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Dendrimer-metal-nanocomposites (DMNs) were used as precursors to prepare SiO,-supported monome-
tallic Pt, Cu, and bimetallic Pt-Cu catalysts with Pt/Cu atomic ratios of 1:1 (Pt5oCusp) and 1:3 (Pty5Cuys).
After impregnation of these DMNs onto the support, the catalysts were thermally treated and activated
following an optimized protocol. Scanning transmission electron microscopy (STEM) showed that the
metal nanoparticles in the dendrimer-derived SiO,-supported catalysts were smaller and had a narrower
size distribution compared with those in conventional catalysts prepared using corresponding metal salts
via the wet-impregnation method. Slow deactivation was observed for hydrodechlorination of 1,2-di-
chloroethane over monometallic Cu catalysts, which showed an activity about one to two orders of
magnitude lower than that of the Pt-containing catalysts. Hydrodechlorination of 1,2-dichloroethane
over the Pt and PtsoCusg catalysts produced mainly ethane, and the selectivity toward ethane increased
with temperature. For the PtysCuys catalyst, the selectivity toward ethane decreased in favor of that
of ethylene. The overall activity decreased with increasing Cu loading in the catalysts. Activity based
on surface Pt sites suggests the formation of bifunctional surfaces in Pty5Cuys catalyst favoring C-Cl
bond scission on Cu sites and hydrogenation of intermediate -CH,CHy- on Pt sites. In addition, Kinetic
analyses suggest different reaction mechanisms for hydrodechlorination of 1,2-dichloroethane over Pt and
Cu-enriched surfaces in the Pt-Cu bimetallic catalysts.

© 2008 Elsevier Inc. All rights reserved.

1. Introduction

Chlorinated hydrocarbon byproducts from many industrial pro-
cesses are serious environmental pollutants. Technologies to elim-
inate these chlorinated compounds from industrial waste streams
have been actively sought [1,2]. Whereas Group VIII metal-based
monometallic Pt or Pd catalysts are effective for hydrodechlori-
nation, they do not fully convert di-chlorinated hydrocarbons into
nonchlorinated hydrocarbons. In addition, during the conversion of
dichloroethane, the intermediate ethylene product is readily con-
verted into ethane, which is much less useful from an economic
standpoint [3,4]. In contrast, group IB-based monometallic Cu or
Sn catalysts are effective for full dechlorination of chlorinated hy-
drocarbons with higher selectivity toward ethylene; however, such
catalysts are less active under mild conditions and can be fur-
ther deactivated at relatively high temperature after a long time
on stream.
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It has long been known that bimetallic surfaces can exhibit
chemical and catalytic properties that differ greatly from those of
the individual metals [5,6]. In recent years, there has been a con-
siderable increase in research into bimetallic catalysts that can im-
prove the reaction selectivity and stability toward selective prod-
ucts [7-13]. Whereas an electronic (i.e., ligand) effect would be
expected to influence both the selectivity and activity of bimetal-
lic catalysts [14], previous work [5] has indicated that ensemble
and/or geometric effects at the surface may play a crucial role in
determining the selectivity. Many compounds of Group IB metals
have been used as modifiers of active metals of Group VIII [11]; for
example, Pt- and Pd-containing bimetallic catalysts can be formed
by adding a secondary metal, such as Cu, Ag, or Sn [4,5,11,15].
Selective dechlorination of chlorinated alkanes into dechlorinated
alkenes has been investigated by several groups using different
bimetallic catalysts, including Pt-Cu by d’Itri et al. [16-18], Pd-Ag
by Heinrichs et al. [4,19-22], Pd-Pt by Karpinski et al. [23], and
Pt-Sn bimetallic catalysts [4,15]. Preparation of such bimetallic cat-
alysts has also been proposed in patents from Dow Chemical [24]
using an active hydrogenating metal of Pt/Ir and a surface segre-
gating metal of Cu, and from Solvay by Heinrichs et al. [25] using
Pd and Ag.
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Fundamental research on various aspects of Cu and Pt has
been carried out in recent years; for example, CO adsorption on a
stepped Cu(332) surface has been studied during adsorption and
desorption [26], and CO adsorption on Cu(111) has been exam-
ined at low temperatures (25-150 K) by reflection absorption in-
frared spectroscopy [27]. A systematic study of CO oxidation on the
CuszPt(111) alloy surface by means of DFT calculations has shown
that the adsorption energy of CO decreases on Pt (or Cu) on the
alloy with respect to those on the pure metals. This implies that
CusPt alloy might be a better catalyst for CO oxidation than pure
Pt [28]. In electrocatalysis applications, carbon-supported Pt-Cu al-
loys have been synthesized at temperatures up to 950°C [29,30].
The synthesis of carbon-supported Cu-rich Pt-Cu alloys involved
electrochemical dissolution of Cu. At the end of the dissolution
process, the Pty5Cuys precursor alloy changed into a substantially
Pt enriched Pt-Cu alloy (Pt79Cup;) with an essentially pure Pt sur-
face (Ptg3Cuz) [30]. Nanoporous Pt also has been produced through
the selective dissolution of Cu from Pty 75Cug25 at room tempera-
ture [31].

In this work, we explored the effectiveness of using poly(amido
amine) (PAMAM) dendrimer metal nanocomposites (DMNs) as pre-
cursors for supported bimetallic catalyst synthesis. Dendrimers are
a class of monodispersed, highly branched polymers with well-
defined three-dimensional architectures [32,33] that can create in-
terior voids to accommodate guest molecules. In 1985, Tomalia et
al. [34] published the synthesis and characterization of PAMAM
macromolecules and referred to these polymers as dendrimers.
These dendrimers feature interior amide and amine groups that
can physically coordinate with metal cations or bond covalently
with metal precursors through ligand exchange. The branched
structure of dendrimers can terminate with various exterior sur-
face groups (e.g., hydroxyl, carboxyl) useful for further functional-
ization. The number of exterior groups increases as 2Nt2, where N
is the generation number. For dendrimers of higher generations,
the need to pack braches into a limited space results in steric
constraints that can possibly limit the accessibility of the metal
cations to dendrimer interior groups; therefore, in this work we
used a medium generation 4 (G4) dendrimer, to allow accessibility
of metal cations to the interior functional groups. Thus, the goal of
this work is to relate various structural aspects of the dendrimer-
derived bimetallic Pt-Cu/SiO, catalysts to their activity and selec-
tivity in the hydrodechlorination of 1,2-dichloroethane.

