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Abstract: Alloying Pd with Cu is important for catalytic reactions such as denitrification reaction
and CO oxidation reaction, but understanding of the catalyst preparation and its correlation with the
catalyst’s activity and selectivity remains elusive. Herein, we report the results of investigations of
the preparation of PdCu alloy nanocatalysts using different methods and the catalytic properties of
the catalysts in catalytic denitrification reaction and CO oxidation reaction. PdCu alloy nanocatalysts
were prepared by conventional dry impregnation method and ligand-capping based wet chemical
synthesis method, and subsequent thermochemical activation as well. The alloying characteristics
depend on the bimetallic composition. PdCu/Al,O3 with a Pd/Cu ratio of 50:50 was shown to
exhibit an optimized hydrogenation activity for the catalytic denitrification reaction. The catalytic
activity of the PdCu catalysts was shown to be highly dependent on the support, as evidenced by the
observation of an enhanced catalytic activity for CO oxidation reaction using TiO, and CeO, supports
with high oxygen storage capacity. Implications of the results to the refinement of the preparation of
the alloy nanocatalysts are also discussed.

Keywords: palladium-copper alloy; nanocatalyst; nitrate hydrogenation; CO oxidation; bimetallic
composition; support effect

1. Introduction

Alloying noble metals with different transition metals have become one important focal point of
research and development in the preparation of catalysts. For alloying at the nanoscale, one of the
key challenges is the ability to control the alloyed nanoparticles in terms of size, shape, composition,
phase structure, and the prevention of the propensity of nanoscale aggregation and sintering [1].
In recent years, palladium (Pd) alloyed with transition metals (e.g., copper (Cu), and nickel (Ni)), as an
alternative to Pt based alloy catalysts, has received extensive attentions, as evidenced by the surge
of studies of the preparation of low-cost, active and stable catalysts [2-22]. One intriguing system
of Pd-based nanoalloy catalysts is Pd alloyed with Cu. Interests in this system continue to rise in
view of the discovery of catalytic synergy of the PdCu alloy catalysts in various catalytic reactions
under both gas phase and electrochemical conditions, and results from theoretical studies of this
system [23,24]. For example, for Cu-rich Pd-Cu nanoalloy, CO adsorption energy was found to shift to
a higher energy level significantly due to the downshift of Pd d-band center [25]. The arrangement of
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Cu species with respect to Pd species was found to produce to an atomic ensemble effect, influencing
strongly the catalytic activity [26]. These theoretical studies have been further shown to be consistent
with the catalytic synergy for CO oxidation over PdCu nanoalloy catalysts of different bimetallic
composition, revealing a maximum catalytic activity at a Pd:Cu ratio of 50:50. This type of catalytic
synergy was also found to be dependent on the atomic scale structure, which can be tuned by the
nanoparticle preparation method and thermochemical processing condition [23]. Another example
involves electrocatalytic oxygen reduction reaction (ORR) over PdCu nanoalloys in acidic electrolyte,
revealing a similar catalytic synergy in terms of atomic composition [24]. The result is consistent with
results from DFT calculations, in which a charge transfer from Pd to Cu is revealed as a result of the
reduction of Pd-O binding energy by Cu and the increase of Cu-O binding energy by Pd [27].

