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CATALYSTS BY MICROCALORIMETRY AND FTIR

L. Lil’z, X Wangl, J. Shen3, L. Zhou' and T. Zhangl’z*

'State Key Laboratory of Catalysis, Dalian Institute of Chemical Physics, Chinese Academy of Sciences, Dalian 116023, China
2Graduate School of Chinese Academy of Sciences, Beijing 100039, China
*Department of Chemistry, Nanjing University, Nanjing 210093, China

Adsorption microcalorimetry has been employed to study the interaction of ethylene with the reduced and oxidized Pt-Ag/SiO, cat-
alysts with different Ag contents to elucidate the modified effect of Ag towards the hydrocarbon processing on platinum catalysts.
In addition, microcalorimetric adsorption of H,, O,, CO and FTIR of CO adsorption were conducted to investigate the influence of
Ag on the surface structure of Pt catalyst. It is found from the microcalorimetric results of H, and O, adsorption that the addition of
Ag to Pt/SiO; leads to the enrichment of Ag on the catalyst surface which decreases the size of Pt surface ensembles of Pt-Ag/SiO,
catalysts. The microcalorimetry and FTIR of CO adsorption indicates that there still exist sites for linear and bridged CO adsorption
on the surface of platinum catalysts simultaneously although Ag was incorporated into Pt/SiO,. The ethylene microcalorimetric re-
sults show that the decrease of ensemble size of Pt surface sites suppresses the formation of dissociative species (ethylidyne) upon
the chemisorption of C,H4 on Pt-Ag/SiO,. The differential heat vs. uptake plots for C,H4 adsorption on the oxygen-preadsorbed
Pt/SiO, and Pt-Ag/SiO; catalysts suggest that the incorporation of Ag to Pt/SiO, could decrease the ability for the oxidation of C,H,.
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Introduction

Platinum catalysts have been widely used in the
chemical and petrochemical industries for hydrocar-
bon processing reactions such as hydrogenation, de-
hydrogenation, oxidation, isomerization, aromatiza-
tion and hydrogenolysis [1, 2]. Compared to catalysts
containing only Pt, the formation of alloys or bimetal-
lic clusters can dramatically improve selectivity and
stability of many reactions for hydrocarbon conver-
sion [3, 4]. IB group metals often serve as inert or less
active components to modify the catalytic behavior of
Pt. This modification often causes the change in the
surface structure of Pt catalyst, thereby changing the
adsorption energies of hydrocarbon on Pt catalyst,
which is an important parameter related to the activity
and selectivity of Pt catalyst for hydrocarbon conver-
sion reaction [5]. Microcalorimetry is an effective me-
thod to study this interaction between hydrocarbon and
catalyst surface from the energetic point of view [6].

Ag has been extensively used to catalyze the oxi-
dation of ethylene [7]. However, few of papers has
been found to investigate the modification effect of
Ag towards the surface structure of Pt and the corre-
sponding chemisorption change of hydrocarbon on
the Pt-Ag/SiO, catalyst up to now.

In the present paper, ethylene was used as probe
molecule and microcalorimetry was employed to study
the adsorption and activation of ethylene on reduced and
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oxidized Pt-Ag/SiO, catalyst. This could be essential in
constructing general reaction mechanism for the reac-
tions involving the adsorption of olefins. In addition, the
microcalorimetric adsorption of H,, O,, CO and FTIR of
CO adsorption on Pt/SiO, and Pt-Ag/SiO, were con-
ducted to investigate the effect of Ag on the surface
structure of Pt catalyst.

Experimental
Catalyst preparation

The catalysts were prepared by the incipient wetness
impregnation method [8]. The SiO, support
(400 m* g”', 15-30 mesh) was provided by Qingdao
Ocean Chemical Company. The precursors used for
preparing Pt/SiO, and Ag/SiO, were 5% acetic acid
(AR) solution of the H,PtClg-6H,O (AR) and AgNO;
(AR). The Pt-Ag/SiO, catalysts were prepared by im-
pregnating the required amount of acetic acid (AR)
solution of the H,PtCls2H,0 (AR) and AgNO; (AR)
successively. The impregnated sample was dried at
room temperature for 12 h and further dried at 393 K
overnight. Finally, the dried sample was heated in O,
at 573 K for 3 h. The loading of Pt in Pt/SiO, and
Pt-Ag/SiO, catalysts was 3% and the atomic ratios of
Pt and Ag were 1:1 and 1:3 in Pt-Ag/SiO, catalysts.
The loading of Ag in Ag/SiO, was 5%.
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Microcalorimetry