2. Experimental
2.1. Catalyst preparation

Mesoporous nonacidic SiO, support, obtained from BASF Cat-
alysts, had a BET surface area of 67 m?/g and an average pore
diameter of 30 nm. The support was used as received. HyPtClg-
6H,0 (99.9%) and CuCl, (99%) were purchased from Alfa. 1,2-Di-
chloroethane (99.8%) and PAMAM G40H dendrimer (10 wt%
in methanol) were purchased from Aldrich. Before use, the metha-
nol solvent in PAMAM G40H dendrimer solution was removed by
flowing N, at room temperature. Water was deionized to a resis-
tivity of 18 M2 cm using a Nanopure system (Barnstead).

Dendrimer-derived monometallic Pt and bimetallic Pt-Cu nano-
composites with Pt/Cu atomic ratio of 1:1 (PtsoCusg) and 1:3
(Pta5Cuys5) were synthesized in aqueous PAMAM G40H dendrimer
solutions. The subscripts refer to the atomic ratios of metal atoms
per G40H molecule in solution. The synthesis of monometallic Pt
nanocomposites was done as described previously [35-37]. For the
bimetallic DMN synthesis, aqueous HyPtClg and CuCl, precursor
solutions were added simultaneously to the G4OH dendrimer solu-
tion. All of the Pt-containing nanocomposites had a nominal metal-
to-dendrimer molar ratio of 40:1. These aqueous nanocomposites

were kept in the dark and stirred thoroughly for 10 days, to allow
completion of the dendrimer-metal ligand-exchange reaction. Sup-
ported catalysts were prepared by subsequently depositing these
aqueous DMNs onto the silica support through wet impregnation
at room temperature. Corresponding conventional catalysts also
were prepared by wet impregnation of solutions of the salts, but
without the G40H dendrimer.

After impregnation, all of the supported catalyst samples were
dried at room temperature under vigorous stirring in a venti-
lated hood to remove the residual moisture. All sample powders
were ground before further calcination and reduction. Based on
our previous dendrimer decomposition studies [38,39], all samples
were calcined in 10% O, (He balance) at 350°C for 1 h, to de-
compose dendrimers and remove the impurities from the support.
They were then reduced in flowing H, for 1 h at 350°C to pro-
duce the final catalysts. For convenience, we designate the catalysts
prepared by DMN as dendrimer-derived (DD) and conventionally
derived catalysts as CD.

Different metal loadings were obtained for all catalysts by ad-
justing the concentrations of the precursors and the amount of
the SiO, support used in the impregnating solutions. All of the
Pt-containing catalysts had approximately 2 wt% Pt. The weight
loadings were 2% for Pt/SiO;, 2% Pt + 0.65% Cu for PtsoCuso/SiOy,
2% Pt + 1.95% Cu for Pty5Cuy5/Si0;, and 1% for Cu/SiO2. The metal
loadings in this study were confirmed by elemental analysis via
atomic adsorption spectroscopy and are accurate to within +5%.

2.2. Catalyst characterization

Scanning transmission electron microscopy (STEM) measure-
ments were carried out on a Hitachi HD2000 instrument at Oak
Ridge National Laboratory, operating at 200 kV under HAADF Z-
contrast mode with a resolution of 0.24 nm. Ground catalyst fine
powders were supported on holey carbon film-coated nickel grids.
Histograms of particle size were obtained after measurement of
more than 200 randomly selected particles from at least 5 images
for each sample. The experimental volume-surface mean diameters
(VSMD) of the particles in different samples were calculated using
the following equation:
>4 D}

D

where Dj is the diameter of each nanoparticle. The VSMD is an in-
dicator of the particle diameter in which most of the metal atoms
reside.

In situ Fourier transform infrared (FTIR) spectra were recorded
using a Nicolet 4700 spectrometer equipped with a liquid Nj-
cooled MCT/A detector. Carbon monoxide adsorption spectra were
collected at room temperature in the single-beam transmission
mode with a resolution of 2 cm~! and 64 scans accumulated
per spectrum. Catalyst samples were prepared as 15 mg/cm? self-
supporting wafers with a diameter of 12 mm by pressing the
preground powder of supported metal precursors at 10,000 Ib for
1 min. The wafers were then placed into a sample holder inside a
homemade gas flow IR transmission cell with a 10-cm light path
length. The IR cell was made of stainless steel with NaCl crys-
tal windows on both ends cooled by flowing water. The cell was
equipped with stainless steel gas inlet outlet ports and a thermo-
couple port. A heating cord (Glass-Col 103B SCC4) was wrapped
around the cell for thermal treatment. The temperature was mon-
itored via a K-type thermocouple in close proximity with the cat-
alyst pellet and controlled with a temperature controller (Omega
CN2011). The total gas flow rate was maintained at 70 cm?/min.
The catalysts were calcined and reduced as described above, and
then cooled to room temperature in H,. CO adsorption experi-
ments were conducted at this point. Background references were

D:
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first recorded after the flow cell was purged for 10 min with He
before flowing 1% CO (He balance) for 15 min. This was followed
by a second purge of He for a specified period, during which the
spectra of adsorbed CO were collected every 5 min.