In addition to the interests in CO oxidation and electrocatalytic reduction of O, over Pd based
alloy catalysts, there has also been increasing interest in studies of such catalysts in catalytic oxidation,
hydrogenation, and combustion of different hydrocarbons [5-22,28-33] and in catalytic reduction
of inorganic ions in solutions. One example of recent interests the catalytic reduction of nitrate
pollutants in groundwater from industrial and domestic effluents. Such pollutants have become a
worldwide environmental problem due to the excessive use of fertilizers in the developing countries.
Several cleaning techniques have been explored for removing nitrates from water. The chemical
reduction process could transform nitrate into the innocent form such as nitrogen. It would make a
permanent cure for the nitrate pollution other than enrichment by reverse osmosis and electrodialysis.
When using hydrogen as reducing agent, an effective catalyst is necessary for promoting the
hydrogenation of NO3;™ into nitrogen and water. Some bimetallic and trimetallic catalysts such
as Pd-Cu, Pd-Sn and Pd-Cu-Pt catalysts loaded on various supports have been suggested as catalysts
for this denitrification reaction [34-36]. However, the formation of undesirable byproducts such as
nitrite and ammonia is a main drawback in the previous studies [37]. Several experimental studies of
PdCu alloys have demonstrated the importance of tuning the atomic structure and morphology of
the nanoalloys for achieving better catalytic properties. In a study on CO and NO elimination over
PdCu nanoalloy catalysts, the catalytic properties were found to be tunable by taking advantage of
metal-active support interface interactions [38]. Another early study on CO oxidation over PdCu
single crystal alloys with Pd-rich surface demonstrated an increase of surface Cu:Pd ratio from 0.1 to
0.7 due to diffusion of Cu from the bulk to the surface of Pd-Cu crystal [39]. PdCu nanoalloys on
active Al,O3 and TiO, supports have been shown to exhibit high activity for CO removal in ambient
atmosphere [40]. CuyCI(OH); species have also been found to improve the catalytic activity of Pd-Cu
nanoalloys by promoting re-oxidation of Pd(0) to Pd(2+) species. However, little is known for the
controlled preparation of the bimetallic nanocatalysts, which is important for subsequent studies of
the catalytic synergy in terms of bimetallic composition and supports. There is clear need to design
and prepare active and selective catalysts.

Despite of increasing studies of PdCu alloy catalysts in various catalytic reactions, understanding
of the catalyst preparation and the correlation with the catalyst’s activity and selectivity remains
elusive. Herein, we describe the results of recent investigations of the preparation of PdCu nanoalloy
catalysts using different methods and the catalytic properties of the catalysts in catalytic denitrification
reaction and CO oxidation reaction. Examples will focus on PdCu alloy catalysts prepared by both
conventional dry impregnation method and ligand-capping based wet chemical synthesis method,
and subsequent thermochemical activation of the catalysts. Scheme 1 illustrates the basic processes of
the two methods in terms of catalysts preparation, alloying properties and catalytic activities.
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Scheme 1. Illustration of the basic processes in the two methods for the preparation of PdCu
alloy nanocatalysts (left): dry impregnation method (top); and wet chemical method (bottom); and
subsequent thermochemical activation of the nanoacatalysts (right).

2. Results and Discussion

2.1. Catalyst Characterizations

PdCu catalysts developed by impregnation method were firstly evaluated by nitrogen adsorption
tests. It is found that the calcination treatment and the metal loading do not have significant
influence on the specific surface area (SSA). The SSA was observed to be above 210 m?.g~! for
all catalysts. No obvious sintering or blocking by metal particles on the alumina support was observed.
The elemental composition was analyzed by SEM-EDX technique (Figure S1). It is shown that the
bimetallic composition basically follows the metal ratio of feedstock by dry impregnation method.
Note, however, that the resolution of SEM is not high enough to assess the details of alloy particles and
supports. The transmission electron microscopy (TEM) image shows that the alloy forms spherical
particles with an average size of 7.7 + 2.0 nm on alumina support in Figure 1A. The relatively broad
size distribution in Figure 1B suggests that a fusing process may take place when the particles undergo
thermal treatment. However, the metal dispersion does not change significantly with the composition
of alloy. The dispersion of metal for the 1 wt % and 5 wt % series is about 9% and 4%, respectively,
for any of the bimetallic composition. Based on this result, the difference in mass transition among the
samples in the same series is considered to be insignificant.

