid solution in the oxide phase of biphasic particles.

3.1.3. H>-TPR analysis

The H2-TPR (Fig. 5) provides further evidence of the speciation of Pd, Pt into metallic and
oxide phases. Table S2 provides the areas of the H2-TPR peaks at temperatures below RT over
the studied samples. The fresh catalysts were calcined at 500 °C in air. The Pd-only catalyst was
present as an oxide and showed two distinct peaks and a broad peak which might arise from a
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dispersed PdO phase. The peak at 6 °C is attributed to the reduction of PdO to metallic Pd and the
formation of palladium hydride (PdHx) [17, 45, 46]. PdHx decomposes at higher temperatures
resulting in a negative peak at 70 °C [47]. The H2-TPR data for the HTA Pd/SiO2@Zr sample is
very similar to that of the fresh catalyst, indicating similar speciation. In contrast, no reduction
peaks were observed over fresh and HTA Pt/SiOx@Zr, suggesting that Pt is present in metallic
form, which is consistent with the Pt oxides not being stable at elevated temperatures [48]. The
Pd and Pt speciation in the monometallic catalysts is consistent with the XRD data, showing a
broad Pd oxide peak and a sharp Pt metallic peak.

In contrast to the Pd-only catalyst, the fresh bimetallic catalysts show very small peaks
during H2-TPR indicating that these catalysts are largely metallic and that Pt helps to retain Pd in
metallic form in the fresh catalysts. A large H2-TPR peak is observed over the HTA catalysts,
indicating the presence of an oxide phase, as also shown by TEM-EDS. The HTA bimetallic
catalysts show Ha-TPR peaks, and the H2 consumption at temperatures below RT (Table S2) is
used as a measure of the oxide content after HTA. Compared to HTA Pd/SiO2@Zr (35.8 mmol/g),
the HTA bimetallic Pd/Pt/SiO2@Zr catalysts showed significant H> consumption (52.7 umol/g
(Pd/Pt(3/1)/S102@Zr), 27.7 pmol/g (Pd/Pt(1/1)/Si02@Zr) and 2.4 pmol/g (Pd/Pt(1/3)/Si02@Zr))
despite the progressively lower amounts of Pd in these catalysts. This occurs over the HTA
bimetallic Pd/Pt/SiO2@Zr catalysts due to trapping of volatile PtO2 by the PdO phase [21, 49].
The increased H2 consumption observed after HTA over the studied bimetallic catalysts is
therefore consistent with Pt being present as an oxide in these catalysts, in the form of biphasic
particles as shown via TEM-EDS in Figs. 3 and 4. The H2-TPR data clearly shows that the
Pd/Pt(1/3)/Si02@Zr catalyst is largely metallic, consistent with the TEM images.

3.2. Activity test results

The catalytic performance of DG Pd/SiO2@Zr, Pd/Pt(3/1)/SiO2@Zr, Pd/Pt(1/1)/SiO2@Zr,
Pd/Pt(1/3)/Si02@Zr, and Pt/Si02@Zr catalysts is shown in Figs. 6 and S5. The CO/THC Tso and
Too for DG Pd/SiO2@Zr was at 176/223 °C and 186/291 °C, respectively. The replacement of 25%
Pd by Pt (Pd/Pt(3/1)/SiO2@Zr) resulted in a decrease in the Tso/Too at 166/169 °C (CO) and
198/244 °C (THC). The performance of Pd/Pt/SiO2@Zr further improved when the Pd/Pt molar
ratio decreased to 1/1 and 1/3, as indicated by a decrease in Tso/T9oo for CO to 160/165 °C and
153/156 °C, respectively. The THC Tso/Too also decreased with decreasing Pd/Pt molar ratio from
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3/1 to 1/1 (Ts0/Too = 182/229 °C) to 1/3 (Tso/Too = 171/200 °C). Moreover, NOx conversions (Fig.
S5) increased with decreasing Pd/Pt molar ratio. This behavior can be attributed to NOx
undergoing a HC-SCR reaction where Pt was reported to be more active compared to Pd [50].
While the THC Ts0/Too = 181/193 °C over monometallic DG Pt/Si02@Zr were achieved at relative
low temperatures, the Tso90’s for CO increased to 180 and 184 °C, respectively, compared to
bimetallic Pd/Pt catalysts. These CO Tso,90’s were close to the light-off temperature (T10) of THCs
at 180 °C, implying the occurrence of CO poisoning on the active Pt sites [16, 18].

The performance of all studied catalysts after HTA is shown in Figs. 7 and S6. All studied
catalysts deactivated after hydrothermal aging, as indicated by an increase in the Tso/Too of CO
and THCs compared to the DG state of the catalysts (Fig. 7(c,d)). HTA Pd/Pt(1/3)/SiO2@Zr
outperformed all studied catalysts with Tso/Too of 159/163 °C for CO and 170/213 °C for THCs,
respectively. Thus, the improved CO and THC oxidation performance of Pd/Pt(1/3)/SiO2@Zr can
be attributed to the increased metallic phase in the biphasic particles [25-27]. Again, HTA
Pt/SiO2@Zr performed Tso for THC conversion at 192 °C, close to the CO Tso at 191 °C, due to
the CO poisoning. In a nut-shell, the improved CO and THC oxidation performance of the
bimetallic Pd/Pt compared to monometallic catalysts is due to the increase in Pd and Pt content in

the metallic phase of biphasic particles with a decrease in Pd/Pt molar ratio.