H, chemisorption was used to measure the Pt dispersion in Pt-
containing catalysts using a Micromeritics 2750 instrument with a
pulse chemisorption mode. The calcined catalyst sample (0.2-0.4 g)
was placed into a glass U-tube reactor and reduced in flowing Hy
at 350°C for 1 h before being cooled to 40°C for measurement.
Argon was used as the carrying gas, and the total flow rate was
fixed at 20 cm?/min. Hy loop gas (0.101 cm?) was used for each
pulse, and at least 4 pulses were introduced to guarantee that no
further Hy could be adsorbed on the catalyst. The amount of Hj
was monitored using a thermal conductivity detector.

2.3. Catalyst evaluation

Hydrodechlorination of 1,2-dichloroethane (DCE) was carried
out under atmospheric pressure in a tubular Pyrex microreactor
(10 mm), inside which 0.1 g of catalyst was supported on a fritted
disk. A constant flow of each gas stream was metered using Tylan
FC-260 mass flow controllers and mixed as necessary before it en-
tered the reactor. The DCE was metered into the reaction system by
flowing a sweep gas of He through a VLE saturator filled with the
liquid DCE. A constant DCE concentration was ensured by main-
taining the saturator at a fixed temperature of 9.0 + 0.2 °C using
a recirculation cooling system and a constant sweep gas flow rate.
A thermocouple embedded in the catalyst bed was used to monitor
the catalyst temperature. The catalyst temperature was maintained
at the desired temperature +0.5°C using an electric furnace heat-
ing system.

Before reaction, each catalyst was pretreated in situ in flowing
10% O, (He balance) to decompose the dendrimers and/or remove
impurities. The temperature was ramped up from 25 to 350°C at
5.4°C/min and held at 350°C for 1 h before the flowing gas was
switched to H, for reduction at the same temperature of 350°C
for 1 h. The temperature of the catalyst was then lowered to the
reaction temperature in Hy and held there for 20 min before the
reactants were introduced to the catalyst. The total gas flow rate
for calcination and reduction was fixed at 200 sccm. The feed
composition for the reaction was 1.6% DCE, 16.4% H,, and balance
He. The total flow rate of the feed was 61 sccm, for a GHSV of
14,900 h~!. The effluents were analyzed by gas chromatography
(HP 5890 series Il with a flame ionization detector) using a 30-m-
long Poraplot Q capillary column. Gas samples were injected into
the gas chromatograph at specified time intervals from 10 min to
2 h after the required temperature was attained. Calculation of the
mass balance for the conversion of DCE and the product selectiv-
ity was based on a carbon balance and was confirmed to within
5% by quantitative analysis of reactants and products. Catalyst de-
activation studies also were carried out with time on stream (TOS)
up to 30 h.

3. Results and discussion
3.1. STEM analysis

STEM images of the reduced Pt-containing catalysts (Fig. 1) in-
dicate a roughly spherical Pt particle morphology in all cases. Par-
ticle sizes and distributions differed between the DD catalysts and
their CD counterparts (Fig. 2); in general, smaller particle sizes
with narrower size distribution were obtained for the DD cata-

Fig. 1. STEM images of DD and CD catalysts (a) Pt-DD, (b) Pt-CD, (c) PtsoCuso-DD, (d) PtsoCus0-CD, (e) Pty5Cuy5-DD, and (f) Pty5Cuz5-CD.
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Fig. 1. (continued)
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lysts. As shown in Table 1, calculation of VSMD shows that the
metal in the DD catalysts resided in smaller-diameter nanoparticles
on average; thus, the G4OH dendrimer exerted significant control

Particle Size (nm)

Fig. 2. Size distributions of the supported catalysts after calcination and reduction.

over particle formation and sintering on the catalyst support. Given
this more precise control over structure in the DD catalysts, we
focused our FTIR and kinetic studies on these materials. Further
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Table 1
Mean size and volume surface mean diameter (VSMD) for Pt and Pt-Cu catalysts

Pt Pt59Cusg Pty5Cuys
DD cD DD CD DD cD

Mean size (nm) 1.5+0.5 3.0+23 22+08 26+16 16+06 27+1.6
VSMD (nm) 14 6.1 2.8 44 21 49

X-ray diffraction measurements showed that the two DD bimetal-
lic catalysts are composed of a mixture phase of Pt and Cu and a
Pt-Cu alloy phase (see supplementary information).

3.2. FTIR spectroscopy of adsorbed CO
IR spectra of CO absorption on the DD catalysts were measured

at room temperature to explore the effect of Cu on the surface
structure and electronic properties of Pt ensembles. Experiments

were performed on both reduced and reoxidized DD catalysts. The
reduced catalysts were treated based on the aforementioned stan-
dard treatment protocol. To prepare the reoxidized catalysts, after
reduction in Hy at 350°C, an additional 1 h of treatment in 10%
07 (He balance) was provided, followed by cooling.

3.2.1. CO adsorption on reduced and oxidized Pt-containing catalysts
Figs. 3 and 4 show FTIR spectra of adsorbed CO on reduced
and reoxidized DD catalysts, respectively. Table 2 summarizes the
band frequencies of the different features shown in the figures.
For the reduced catalysts, each spectrum shows a main band with
peak positions ranging from 2072 to 2058 cm~! depending on the
Cu loading, corresponding to linearly bonded CO on Pt [40,41].
These bands exhibit low-frequency inhomogeneous line broaden-
ing, as has been found in CO adsorption spectra between 2070
and 2020 cm~! [40,41]. This line-broadening arises from the pres-
ence of more than one linear CO adsorption mode [41,42]. For

Absorbance (a.u.)
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Fig. 3. FTIR spectra of CO adsorption on reduced Pt-containing catalysts after saturation of the surface with CO followed by purging He for 15 min at room temperature:

(a) Pt, (b) PtsoCusp, and (c) PtysCuys.

Absorbance (a.u.)