After the calcination in air, the metal components are likely in oxidized states. Figure 2
shows a representative set of hydrogen temperature-programmed reduction (H,-TPR) curves for
the 1 wt % sample series. The Cu catalyst by impregnation method shows the classic feature of
CuO reduction. With the introduction of palladium into Copper, the CuO reduction is promoted
by the hydrogen spillover that is facilitated by palladium. At the same time, a reversed peak is
observed at 70 °C, which is attributed to the decomposition of PdH. This observation indicates
that the palladium still exist in element state. When the Pd/Cu ratio is increased to 50:50, the
desorption of hydrogen at 70 °C disappears. The alloying between palladium and copper prohibits the
behavior of one-component metal. When the Pd/Cu ratio is increased to 90:10, the reversed TPR peak
reappears. These observations are illustrated in Figure 2B for alloying of the two metal components.
The calcination at 600 °C fuses the two components together in partially oxidized states. When they
are reduced at 50 °C in the run-up period of TPR, the catalyst with palladium content shows element
metal state from partially oxidized metals. When the palladium composition is not enough to form
PdCu alloy, the reduced palladium particles, which are isolated by copper component, would react
with hydrogen and produce partially hydrogenated PdHy species. PdHy decomposes at 70 °C and
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returns to metallic Pd particles, which would assist dissociation of hydrogen molecules. As a result,
the reduction of CuO, will be facilitated. Once the palladium composition is elevated to 50%, the
insulation is broken and the alloying would spread across the particle. Although the resulting alloy
does not lean to form hydride, it displays the consistent reducibility for both metal oxides. When the
palladium composition is increased to 90%, the extra palladium forms PdH, again and promotes the
further reduction of metals in the alloy.
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Figure 1. TEM image (A) and size distribution (B) for a 5 wt % Pd-Cu (50:50) alloy particles supported
on alumina, prepared by dry impregnation method.
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Figure 2. (A) H,-TPR patterns for catalysts of 1 wt % Pd-Cu/Al,O3 with different Pd/Cu ratios; and
(B) illustrations of hydrogen adsorption/desorption on the PdCu surface corresponding to the peak
characteristics in (A).

On the basis of the Hy-TPR results, there is a combination of alloying and phase segregation
occurring in the PdCu nanoparticles of different compositions in the heating and reducing processes,
as illustrated in Scheme 2. For Pd49Cugg sample, when the palladium particles are blocked by copper
component, the activated hydrogen is not able to effectively reduce the Cu-O-Cu in the bulk copper
oxide. Given the high palladium loading, there is no isolated copper oxide particles inserted in this
PdCu oxide precursor. Apparently, the Cu-O-Cu species has transformed into the Cu-O-Pd species
as a result of the two reduction processes for both palladium and copper components in the alloy.
Alloying between palladium and copper clearly has an effect on the reducibility of bimetallic catalysts.
Moreover, the reducibility of metal component is believed to be a key factor contributing to the catalytic
performance for denitrification of nitrate.
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Scheme 2. Proposed the alloying and phase segregation occurring in the PdCu nanoparticles of
different compositions in the heating and reducing processes.

In comparison with the alloy nanocatalysts prepared dry impregnation method, PdCu alloy
nanocatalysts synthesized by wet chemical synthesis show a better control over the particle size
and size monodispersity. In general, the composition of the Pd,Cujgo_, (1 = 21, 48, and 75) alloy
nanoparticles can be well controlled for each individual component as demonstrated in our previous
report [23]. For example, the average sizes of Pd,;Cujgo—, alloy nanoparticles can be controlled at
57 + 05,55 £ 0.5, and 5.5 = 0.8 nm for n = 21, 48, and 75, respectively. For carbon supported
Pd;,Cuygo—y, catalysts (n = 21, 48, and 75), after thermochemical activation, the average particle sizes
are determined tobe 7.4 + 1.2, 6.0 + 0.8, and 4.9 &+ 0.5 nm, respectively, which are slightly larger than
that of the corresponding as-synthesized NPs. Figure 3 shows an example for a sample of carbon
supported Pdj; Cuyg nanoparticles. This phenomenon is due to the slight sintering induced by the
post-synthesis treatment. The particles appear spherical in shape and uniformly distributed over the
carbon support with narrower size distribution than that synthesized by the dry impregnation method
(Figure 3B). High angle annular dark field scanning transmission electron microscopy (HAADF-STEM)
image shows that the thermochemically-treated PACu NPs are highly crystalline (Figure 3A insert).
A close examination of the lattice fringe reveals an average lattice fringe of 2.192 A, indicative of (111)
facet characteristic.
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Figure 3. A representative set of TEM and high-resolution TEM (HRTEM) image (A); and size
distribution (B) for a sample of Pdy;Cuyg nanoparticles. Note that the scale bars are 20 nm and
5 nm for the TEM and the inserted HRTEM images, respectively.
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The distribution of Pd and Cu species across the treated nanoparticles, i.e., the chemical
composition mapping, was further analyzed by HAADF-STEM and energy dispersive spectroscopy
(EDS) mapping analysis. A representative set of results is shown in Figure 3A insert and Figure 4. It is
evident that Pd and Cu species are uniformly distributed across the NPs, confirming their alloy-type
character (Figure 4).
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Figure 4. A representative set of EDS mapping data showing the elemental distribution across the
nanoparticle for a sample of PdyyCugp nanoparticles.