Microcalorimetric measurement was performed by
using a BT2.15 heat-flux calorimeter. Briefly, the cal-
orimeter was connected to a gas handling and a volu-
metric system employing MKS Baratron Capacitance
Manometers for precision pressure measurement
(+0.5x107* Torr). The maximum apparent leak rate of
the volumetric system was 10 ® Torr min™' in a system
volume of approximately 80 cm . The ultimate dy-
namic vacuum of the system was ca. 10~ Torr.

The procedures for microcalorimetric adsorption
have been described in detail elsewhere [9]. Briefly,
the sample was heated to 673 K in 4 h and held at this
temperature for 4 h in a special treatment cell using a
dynamic high pure H, (99.999%) atmosphere. After
being reduced, the sample was evacuated for 2 h at
673 K, then transferred to a side-armed Pyrex and
sealed in a Pyrex capsule. The capsule could mini-
mize the possible contamination in the high vacuum
system during the thermal equilibrium (68 h) with
the calorimeter. After thermal equilibrium was
reached, the capsule was broken by a vacuum
feedthrough and ‘fresh’ catalyst was exposed. The
microcalorimetric data were then collected by se-
quentially introducing small doses (1-10 pmol) of
probe molecules onto the sample until it became satu-
rated (5-6 Torr). The differential heat vs. adsorbate
uptake plots and adsorption isothermals could be ob-
tained simultaneously after a typical microca-
lorimetric experiment.

Infrared Spectroscopy

Catalyst samples were pressed into self-supporting wa-
fers and loaded into a quartz IR cell equipped with
CaF, windows, where they were reduced and evacu-
ated using the same procedure as for microcalorimetric
adsorption measurement. Next, the IR cell was placed
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in the chamber of the infrared spectrometer (Bruck
EQUINOX 55) and connected to a high-vacuum and
gas-handling system. After the desired vacuum was
reached, the spectrum for the clean sample was col-
lected. Next, an amount of CO was dosed onto the wa-
fer with 3 Torr CO in the gas phase. Subsequently, a
spectrum of the sample plus adsorbate and gas phase
CO was collected. The spectrum minus the IR spectra
of sample and gas phase CO to obtain spectrum of ad-
sorbate. Infrared spectra were collected in the
absorbance mode with a resolution of 2 cm .

Results and discussion

Figure 1 shows the differential heat vs. uptake plots
for the adsorption of H, on Pt/SiO, and Pt-Ag/SiO,
(the adsorption of H,, CO, O, and C,H,4 on SiO, can
be negligible). The initial heat of H, adsorption on 3%
Pt/SiO, catalyst is 88 kJ mol ', which is consistent
with the value of 90 kJ mol™' reported for Pt powder
[10]. The differential heat of H, adsorption on Pt/SiO,
decreases with increasing H, uptake due probably to
adsorption on weaker sites and/or possible lateral in-
teraction between adsorption species. The Pt disper-
sion is 61%, which is calculated from the H,
chemisorption amount with the differential heat
greater than 40 kJ mol™' on Pt/SiO,. The average di-
ameter of Pt particles, calculated by H, dispersion
[11], is about 1.78 nm. It indicates that Pt is well dis-
persed on the SiO; support. It can be seen from Fig. 1
that the adsorption of H, on Ag/SiO, can be negligible
in our experiment condition. The initial heats of H,
adsorption on Pt-Ag(1:1)/SiO, and Pt-Ag(1:3)/Si0,
are 78 and 70 kJ mol™', which are lower than that on
Pt/S10,, suggesting that the addition of Ag to Pt/SiO,
reduces the strong adsorption sites of H, on Pt/SiO,
catalyst. In addition, the H, saturation uptakes on
Pt-Ag(1:1)/SiO, and Pt-Ag(1:3)/Si0, are lowered to
12 and 4.5 pmol g ', respectively, which indicates the
addition of Ag to Pt/SiO, suppresses the dissociative
adsorption of H, on Pt/SiO,.