S A AN AN

/

A NN LA

2150 2100 2050 2000

1950 1900 1850 1800

Wavenumbers (cm-1)

Fig. 4. FTIR spectra of CO adsorption on re-oxidized Pt-containing catalysts after saturation of the surface with CO followed by purging He for 15 min at room temperature:

(a) Pt, (b) PtsoCusp, and (c) Pty5Cuys.
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Table 2
Summary of CO adsorption band frequency (cm~!) for reduced and oxidized cata-
lysts

Catalysts Pt PtsoCusp  PtysCuzys  Band assignment Reference
Reduced 2120 2123 cuw’t 0<8<2) [47,49,50]
20907 P"T §<n<1) [48]
2072 2065 2058 Linear CO on Pt(111)  [40,41]
1805 3-fold bridged CO [41,45,46]
Re-Oxidized 2127 2128 cu’t 0<6<2) [47,49,50]
2123 P (1 <m<2) [48]
2092 2092 2091 Pt"t 8 <n<1) [48]
1885 2-fold bridged CO [41]

2 This band is visible as a shoulder.

the monometallic Pt catalyst, a distinct high-frequency shoulder at
ca. 2090 cm~! also was observed along with the low-frequency
inhomogeneous line-broadening. Bands of similar shape at high,
medium, and low frequencies have been interpreted as CO ad-
sorbed on different crystallite facet faces, corners, and edges, re-
spectively [42-44]. Moreover, 3-fold bridged CO is evident from
the broad peak centered at 1805 cm~! [41,45,46].

With the addition of Cu, the main band on Pt shifted from
2072 cm~! to 2068 cm~! for the PtsoCusg catalyst and to 2058
cm~! for the Pty5Cuys catalyst. This observation may be explained
by the dilution of Pt ensembles with Cu. The addition of Cu may
lead to a greater electron density on surface Pt, which allows for
increased back-donation of electrons to CO ;r* orbitals [47]. Alter-
natively, the addition of Cu to Pt also may result in the formation
of a different intraparticle morphology. In this case, the addition
of Cu may cover the terraces of Pt crystallites, thereby decreasing
the available higher-coordination Pt sites and lowering the CO vi-
brational frequency. The XRD measurements of these Pt-containing
catalysts (see supplementary information) yield further insights for
interpreting these CO spectra. For the PtsoCusg catalyst, the XRD
results suggest that two separate phases of Pt and Pt-Cu alloy
were formed, with the Pt phase dominating. Thus, formation of
the Pt-Cu alloy contributes to the slight (4 cm~!) blue shift of the
main CO adsorption band from 2072 cm~! for Pt to 2068 cm™!
for Pt5oCusg, For the PtysCuys catalyst, the XRD results show that
a more pronounced Pt-Cu alloy phase was formed compared with
that of the Pt5oCusg catalyst, as confirmed by a new peak centered
at 20 = 41.91° (see supplementary information). This can partially
account for the 14 cm~! blue shift of the main CO adsorption band
from 2072 cm™! to 2058 cm~! for PtysCuys, although a decrease
on dipole coupling may also be occurring (see below). It is also
likely that the Cu is breaking the Pt ensembles (or perhaps cover-
ing the Pt surface), based on the disappearance of the bridged CO
species for the two Pt-Cu catalysts (Fig. 3).

Significant differences in band position for adsorbed CO on Pt
were observed for the reoxidized catalysts compared with their
reduced counterparts (Fig. 4). Regardless of the Cu loading, all
of the bimetallic catalysts exhibited higher-frequency bands at ca.
2130 cm™! and 2090 cm~!. By analogy with the band assignments
for CO on Pt/y-Al,03 [48], this sharp peak at 2090 cm™! can be
assigned to partially oxidized Pt"* species (8 <n < 1). For the oxi-
dized monometallic Pt catalyst, the new band at ca. 2123 cm~! can
be assigned to the Pt™" (1 <m < 2) species. In addition, a band at
1885 cm~! due to bridge-bonded CO and a band at ca. 2135 cm™!
due to oxidized Cu were seen.

Both reduced bimetallic catalysts exhibited a higher-frequency
band at ca. 2121 cm~!, which blue-shifted by ca. 6 cm~! for the
reoxidized catalysts. Considering the contributions from two differ-
ent types of adsorbed CO on catalysts before and after reoxidation
is reasonable. The band at ca. 2121 cm~! on the reduced cata-
lysts is associated with Cu species ranging from Cu® to Cut [47,
49,50]; however, in the oxidized catalysts, this feature more likely

arises via a combination of both oxidized Cu and Pt™* (1 <m < 2)
species [48].

3.2.2. 3€0/™2co isotope dilution study

It is clear from Figs. 3 and 4 that the adsorbed CO band fre-
quencies differ considerably between Pt catalysts and Pt-Cu cata-
lysts. Three factors cause such band shifts on supported catalysts
and single crystals [51]: (1) dipole-dipole coupling, (2) altered
electron transfer between the metal surface and CO, and (3) inher-
ent heterogeneities of the surfaces in supported catalysts. Dipole-
dipole coupling causes a band shift due to the interaction between
the adjacent dipoles vibrating at roughly the same frequency on
the metal surfaces. The band shift due to the dipole coupling oc-
curs when the frequencies of the interacting dipoles are nearly
identical. The chemical shift results from the changes in electron
distribution between the adsorbed CO and the metal and can be
either positive or negative. Surface heterogeneity may complicate
the measurement of dipole shift due to the existence of intensity
redistribution, which causes the higher-frequency band to effec-
tively mask the lower-frequency band [40,42,52].