4. Conclusions

A simulated LTC-D gas mixture (feed: 6% COz, 12% Oz, 6% H20, 400 ppm Hz2, 2000 ppm
CO, 100 ppm NO, 500 ppm C2H4, 300 ppm C3Hs, 100 ppm C3Hs, 2100 ppm n-CioH22; HCs in Ci
basis and GHSV = 113,000 h'!) was applied for the DOC evaluation of a series of mono- and bi-
metallic Pd/Pt/SiO2@Zr catalysts. DG Pd/Pt(1/3)/SiO2@Zr outperformed all studied DG catalysts
(Too (CO) = 156 °C, Too (THCs) = 200 °C), closely approaching the 150 °C challenge. HTA
Pd/Pt/SiO2@Zr catalysts showed only a slight deactivation compared to their DG states,
suggesting that the bimetallic studied catalysts are hydrothermally stable. Biphasic particles were
observed over HTA aged bimetallic Pd/Pt/SiO2@Zr catalysts. An increased percentage of Pd, Pt
are present in the metallic phase of the biphasic particles as the Pd/Pt molar ratio decreased from
3/1, 1/1, to 1/3, which can contribute to the improved HC oxidation performance of HTA
Pd/Pt(1/3)/Si02@Zr. Furthermore, Pt can be trapped by PdO in the biphasic particles that can
retard Pt sintering. Overall, this work highlights the potential use of bimetallic Pd/Pt/SiO2@Zr

12



catalysts as DOCs and it reveals that an improved performance can be achieved by decreasing the

Pd/Pt molar ratio to increase the Pd and Pt content in the metallic phase of biphasic particles.
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Table 1. Pd, Pt particle sizes of DG and HTA catalysts determined by TEM.

Sample DG HTA
Pd/Si02@Zr - 23.0(c=17.2)
Pd/Pt(3/1)/SiO2@Zr 31.1 (6 =9.9) 50.4 (0 =16.2)
Pd/Pt(1/1)/Si02@Zrx 323 (c=10.1) 58.6 (6 =18.3)
Pd/Pt(1/3)/SiO2@Zrx 213 (c=6.1) 324 (c=8.9)
Pt/Si02@Zr 258 (c=1.5) 78.7 (6 =25.9)?

only particles smaller than 150 nm were taken into consideration, hence the actual particle size is

underestimated.
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Table 2. Pd, Pt composition (wt.%) of the metallic portion of the biphasic particles of HTA
Pd/Pt(3/1)/Si02@Zr, Pd/Pt(1/1)/SiO2@Zr, and Pd/Pt(1/3)/SiO2@Zr catalysts as inferred from
XRD (Vegard’s law) and TEM-EDS and the nominal composition of these catalysts. The
deviations indicate the presence of both Pt and Pd in the oxide phase.

Composition (wt.%)
Sample XRD EDS Nominal
Pd Pt Pd Pt Pd Pt
Pd/Pt(3/1)/Si02@Zrx 44 56 46 54 63 38
Pd/Pt(1/1)/SiO2@Zr 39 61 36 64 36 64
Pd/Pt(1/3)/Si02@Zr 24 76 20 80 16 84
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Figure 1. XRD of hydrothermally aged Pd/SiO>@Zr, Pd/Pt(3/1, 1/1, 1/3)/SiO2@Zr, and
Pt/Si02@Zr catalysts. The PdOx/PtOx phase refers to the solid solution of Pt,Pd in the tetragonal
palladinite crystal structure.
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Figure 2. (a-e) (1,2) TEM images and (a-e) (3) particle size distributions of DG and HTA (a)

Pd/SiOx@Zr, (b) Pd/Pt(3/1)/SiO2@Zr, (c) Pd/Pt(1/1)/SiO2@Zr, (d) Pd/Pt(1/3)/SiO2@Zr, and (e)
Pt/SiO2@Zr catalysts.
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and (b) Pd/Pt(3/1)/SiOx@Zr catalysts showing the presence of oxide and metallic phases co-
existing in individual particles, and their composition determined by EDS analysis.
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It 1s evident that with increasing Pt content, more of the Pd is present in

metallic form. In all samples, a significant fraction of Pt is present in oxide form, as a solid solution

in the PdO tetragonal lattice.
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Figure 5. H>-TPR of (a) fresh and (b) HTA Pd/SiO:@Zr, Pd/Pt(3/1)/SiO2@Zr,
Pd/Pt(1/1)/Si02@Zr, Pd/Pt(1/3)/SiO2@Zr, and Pt/SiO2@Zr catalysts.
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Figure 6. (a) CO and (b) THC conversion and Ts0,90's of (¢) CO and (d) THCs over degreened
Pd/SiOx@Zr, Pd/Pt(1/3)/SiO2@Zr, Pd/Pt(1/1)/SiO2@Zr, Pd/Pt(1/3)/SiO2@Zr, and Pt/SiO@Zr
catalysts. (Catalyst mass = 100 mg; GHSV = 113,000 h™!)
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Figure 7. (a) CO and (b) THC conversion and Tso090’s of (c) CO and (d) THCs over
hydrothermally aged Pd/Si02@Zr, Pd/Pt(1/3)/S102@Zr, Pd/Pt(1/1)/Si102@Zr,
Pd/Pt(1/3)/SiO2@Zr, and Pt/SiO2@Zr catalysts. (Catalyst mass = 100 mg; GHSV = 113,000 h™")
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