For the impregnated PdCu catalysts, the SEM-EDX result for the alumina supported sample
(see Figure S1) was complicated by the lack of resolution due to significant aggregation of the particles.
While a further detailed study is needed, the results show that the wet chemical method prepared
catalysts are better controlled than the impregnation prepared catalysts.

To determine the relative surface distribution and oxidation states of Pd and Cu species for the
PdCu alloy catalysts, XPS analysis was carried out (Figure 5). The relative surface composition is found
to be similar to the bulk chemical composition of PdCu alloy NPs, consistent with the alloy properties
of PdCu catalysts prepared by the wet chemical method. The binding energy of Pd species for PdCu
NPs appears to show a minimum for Pd:Cu ratio at ~50:50. For Cu species, the peak characteristic
appears to change significantly with the bimetallic composition with additional peaks, implying
Cu(+2/+1) species present in a Cu-rich PdCu alloy. The partial oxidation of Cu in PdCu alloy NPs
with Pd/Cu ratio <50:50 is very likely due to air exposure before XPS analysis. More in-depth in-situ
XPS experiments to further determine the valence state changes during the reactions are part of our
future work.
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Figure 5. XPS spectra of carbon-supported Pd;;Cuyg/C (black, a), Pd4gCus,/C (red, b) and
Pdy5Cuys/C (blue, c) in regions of: Pd 3d (A); Cu 2p (B); and O 1s (C).

2.2. Catalytic Activity Evaluation

2.2.1. Catalytic Denitrification

PdCu catalysts prepared by impregnation method were examined for catalytic denitrification
reaction. Data for the catalytic activity are shown in Figure 6. Figure 6a shows the product distribution
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after denitrification test over 1 wt % Pd-Cu supported on alumina. It was found that the palladium
is indispensable for the reduction of nitrate, since the copper mono-component catalyst shows no
hydrogenation activity. When the Pd/Cu ratio increases to 40:60, 68% of nitrate is reduced into nitrite
form by hydrogen. There is an indication of further reduction. When the PdCu is in the alloy region
as controlled by the Pd:Cu ratio, the deep hydrogenation is initiated. If the Pd/Cu goes beyond the
alloy region, the nitrate hydrogenation catalytic activity shows a dramatic drop. However, the nitrite
product, which is more harmful to human health, is eliminated. In the case of pure palladium catalyst,
there is a lower denitrification activity.

If a higher metal loading is adopted, a higher hydrogenation activity is acquired, as expected.
Furthermore, the same tendency in terms of alloying degree is also observed for the 5 wt % sample
series. On the alloy catalysts (Pd/Cu = 50:50, and 80:20), the composition of nitrite product is muffled
to 18% and 23%, respectively. A 45% selectivity of nitrogen is achieved on both samples. For low
loading samples, once the Pd/Cu ratio exceeds that corresponding to the alloying region, a decrease of
the hydrogenation activity is observed.