Isotope dilution experiments can be used to separate the
dipole shift from the chemical shift and other contributions to
the stretching frequency of molecules adsorbed on metal surfaces.
Essentially, a series of isotopic mixtures of varying composition
is dosed onto supported metal surfaces at a given total coverage
close to saturation, after which the IR stretching frequency of the
adsorbed CO isotope is measured as a function of its concentration.
Because '2CO and ¥CO have different vibration frequencies, dilu-
tion of one in the other will weaken the dipole-dipole coupling
interactions. But the chemical shift is a function of the bond-
ing properties of the metal substrate and thus is independent of
isotopic substitution in the adlayer. Along these lines, 12C0/13CO
isotope mixture adsorption experiments were carried out on re-
duced Pt and Pty5Cuys DD catalysts at room temperature. The total
flow rate of CO isotopes was kept at 0.7 cm?/min with a par-
tial pressure of 7.6 Torr. The volume percentage (concentration) of
13CO was varied from 0% to 100%. FTIR spectra were recorded for
each isotope mixture, as shown in Figs. 5 and 6.

For the monometallic Pt-DD catalyst, as the fraction of 2¢O for
13CO was varied, the pronounced band for linear >CO shifted from
2072 (100% 12C0O) to 2045 cm~! (13% '2C0) as shown in Fig. 5. On
the other hand, when 3CO was <50%, the band for linear 13CO
adsorbed on Pt was observed only as a shoulder on the lower
side of the intense band (between 2057 and 2072 cm~!) associ-
ated with the adsorbed '>CO on Pt. When the '3CO concentration
was 75%, the spectrum consisted of two vibrational bands cen-
tered at 2047 cm~! for 12CO and 2015 cm~! for 13CO. Exposure
to 100% 13CO resulted in a band at 2023 cm™!. For the Pty5Cu7s-
DD catalyst (Fig. 6), no obvious band shift in the 2CO frequency
was observed from 100% 2CO to 78% '2CO. Indeed, d'ltri et al.
[33] reported that the position of the 2CO band on Pt on low
metal loading Pt-Cu catalysts with the Pt/Cu atomic ratio of 0.3
was independent of the 2CO concentration during isotopic dilution
experiments; however, in the present case, the linear 2CO band
clearly shifted from 2059 (78% '2C0) to 2045 cm~' (13% 12C0) as
the amount of 12CO was decreased (Fig. 6).

Fig. 7 plots the frequency of 2CO on both catalysts as a function
of the 2CO concentration in the isotope mixture. Extrapolating to
infinite dilution of 2CO in '3CO, the intercept can be interpreted
as the peak position of 12CO in the absence of dipole coupling.
This frequency is the dipole singleton frequency for 2CO on Pt
[42]. The dipole shift is calculated by subtracting this dipole sin-
gleton frequency from the frequency obtained at 100% '2CO. In the
case of the Pt-DD catalyst, a linear curve fit of the data (triangles)
shows a 120 singleton frequency of 2040 + 2 cm~!. This indicates
a dipole shift of around 32 cm~! and is consistent in magnitude
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Fig. 5. FTIR spectra of Pt-DD catalyst at room temperature after adsorption of various '>C0O/'2CO mixtures. The spectra shown correspond to 100% '2C0, 78% '2C0, 49% '2C0,

25% 12€0, 13% 12€0, and 0% '2CO.
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Fig. 6. FTIR spectra of Pty5Cuys-DD catalyst at room temperature after adsorption of various '>C0/'2CO mixtures. The spectra shown correspond to 100% '2CO, 78% '2C0, 49%

120, 25% 12€0, 13% '2€0, and 0% '2CO.

with previous reports for supported Pt catalysts [40,47,52]. The lin-
ear curve fit of the data from Pty5Cuy5-DD (squares) suggests a
singleton frequency of 2042 +2 cm~! for 12CO stretch. The dipole
shift in this case is 17 cm™! relative to that of the Pty5Cuy5-DD cat-
alyst at 100% '2CO. This smaller dipole shift compared with that of
the Pt-DD catalyst is due to the addition of Cu, which breaks up
Pt ensembles and thus weakens the dipole-dipole interactions that
are present.

Although evidence has been reported to show an electronic ef-
fect between Cu and Pt [14], based on the foregoing analysis, there
appears to be little if any electronic (i.e., chemical) modification
of Pt by Cu in the Pty5Cuzs catalyst. Although it would be reason-
able to expect that Cu might donate electron density to Pt atoms
within the alloy or particles, the current results suggest that ge-
ometric or structural effects are predominant. This conclusion is
consistent with previous studies [48,52], including work by Hoover

et al. [34] that explored the structural and catalytic properties of
dendrimer-derived Pt-Cu catalysts.

3.3. Hydrodechlorination of 1,2-dichloroethane

In this section, we report results for the reaction rates and se-
lectivity for hydrodechlorination of 1,2-dichloroethane over dend-
rimer-derived Pt and Pt-Cu catalysts. All kinetic evaluations were
done at identical conditions of feed composition, catalyst weight,
and flow rates, allowing direct comparison of conversions and se-
lectivities at a given temperature. In the absence of Hj, dechlo-
rination of DCE over the Pt and Pty5Cuys catalysts showed about
300-fold and 30-fold lower reactivity, respectively, compared with
that of the hydrodechlorination process at 275°C. Furthermore,
CyH4 was the only product observed during dechlorination of DCE.
The very small amounts of C;H4 formed from decomposition of
DCE over Cu catalyst are due to the formation of stable surface C-
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Cl species that foul the active Cu sites [53]; therefore, H, is needed
for high activity and catalyst stability.