There exists the miscibility gap in solid solution
of Pt and Ag [5]. Furthermore, the heat of sublimation
for Ag is lower than that for Pt. Therefore, Ag could
segregate to the surface of bimetallic catalyst in the
course of preparation [12]. Monte Carlo simulation of
supported Pt-Ag catalyst [13] has demonstrated that
Ag segregates to the surface of the supported Pt-Ag
catalyst and tends to occupy the lowest coordinated
sites, which leads to the decrease of ensemble size of
Pt surface sites on Pt-Ag/SiO, catalysts. The decrease
in ensemble size of Pt surface sites means that not
only the threefold Pt hollow sites which are the most
stable sites for hydrogen adsorption, but also the sites
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for H, adsorbing dissociatively could be decreased.
This is the possible reason why the addition of Ag
causes the decrease in the initial heat and saturation
uptake of H, adsorption on Pt/SiO,.

The differential heat vs. uptake plots for O, ad-
sorption on Pt/Si0O,, Ag/SiO, and Pt-Ag/SiO, catalysts
are shown in Fig. 2. The initial heat of O, adsorption
on Pt/SiO, is as high as 350 kJ mol™" and the differen-
tial heat remains almost constant at 330 kJ mol™' with
the increase in O, uptake up to almost 25 umol g'. The
adsorption plateau of differential heat vs. O, uptake is
probably due to the very high adsorption strength be-
tween Pt and O, which restricts the surface mobility of
O on Pt/SiO,. As a result, the measured differential
heat of O, adsorption on Pt/SiO, is the random mean
value [6] of each dose. In spite of the absence of H, ad-
sorption on the reduced Ag/SiO,, O, adsorption on
Ag/Si0, produces the initial heat of 285 kJ mol™ and
uptake of 6 pmol g'. Furthermore, it is found that the
differential heat and saturation uptake of O, adsorption
on Pt-Ag/SiO, catalysts are higher than those on
Ag/Si0O; and lower than those on Pt/SiO,, suggesting
that O, could adsorb on Pt and Ag sites on the surface of
Pt-Ag/SiO, catalysts simultaneously.

The O/H ratios can be calculated from the ratio
of O, and H, saturation uptakes shown in Figs 1
and 2. The O/H ratio of Pt/SiO, is 0.8 while O/H ra-
tios of Pt-Ag(1:1)/SiO; and Pt-Ag(1:3)/SiO;, reach 1.8
and 3.5, respectively. It can be seen that the O/H ratio
increases with the Ag contents in Pt-Ag/SiO, cata-
lysts. This is clearly indicative of the enrichment of
Ag on the surface of Pt-Ag/Si0, catalysts.

Figure 3 shows the results of microcalorimetric
measurement of CO adsorption on Pt/SiO, and
Pt-Ag/SiO, catalysts. CO adsorption on Pt/SiO, pro-
duces an initial heat of 136 kJ mol™, which is in agree-
ment with the reported value of 142 kJ mol™ for other
Pt/Si0, catalyst [14], and a differential heat plateau vs.
CO uptake up to almost 50 pmol g . In our experiment,
the adsorption of CO on Ag/SiO; is hardly detected. As
compared with H, adsorption on Pt-Ag/SiO,, the ad-
sorption of CO on Pt-Ag/SiO, catalysts exhibits greatly
different behavior. An initial heat produced upon the ad-
sorption of CO on Pt-Ag/SiO, is close to that on
Pt/Si0O,, while the initial heat of H, adsorption on
Pt-Ag/SiO, is lower than that on Pt/SiO,. In addition,
the differential heat of CO adsorption vs. uptake on
Pt-Ag/SiO, exhibits a plateau as compared to the grad-
ual decrease of differential heat of H, adsorption on
Pt-Ag/SiO, with increasing H, uptake. This behavior of
CO adsorption on Pt-Ag/SiO, will be discussed below
according to the results of FTIR.