It is known that both NO3~ adsorption and hydrogen dissociation are key steps for the
denitrification reaction following Langmiur-Hinshelwood mechanism. When the palladium is the
exclusive adsorption site, it is difficult for the combination of electrophilicity and electron feedback to
be operative for both reactants. In the case of the low loading sample, the positive charge transferred
from support prevents the effective activation of hydrogen molecules. Only upon the introduction of
coppet, the overlapping of d orbit from Pd and Cu neutralizes the hindrance of hydrogen adsorption
and activation. However, when Pd/Cu ratio is lower than 50:50, the adsorption of NO3~ becomes
too weak to achieve effective adsorption on the alloy. This is because the surface of the high copper
containing alloy becomes more electrophilic. An optimized Pd/Cu ratio is identified to be about 50:50
for both 1 wt % and 5 wt % loading samples, as shown in Figure 5.
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Figure 6. Product compositions of denitrification reaction catalyzed by Pd-Cu/Al,O3 with different
Pd/Cu ratios under two different loading: (A) 1 wt %; and (B) 5 wt % metal/alloy loading samples.
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We also note that the same tendency has been displayed on PdCu/ACC and PdAg/Al,O;3 catalysts
for denitrification [41,42]. In these two catalytic reactions, palladium is assigned as the active phase
for hydrogen activation and the consecutive hydrogenation sites for nitrite. However, the adsorption
of nitrate hardly occurs without the introduction of copper. In this study, for the higher palladium
loading sample, the interaction between palladium and alumina support could induce the positive
charge into the metal particles, leading to the reduction of nitrate with a less extent. The acidic sites on
the surface of alumina support still have an important influence on the continuous hydrogenation of
nitrate. Therefore, a rather low conversion (<10%) of nitrate is obtained in the denitrification catalyzed
by Pd4gCus; supported on carbon.

2.2.2. Catalytic CO Oxidation

CO oxidation was also studied over Pd4gCus; alloy nanoparticles deposited on different supports,
which are prepared by the wet chemical synthesis method. A representative set of CO conversion
data for the PdCu alloy nanocatalysts treated under H, atmosphere at 300 °C for 30 min is shown in
Figure 7. The results indicate that PdCu nanoparticles supported on TiO, shows the highest catalytic
activity. The catalytic activity diminishes in the order of TiO; > CeO; > SiO, > C > Al,O3, indicating
an important role played by the nanoparticle-support interaction and the oxygen storage capacity of
the support in the catalytic reaction.
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Figure 7. CO conversion for catalytic CO oxidation over Pd4gCus; alloy NPs on different supports:
TiO; (black), CeO, (green), SiO; (red), carbon (blue) and Al,O3 (cyan).

The catalytic activity for the PdCu alloy nanoparticles deposited on different supports and then
subjected to an oxidative (under O, at 450 °C for 30 min) or reductive (under H; at 300 °C for 30 min)
treatments are further examined. A representative set of values of Ts( is shown in Figure 8. It is evident
that the reduced nanocatalysts exhibit a higher activity than the oxidized ones.

Moreover, oxygen storage capacity is shown to play a role in enhancing the overall catalytic
activity. This is evidenced by comparing the data for the different supports: “active” supports such
as TiO; and CeO, show clear promotion for the oxidation of CO over PdCu alloy nanocatalysts in
comparison with those “inert” supports such as SiO, or Al,O3;. However, considering that the oxygen
storage capacity of active supports can be severely influenced by thermochemical processing conditions
for the catalysts [38,39], we believe that there are large differences for oxidized catalysts and much
smaller differences for reduced catalysts on TiO, and CeO, supports. However, the PdsyCusy/Al,O3
synthesized by dry impregnation method shows a good catalytic performance for CO oxidation even
with an “inert” support (Figure S2). It is likely that not only the intrinsic property of support but also
the supporting protocol impacts on the activity of PdCu alloys for catalytic oxidation. The modification
of interaction between the alloy and support induced by synthesis would still be a good topic for
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further investigation. Because of the difference between impregnation method and the wet chemical
method prepared catalysts, the results on the nitrite hydrogenation reaction over the wet chemical
method prepared catalysts are not included in this report for comparison. An effective comparison of
the catalytic activities of these catalysts in different catalytic reactions is part of future work.
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Figure 8. Comparison of Ts( values for PdsgCus; catalysts over different supports (i.e., TiO, (black),
CeO; (green), SiO; (red), carbon (blue) and Al,O3 (cyan)) initially treated at 260 °C under N and then
under reductive under 15 vol % H, at 400 °C followed by further treatment either under O, at 450 °C
for 30 min, denoted on the plot as oxidized state, or under Hj at 300 °C for 30 min, denoted on the plot
as reduced state.