3.3.1. Catalyst stability

Fig. 8 shows the changes in conversion and selectivity with
time on stream (TOS) at 275°C for hydrodechlorination of DCE
over Cu and Pty5Cuys catalysts, respectively, at identical reaction
conditions. For the Cu catalyst (Fig. 8a), slow deactivation was ob-
served over the 16 h run time. Specifically, the initial activity of
77% conversion decreased monotonically to 63%, for a total loss of
about 20% of the initial reactivity. In addition, changes in selectiv-
ity also were observed for the Cu catalyst; the selectivity toward
CoHy decreased from 67% to 37%, whereas that selectivity toward
CyHg increased from 33% to 63% over the 16 h runtime. The forma-
tion of stable surface Cu-Cl species from C-Cl bond cleavage [54]
led to a decrease in available Cu sites, leading to an overall activity
decrease. Apparently, the dissociative adsorption of H, on surface
Cu sites was not as adversely affected on the Cl-poisoned Cu sur-
face as was C-Cl bond dissociation, because hydrogenation to form
CyHg became more selective. The observed increase in selectivity
toward CyHg suggests that the existence of smaller Cu ensembles
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Fig. 8. Conversion and selectivity as a function of time on stream at 275 °C for the (a) Cu and (b) Pty5Cuys catalysts.
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Table 3

Summary of kinetic data for hydrodechlorination of DCE over supported catalysts
at steady state (Feed: 1.6% DCE, 16.4% Hy, balance He. Flow rate is 60 SCCM for
GHSV = 14900 h™1)

Temperature
and catalyst

1,2-DCE activity

Conversion (%)

Selectivity (%)
TOF (s—!) CyHs CyHsCl CyHy

200°C

Pt 45 0.02 815 18.5 =
PtsoCusg 1.7 0.02 86.9 13.1 =
Pty5Cu7s 0.8 1.02 74.9 - 25.1
225°C

Pt 10.1 0.05 85.5 14.5 =
PtsoCusg 4.0 0.04 89.7 10.3 -
Pty5Cuys 2.1 2.71 57.4 = 426
250°C

Pt 20.7 0.10 89.9 10.1 -
PtsoCusp 8.4 0.09 91.7 8.3 -
Pty5Cuys 48 6.09 40.7 = 59.3
275°C

Pt 41.0 0.19 95.0 5.0 -
PtsoCusg 16.3 0.17 934 6.6 =
Pty5Cu7s 9.7 12.36 29.4 - 70.6
Cu 0.7 ncPb 33.0 - 67.0
300°C

Cu 1.5 n.c. 24.8 - 75.2
325°C

Cu 3.2 n.c. 16.2 - 83.8

2 TOF: DCE molecules reacted/(Pt-sites).
b n.c. = not calculated; Pt surface area: Pt = 0.755 m? /g, PtsoCusp = 0.354 m?/
Sear» PtasCuzs = 0.0028 m? /gy

on the Cl-poisoned surface favors hydrogenation of CoHs to CyHg
[18].

In contrast, the Pty5Cuys catalyst showed high activity and sta-
bility; no deactivation or change in product distribution was ob-
served over 30 h TOS (Fig. 8b). Stable performance of a similar
catalyst of a Pt-Cu catalyst with a Pt:Cu atomic ratio of 1:1 has
been reported previously over 30 h TOS [18]. In a Pd-Pt bimetallic
catalytic system, Karpinski et al. [23] found that the small amount
of Pt doped into Pd showed better resistance against carbiding
than monometallic Pd, due to formation of mixed Pd-Pt ensembles
that led to enhanced overall activity and selectivity for partial hy-
drodehalogenation. We discuss the proposed reaction mechanism
on Pty5Cuys catalyst later in this paper.

3.3.2. Catalyst kinetic evaluation

Hydrodechlorination of DCE at extended conditions was further
investigated for the Pt and Pts5oCusg compositions, as well as for
the Pty5Cuys and Cu catalysts at similar reaction conditions (feed
composition and space velocity) from 200°C to 325°C. Mean val-
ues of DCE conversions and selectivities toward C;Hg, C;Hg4, and
CyH5Cl for different catalysts are summarized in Table 3. Catalyst
activities were expressed in terms of DCE conversion and turnover
frequency (TOF) based on surface Pt sites.

As shown in Table 3, all of the Pt-containing catalysts were ac-
tive for hydrodechlorination of DCE between 200°C and 275°C.
The Pt and Pt50Cusg catalysts produced mainly C;Hg, with smaller
amounts of CoHs5Cl. The selectivity patterns were essentially the
same for these two catalysts. The selectivity toward C;Hg increased
from 81.5% to 95% for the Pt catalyst and increased from 86.9%
to 93.4% for the Pt5oCusg catalyst as the reaction temperature in-
creased from 200°C to 275°C. The similarities between the Pt
and PtsoCusg catalysts in both activity and selectivity suggest that
Pt dominated catalyst performance. Thus, the role of Cu in the
PtsoCusg catalyst is not obvious. This is further corroborated by
the similar TOFs for both Pt and PtsoCusg catalysts. Whereas the
DCE conversion for the Pt catalyst was about 2.5-fold greater than

Table 4
Apparent activation energies for the formation of various products on different cat-
alysts

Catalysts Apparent activation energy, E, (kcal/mol)

Cz Heg Cz H5C1 Cz Hy
Pt 16.1 9.3
Pt59Cusg 16.0 10.8
Pty5Cuzs 9.3 22.0
Cu? 8.6 228

2 Data were obtained by averaging the data collected during the first 2 h of reac-
tion time over the temperature range 275-325°C.

that of the PtsgCusg from 200°C to 275°C, the TOF values were
essentially identical.

In contrast, the performance of Pt;5Cuys differed markedly from
that of the Pt and PtsoCusg catalysts. The product distribution more
closely resembled that of the Cu catalyst, with C;H4 and CyHg as
the reaction products. Moreover, activity expressed in terms of TOF
was 50-70 times that of the Pt and Pt59Cusg. Because hydrodechlo-
rination of DCE has been reported to be a structure-insensitive
reaction [55], the unusually high TOF value for DCE conversion on
the Pty5Cuys catalyst likely is related to the direct participation of
neighboring Cu sites in a bifunctional mode of catalytic transfor-
mation. Clearly, the selectivity of the Pty5Cuys is closely linked to
the surface Cu sites, whereas the much higher activity and stabil-
ity of the Pty5Cuys composition (Fig. 8) can be attributed to the
hydrogenation ability of the Pt sites.