Figure 4 presents IR spectra for CO adsorption on
the Pt/SiO, and Pt-Ag/SiO, catalysts at room tempera-
ture. The bands near 2055 and 1822 cm ' in curve A are
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Fig. 2 Differential heat vs. adsorbate uptake for O, adsorption at
room temperature on B — 3% Pt/SiO,, O — Pt-Ag(1:1)/SiO,,
® — Pt-Ag(1:3)/Si0, , O - 5% Ag/SiO,
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Fig. 3 Differential heat vs. adsorbate uptake for CO adsorption at
room temperature on B — 3% Pt/SiO,, O — Pt-Ag(1:1)/SiO,,
® — Pt-Ag(1:3)/Si0O, , ® — 5% Ag/SiO,
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Fig. 4 Infrared spectra for CO adsorption at room temperature on
A — 3% Pt/SiO,, B — Pt-Ag(1:1)/Si0,, C —Pt-Ag(1:3)/SiO,

from CO molecular adsorption on linear and bridged
sites of Pt atoms [15]. The initial adsorption heat for the
linear and bridged species of CO on supported Pt cata-
lyst, were calculated by the AEIR method [16], are
206 and 94 kJ mol ™, respectively. The measured initial
heat (136 kJ mol™") of CO adsorption on Pt/SiO; in
Fig. 3 is lower than that for linear species and higher
than that for bridged species, suggesting that the differ-
ential heat for CO adsorption on the Pt/SiO, catalyst
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could be the average heat produced by the formation of
both bridged and linear CO species on Pt sites. This av-
erage adsorption heat leads to the differential heat re-
maining constant up to 50 umol g™ for CO adsorption
on Pt/SiO, (Fig. 3). Curve B and C in Fig. 4 show the
bridged and linear species of CO adsorption on Pt sites
also simultaneously exist on Pt-Ag/SiO, catalysts
though the band intensity decreases, indicating that the
average adsorption heat also appears during the process
of CO adsorption on Pt-Ag/SiO, catalysts. Therefore,
the similar initial heat of CO adsorption on Pt-Ag/SiO,
as that on Pt/SiO,, and the adsorption heat plateau vs.
CO uptake on Pt-Ag/SiO, can be attributed to the aver-
age heat produced for the adsorption of CO on linear
and bridged sites of Pt atoms on the Pt-Ag/SiO, surface.
The microcalorimetry and FTIR of CO adsorption indi-
cate that there still exist linear and bridged active sites of
CO adsorption on the surface of Pt catalysts simulta-
neously although Ag was incorporated into Pt/SiO,.
The formation and transformation of carbon-car-
bon double bond are often involved in the hydrocarbon
processing reaction and the corresponding surface spe-
cies may be similar to those formed upon the adsorp-
tion of ethylene on the catalysts. So ethylene is often
used as probe molecule to study the interaction be-
tween hydrocarbon and catalyst. Figure 5 shows the re-
sults of microcalorimetric measurement of ethylene ad-
sorption on Pt/SiO, and Pt-Ag/SiO, catalysts at room
temperature. Ethylene adsorption on Pt/SiO, at room
temperature produces an initial heat of 157 kJ mol ™,
which is agreement with 160 kJ mol™ on Pt pow-
der [10] and 150 kJ mol' on Pt film [17]. An apparent
maximum appears in the plots of differential heat vs.
uptake on Pt/SiO,. Vibrational spectroscopies have
been used to identify the nature of surface species
formed upon adsorption and/or reaction of hydrocar-
bon with supported metal catalysts [18, 19]. It has been
observed that ethylene adsorption on Pt catalyst at
room temperature produced mainly ethylidyne species
and dissociative H [20]. So the apparent maximum in
the plot can be caused by the evolution of gas ethane
produced from the reaction of ethylene with surface
hydrogen atoms [10], as shown in following equations:

C,H;+2Pt—>Pt=CCH;+Pt-H
2Pt-H+C,H;—C,Hg™+2Pt

In our experiment, the adsorption of ethylene on
reduced Ag/SiO, can also be negligible. It can be seen
from Fig. 5 that the initial heat of ethylene adsorption on
Pt/Si0, is lowered with the addition of Ag to Pt/SiO,
and the apparent maximum is suppressed in the plot of
differential heat vs. uptake. This is indicative of the de-
crease of ethylidyne adsorption species on the
Pt-Ag/SiO, catalysts. Generally, the formation of
ethylidyne species requires a 3-fold site composed of
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adjacent metal Pt atoms [21]. Therefore, it implies that
the addition of Ag to Pt/SiO, decreases the 3-fold Pt hol-
low sites on the catalyst surface, and Ag plays an impor-
tant role in decreasing the size of Pt surface ensembles.
The literature [4] reports that hydrogenolysis, iso-
merization and coking reactions proceed on large en-
sembles of surface Pt sites while only small ensembles
of surface Pt sites are necessary for dehydrogenation re-
action. Therefore, the ethylene microcalorimetric results
indicate that the addition of Ag to Pt/SiO, could be a
useful way to adjust the selectivity and stability of
Pt/Si0; for the hydrocarbon conversion reaction.
Oxygen is necessary for catalyzing ethylene to
ethylene oxide [7]. So it is worthwhile to study the in-
teraction between ethylene and the oxygen species on
the surface of catalyst. In this paper, the microcal-
orimetric experiment for ethylene adsorption on oxy-
gen-preadsorbed Pt/Si0,, Ag/SiO, and Pt-Ag/SiO,
catalysts are conducted and the results are shown in
Fig. 6. It can be noted that ethylene adsorption on ox-
ygen-preadsorbed Pt/SiO, catalyst produces a very
high initial heat of 440 kJ mol ', suggesting serious
oxidation of C,H, on oxidized Pt/SiO, at room tem-
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Fig. 5 Differential heat vs. adsorbate uptake for C,H, adsorption at
room temperature on B — 3% Pt/SiO,, O — Pt-Ag(1:1)/SiO,,
® — Pt-Ag(1:3)/SiO,
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Fig. 6 Differential heat vs. adsorbate uptake for C,H4 adsorp-
tion at room temperature on oxygen-preadsorbed
- 3% Pt/SiO,, O — Pt-Ag(1:1)/SiO,,
® — Pt-Ag(1:3)/Si0,, O — 5% Ag/SiO,
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perature. Interestingly, ethylene adsorption on oxy-
gen-preadsorbed Ag/SiO, catalyst produces an even
higher initial heat of 490 kJ mol ™, and the differential
heat of adsorption drops quickly to about 100 kJ mol ™'
with increasing C,H, uptake, which indicates that eth-
ylene could mainly adsorb on oxidized Ag/SiO, cata-
lyst molecularly and only a small fraction is seriously
oxidized. It is noteworthy that the initial heats of eth-
ylene adsorption on oxygen-preadsorbed Pt-Ag/SiO,
catalysts are about 250 kJ mol ', which is much lower
than that on Pt/SiO, and Ag/SiO, with preadsorption
oxygen, suggesting that the too high oxidation ability
of Pt/SiO, catalyst is significantly lowered by the
presence of Ag. The microcalorimetric results of eth-
ylene adsorption on pre-oxidized catalysts also indi-
cate that the incorporation of Ag into the Pt/Si0, cata-
lysts can decrease the serious oxidation of olefins.

Conclusions

The differential heats vs. H, uptake on Pt/SiO, and
Pt-Ag/Si0, show that the dramatic decrease in initial
heat and saturation uptake for H, adsorption on
Pt-Ag/Si0, catalysts is due to the decrease in ensem-
ble size of Pt surface sites with the addition of Ag into
Pt/Si0,. Comparison of the chemisorption of O, and
H, on Pt-Ag/Si0, catalysts with different Ag contents
elucidates the enrichment of Ag on the bimetallic cat-
alysts surface. A similar initial heat and adsorption
plateau produced with the adsorption of CO on
Pt/Si0, and Pt-Ag/Si0O, indicate that coexistence of
linear and bridged active sites of Pt for CO adsorption
on Pt-Ag/SiO, catalysts. The chemisorption of C,H,4
on Pt catalysts shows the incorporation of Ag into
Pt/S10, suppresses the dissociative adsorption species
of ethylene, which can be beneficial to the selectivity
and stability of Pt catalysts in hydrocarbon conver-
sion reaction. Correspondingly, C,H, adsorption on
oxygen-preadsorbed catalysts clearly shows that the
serious oxidation activity of hydrocarbon on Pt/SiO,
is suppressed by the presence of Ag.
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