3. Experimental Section

3.1. Chemicals

Palladium (II) acetylacetonate (Pd(acac)y, 97%), copper (II) acetylacetonate (Cu(acac),,
97%), benzyl ether ((C¢Hs5CH;);0, >98%), oleylamine (CHj3(CH,);CH CH(CH;)sNH;, 70%),
1,2-hexadecanediol (90%), and oleic acid (CH3(CH;);CH=CH(CH;);COOH, 99+%) were purchased
from Aldrich (St Louis, MO, USA). Pd(NHj3)4(NOs3), and Cu(NOs),- 3H,O were purchased from
STREM. v-Al,O3 was from Catalyst Plant of Nankai University. Other chemicals such as ethanol,
hexane, copper choloride and sodium borohydrate (NaBH4) were purchased from Fisher Scientific.
Vulcan carbon XC-72 was from Cabot. Pd (20% on activated carbon (Pearlman’s catalyst), unreduced,
50% water wet paste (Escat™ 1951, BASF Kit, New York, NY, USA)) was obtained from Strem Chemicals
(Newburyport, MA, USA). Gases of CO (1 vol % balanced by Ny) and O, (20 vol % balanced by Ny)
were purchased from Airgas (Radnor, PA, USA). All chemicals were used as received.

3.2. Catalyst Preparations

3.2.1. Dry Impregnation Method

The support y-Al,O3 (specific surface area, 233 m?- g~!) was supplied by the Catalyst Plant of
Nankai University. Before the metal loading, the alumina support was ground by mortar and sieved.
The powder with the size smaller than 300 mesh per square inch was used as actual support. The metal
salts with the form of Pd(NH3)4(NO3); and Cu(NO3); (both from STREM, Newburyport, MA, USA)
were mixed in aqueous solution. With the intent of incipient wetness, the saturated solutions of
corresponding metal salts were dripped into the powder in order to obtain slurry. Then the NaBH4
solved in ethanol was dripped into the slurry under stirring. The resulting slurry was continuously
stirred for 1 h until the solvent vaporized and the slurry turned into paste. After the paste was washed
by water and dried at 110 °C for 24 h, the samples were calcined at 600 °C for 2 h. After this calcination
pretreatment in air, the samples used for catalytic activity evaluation would be further reduced in
hydrogen at 400 °C. In this paper, 1 wt % and 5 wt % metal (total quantity of palladium and copper)
loading samples series were prepared. The Pd/Cu ratios were 0:100, 40:60, 50:50, 80:20, 90:10 and 100:0.
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3.2.2. Catalyst Preparation by Wet Chemical Synthesis