At similar reaction conditions, the Cu catalyst gave very low
DCE conversions, with <0.1% conversion observed at temperatures
below 250 °C (not shown). Even at higher temperatures, conversion
increased only from 0.7% at 275°C to 3.2% at 325°C, 1-2 orders
of magnitude lower than those of the Pt-containing catalysts. Fur-
thermore, the selectivity toward C;H4 increased from about 67%
at 275°C to >80% at 325°C. The data for the Cu catalyst were ob-
tained by averaging the data collected over 2 h of reaction, because
slow deactivation was observed for this catalyst.

In general, the overall activity trend for DCE conversion fol-
lowed the sequence Pt > Pt5oCusg > Pta5Cuys >> Cu. For the Pt and
Pt50Cusg catalysts, catalytic activity was related only to the relative
amounts of Pt in these catalysts, whereas for the Pty5Cuys catalyst,
the activity was related to the existence of a bifunctional bimetallic
Pt-Cu catalyst. The bifunctional effects are typically interpreted in
terms of alterations in either the electronic structure of the active
sites (i.e., electronic effects) or the changes in the geometry of the
active metal sites (i.e.,, ensemble effects) [5,9,12]. Our FTIR stud-
ies indicate that Cu did indeed dilute the Pt surface into smaller
ensembles of adjacent Pt sites, which would be expected to lower
the activity of the PtsoCusg and Ptys5Cuys catalysts on a reactant
conversion basis. Therefore, the much higher TOF of the Pty5Cuys
catalyst strongly suggests that the dilution effect of Cu was greatly
outweighed by the formation of a bifunctional catalyst.

Apparent activation energies for the formation of various prod-
ucts during hydrodechlorination of DCE over the different catalysts
are listed in Table 4. The calculations are based on the slopes of
Arrhenius plots for different products at differential conversion of
DCE over the temperature range 200-275°C. Table 4 shows that
the Pt and PtsoCusg catalysts had similar activation energies of
about 16 and 10 kcal/mol for the formation of C;Hg and CyHsCl,
respectively. The selectivity trends for the Pt and PtsoCusg catalysts
also were very similar, indicating that the catalytic performance of
the latter was due primarily to the Pt component. It has been re-
ported that Ni catalysts modified by low concentrations of Cu were
not influenced by the Cu component [56], consistent with this ap-
parent similar effect of the addition of Cu on Pt for the Pt5oCusg
catalyst. At a Pt:Cu atomic ratio of 1:1, the surface of Pt5oCusq cat-
alyst apparently was still Pt-enriched. This Pt enrichment can be
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further confirmed by the absence of C;H4 in the final products,
because large Cu ensembles appear to favor the dechlorination of
DCE to CyHg [18]. Therefore, for the PtsoCusg catalyst, the addi-
tion of Cu appeared to simply cover the surface Pt sites, thereby
decreasing the overall catalytic activity on a reactant conversion
basis, but not on a per Pt site basis (i.e., similar TOF values). For the
Pty5Cuys catalyst, the activation energies were 9.3 and 22 kcal/mol
for the formation of C;Hg and CyHg, respectively, very similar to
those for the Cu catalyst. The similar selectivity trends for the
Pty5Cuz5 and Cu catalysts at 275°C (cf. Table 3) confirm the im-
portant role of Cu in the former.

These results from both the activation energy and selectivity
analyses suggest the formation of two different types of Pt-Cu
bimetallic catalysts, a Cu-diluted Pt catalyst (Pt5oCusg) with simi-
lar kinetic behavior as the Pt catalyst, and a Cu-enriched Pt catalyst
(Pta5Cuys) that more closely resembles the Cu catalyst in terms of
production distribution and reaction energetics. The much greater
activity and more stable behavior of the Pty5Cuys catalyst indicate
the strong roles of both the Cu and Pt components in this case,
however.

3.3.3. Catalytic reaction mechanism analysis

For hydrodechlorination of DCE to occur, both DCE and Hy must
be adsorbed to facilitate both C-Cl and H-H dissociation on the
catalyst surface. Hydrogen is dissociatively adsorbed on most tran-
sition metals; for example, the heat of H; adsorption is about

9 kcal/mol on Cu(110) surfaces and 13 kcal/mol on Pt(110) sur-
faces. The activation energy for H, dissociation is negligible on
Pt(110) and is only 1-2 kcal/mol on Pt(111). For Cu surfaces, the
activation energies are about 10 kcal/mol on both Cu(110) and
Cu(111) surfaces [29]. Thus, although the heats of adsorption are
only 4 kcal/mol different for Pt(110) and Cu(110), there is a 10-
kcal/mol energy difference for the activation energies of dissoci-
ation, which has been attributed to the differences in the d-band
electron densities of Pt and Cu. Consequently, H, dissociates read-
ily on Pt surfaces, whereas dissociation of Hy on Cu is an activated
process [57]. Proposed reaction schemes for the hydrodechlorina-
tion of DCE on the catalysts evaluated in the present study are
shown in Fig. 9.

Several different mechanisms for the hydrodechlorination of
DCE have been reported. d'Itri [16,18] and Lambert et al. [4] have
proposed homolytic C-Cl bond scission on Pt and Pd sites, followed
by hydrogenation of the surface alkyl fragment to form C;Hs.
Bozzelli et al. [58] have proposed successive C-Cl bond scission
over Rh catalysts, where CoH5Cl is first formed from the reaction
of dichloroethane with H,. The intermediate C;HsCl can be hy-
drodechlorinated to form C;Hg. Heinrichs et al. [19] proposed a
model based on the Langmuir-Hinshelwood mechanism involving
two types of different sites, which corresponds to a mechanism in-
volving dechlorination of DCE into CoH4 occurring on Ag through
dissociative adsorption with successive breaking of the two C-Cl
bonds and desorption of C;H4. Campbell et al. [59] have investi-
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gated the hydrogenolysis of CoHsCl over polycrystalline Pt films at
100-206 °C and found that Pt caused CoH5Cl to decompose by the
following reaction: C;HsCl + Hy — CyHg + HCL In addition, the
activation energy was found to be 12 kcal/mol, a value between
the activation energies of 10 and 16 kcal/mol for the formation of
CyHs5Cl and CyHg, respectively, over Pt and PtsgCusg found in the
present study.