PdCu alloy catalysts by wet chemical method follows a pathway from as-synthesized alloy
nanoparticles to supported catalysts. Typically, PACu alloy nanoparticles were firstly synthesized
by the following protocol reported previously [22], palladium (II) acetylacetonate and copper (II)
acetylacetonate in a controlled molar ratio were dissolved into Benzyl ether solvent. 1,2-hexadecanediol
was added as a reducing agent. Temperature was increased slowly to 105 °C until the metal precursors
started to decompose and the solution turned dark, at which point oleic acid and oleylamine were
added as capping agents under N, atmosphere. The mixture was heated up to 220 °C with reflux for
0.5 h and then cooled down to room temperature. NPs were precipitated out by adding ethanol and
centrifuging, and then dispersed in hexane solvent for further use. The active catalysts were prepared
from the as-synthesized PdCu alloy NPs as follows. First, the alloy NPs were deposited on powder
supports (e.g., carbon, TiOy, SiO;, CeO, and Al,O3) by adding a controlled amount of as-synthesized
NPs to the suspension of support powder in hexane, followed by sonication and overnight stirring.
The resulting carbon supported NPs were then collected by removing the solvent and dried under
Njy. Second, carbon supported NPs were activated by a controlled thermochemical treatment [43,44].
In brief, the treatment involved treating of carbon supported NPs at 260 °C under O, or N atmosphere
for 1 h to remove the organic capping molecules, and further treating at 400 °C under 15% H-85% N
atmosphere for 2 h for calcination in a programmable furnace. The catalysts, termed as fresh catalysts,
were loaded in a custom-built thermally-controlled reactor for further thermochemical treatment and
catalytic activity testing. Commercial carbon supported Pd NPs (Pd/C) was treated at 400 °C under
15% Hj balanced by N for 1 h, yielding a loading of 20 wt % Pd NPs on carbon support. For most
carbon supported PdCu nanoalloy catalysts (PdCu/C), the NP weight loading on the carbon support
was close to 20% (15% for Pd»1Cuyg/C, 23% for PdygCusp /C, and 15% for Pdy5Cuss/C) as determined
by thermogravimetric analysis (TGA) performed on a Perkin-Elmer Pyris 1-TGA instrument. TEM
analysis showed that the sizes of Pd,;Cujgp_, alloy NPs were 5.7 + 0.5,5.5 + 0.5, and 5.5 + 0.8 nm for
n =21, 54, and 75, respectively.

3.3. Catalytic Activity Measurements

3.3.1. Denitrification Activity Measurement

The catalytic tests were performed in an autoclave reactor, equipped with a magnetic stirrer and a
thermostatic jacket, at 40 °C and atmospheric pressure. One hundred milliliters of 100-ppm NaNOj;
solution and 100 mg of catalyst were fed into the reactor, the hydrogen (flow rate = 100 mL/min) was
passed through the reactor. After purging the air out (about 15 min), the magnetic stirrer was adjusted
to 500 rpm to initiate the reaction. After 2 h reaction, nitrate and nitrite ions were simultaneously
determined by HPLC using a Hitachi Elite Lachrom apparatus (Tokyo, Japan) equipped with a UV-vis
detector (Tokyo, Japan). Nitrogen was analyzed by a quadrupole mass spectrometer (Baltzers Omnistar
QMS 200 O). The yield of ammonia was calculated by subtraction of the composition of nitrate, nitrite
and nitrogen.

3.3.2. CO Oxidation Activity Measurement

The catalytic activity of PACu nanoalloy catalysts for catalytic CO oxidation reaction carried out
under (0.5 vol % CO + 10 vol % O, balanced by N;) atmosphere was measured using a customer-built
system including a temperature-controlled reactor, gas flow/mixing/injection controllers, and an
on-line gas chromatograph (Shimadzu GC 8A, Overland Park, KS, USA) equipped with 5A molecular
sieve, Porapak Q packed columns and a thermal conductivity detector. The activated nanoalloys were
loaded in the middle of a quartz micro-reactor tube (inner diameter: 4 mm) and wrapped by quartz
wool forming a “catalyst bed” with a length of 6 mm. The feeding gas (0.5 vol % CO + 10 vol % O,
balanced by Ny) was injected continuously through the fixed catalyst bed in the quartz micro-reactor
at a flow rate of 20 mL/min. The residence time was about 0.2 s. Gas hourly space velocity (GHSV) in



Catalysts 2016, 6, 96 11 of 14

the system was around 16,000 h~!. Temperature control was achieved by a furnace coupled with a
temperature controller. The catalytic activity for CO oxidation was determined by analyzing the tail
gas effusing from the quartz micro reactor using on-line gas chromatograph.

3.4. Instrumentation Used for Characterizations of Catalysts

High-angle annular dark-field scanning TEM (HAADF-STEM, JAIST, Ishikawa, Japan) was used
to characterize the morphology of Pd-Cu alloy NPs. Energy dispersive X-ray spectroscopy (EDS) was
used to obtain elemental mapping and determine the chemical species pattern of PdCu alloy NPs.
Experiments were carried out on an a JEOL JEM 2010F (Tokyo, Japan) with an acceleration voltage
of 200 kV and a routine point-to-point resolution of 0.194 nm. TEM analysis was performed on an
FEI Tecnai T12 Spirit Twin TEM/SEM electron microscope (120 kV) (Tokyo, Japan). The nanoparticle
samples were suspended in hexane solution and were drop cast onto a carbon-coated copper grid
followed by solvent evaporation in air at room temperature.

Inductively Coupled Plasma-Optical Emission Spectroscopy (ICP-OES) (Waltham, MA, USA) was
used to determine the overall chemical composition of PdCu NPs. Measurements were performed on a
Perkin Elmer 2000 DV ICP-OES instrument utilizing a Meinhardt nebulizer coupled to a cyclonic spray
chamber to increase analyte sensitivity with the following parameters: 18.0 L Ar(g)/min; auxiliary
0.3 L Ar(g)/min; nebulizer 0.63 L Ar(g)/min; power 1500 W; peristaltic pump rate 1.00 mL/min.
Laboratory check standards were analyzed for every 6 or 12 samples and the instrument was
re-calibrated if the check standards were not within 5% of the initial concentration.

X-ray photoelectron spectroscopy (XPS) measurements were performed ex-situ using a Physical
Electronics Quantum 2000 scanning ESCA microprobe (Eden Prairie, MN, USA). This instrument was
equipped with a focused monochromatic Al Ko X-ray (1486.7 eV) source for excitation, a spherical
section analyzer and a 16-element multichannel detection system. The X-ray beam was approximately
100-um in diameter. It was rastered over a 1.4 mm by 0.2 mm rectangle spot on the sample. During
rastering the incident X-ray beam was normal to the sample while the X-ray detector tilted at 45°
away from the normal. The binding energy (BE) of chemical species adsorbed at the NP surface was
calibrated using C 1s peak at 284.8 eV as an internal standard. The percentages of individual elements
detected were determined by analyzing the areas of the respective peaks.

4. Conclusions

In summary, PdCu alloy nanocatalysts are prepared using conventional dry impregnation method
and ligand-capping based wet chemical synthesis method followed by thermochemical activation.
While the dry impregnation method is highly scalable, the wet chemical reduction synthesis shows
a better control over the particle size and size monodispersity. The alloying characteristics depend
on the bimetallic composition, and a catalytic synergy is revealed, with PdCu/Al,O3 with a Pd/Cu
ratio of 50:50 exhibiting an optimized hydrogenation activity for the catalytic denitrification reaction.
Although palladium is necessary for catalytic denitrification, the redundant palladium component
would inhibit the catalytic activity. The catalytic activity of the PdCu catalysts was shown to be highly
dependent on the support, as evidenced by the observation of an enhanced catalytic activity for CO
oxidation reaction for TiO, and CeO, supports with high oxygen storage capacity. Understanding
these findings is important for refinement of the preparation of PdCu alloy nanocatalysts with better
control over the size and composition.

Supplementary Materials: The following are available online at www.mdpi.com/2073-4344 /6/7/96/s1,
Figure S1: SEM image (A) and EDX result (B) for a 5 wt % Pd-Cu (50:50) alloy particles supported on alumina,
prepared by dry impregnation method, Figure S2: CO conversion for catalytic CO oxidation over 5 wt % Pd-Cu
(50:50) alloy particles supported on alumina, prepared by dry impregnation method.
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