For Cu-rich catalysts such as Pty5Cuys and Cu, the situation is
quite different; C-Cl bond cleavage occurs readily on the Cu sur-
face to form strong Cu-Cl bonds [54]. For example, hydrogenolysis
of CH3Cl over Cu has been reported to form strong Cu-Cl bonds,
indicating the potential poisoning of a Cu surface by Cu-Cl species
[56]. Because Cu is a poor hydrogenation catalyst, the formation of
HCI to regenerate the Cu surface is limited; however, the existence
of adjacent Pt sites as in the Pty5Cuys bimetallic catalyst permits
the facile adsorption of Hy, which provides an abundant source of
adsorbed H to effectively remove strongly bonded Cl on adjacent
Cu sites through the formation of HCI.

The activation energies of 22.0 and 9.3 kcal/mol for the for-
mation of CoH4 and CyHg, respectively, on Pty5Cuys catalysts agree
well with the activation energies of 10.8 kcal/mol for the hydro-
genation of C;H4 on Pt(111) surfaces reported by Grunes et al.
[60] and 21 kcal/mol for dissociation of DCE over polycrystalline
Cu surfaces reported by Walter et al. [61]. For the Cu-catalyzed
dechlorination of DCE to form CyHg, Cu-Cl species are formed on
the Cu surface by dechlorination before removal as HCl by reac-
tion with adsorbed H on the Cu surface. The relatively low rate
of dissociative H, adsorption limits the rate of reaction of DCE.
The dissociation of both C-Cl bonds in DCE appears to occur in
the same adsorption step, because no C;HsCl is formed as a reac-
tion product. Thus, Cu ensembles containing a critical number of
adjacent Cu sites are likely required for both C-Cl bond dissocia-
tion to occur in the same surface reaction step to form two Cu-Cl
species and a di-o-adsorbed -CH,-CHj- species. In the absence of
Pt sites (as in Cu), there must be vacant Cu sites capable of the
dissociative adsorption of Hy to remove the surface Cu-Cl species
as HCL.

For the Pty5Cuys bimetallic catalyst, some of the adsorbed Cu-
bound -CH;-CH;- species can undergo rapid hydrogenation by H
adsorbed on adjacent Pt sites to form C;Hg as the reaction prod-
uct. Again, the failure to observe C;HsCl as a reaction product for
Pty5Cuzs indicates that desorption of the final product did not oc-
cur until saturation to C;Hg was complete. Furthermore, because
of the presence of adjacent Pt-H species, removal of Cl absorbed
on Cu occurred more readily, making the Cu surface active for an-
other catalytic turnover. In this sense, the Pty5Cuys catalyst acted
as a bifunctional catalyst, whereby the dechlorination of DCE on
Cu ensembles to form the di-o-CH;-CH;- intermediate was fol-
lowed by the hydrogenation of the -CH,-CH,- intermediate to form
CyHg.

4. Conclusion

In this study, a series of SiO,-supported catalysts were prepared
by two different methods, dendrimer G4OH-metal complexes (DD)
and the conventional wet co-impregnation of metal salt precursors
(CD). The sizes of the Pt and Pt-Cu nanoparticles in these catalysts
indicate a smaller average particle size and narrower size distri-
bution for the metal nanoparticles in the DD catalysts than in the
CD catalysts. STEM analysis suggests that the G40OH dendrimer was
capable of exerting significant control over particle formation and
sintering on the catalyst support. FTIR spectroscopy was used to
further characterize the adsorption and desorption of CO on these
dendrimer-derived catalysts. Differences observed in the IR spec-
tra can be related to differences in the oxidation state, particle
size, and relative Pt/Cu composition of the catalysts. The addition

of Cu to Pt lowered the stretching frequency for linearly adsorbed
CO. Isotope dilution experiment experiments with Pt and Pt5Cuys
catalysts showed a singleton frequency of the linearly adsorbed
CO on Pt at ca. 2040 cm~! and a dipole-dipole shift of ca. 32
and 17 cm~! for the main band for the Pt and Pt5Cuys catalysts,
respectively; however, the similarity in the singleton frequencies
suggests little to no electronic modification of the Pt sites by Cu in
the Pty5Cuys catalyst.

Different catalytic activity and product selectivity patterns for
hydrodechlorination of DCE were observed for these catalysts.
Slow deactivation was observed for hydrodechlorination of 1,2-di-
chloroethane over monometallic Cu catalyst, which showed an ac-
tivity about one to two orders of magnitude lower than that of
the Pt-containing catalysts. The overall activity decreased with in-
creasing Cu loading in the catalysts. The Pt and PtsoCusg catalysts
exhibited the same selectivity patterns, with CoHg as the main
product and C;HsCl as a byproduct. On the other hand, Co;Hg was
produced over Pty5Cuys catalyst with selectivity ranging from 25%
to 70% depending on the reaction temperature. The PtsoCusg cat-
alyst has a Pt-enriched surface, whereas the PtysCuys has a Cu-
enriched surface, which contributes to the difference in selectivity
patterns. Activity based on surface Pt sites suggests the formation
of a true bimetallic Pty5Cuzs catalyst, with bi-functional surfaces
favoring the C-Cl bond scission on Cu sites and -CH,CH;- interme-
diate hydrogenation on Pt sites, respectively.
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