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ABSTRACT

We have used reflection absorption infrared spectroscopy (RAIRS) and temperature programmed reaction (TPR) to study the selective hydro-
genation of acetylene on both a clean Ag(111) surface and on a Pd/Ag(111) single-atom-alloy surface. The partial hydrogenation of acetylene
to ethylene is an important catalytic process that is often carried out using PdAg alloys. It is challenging to study the reaction with ultra-
high vacuum techniques because H, does not dissociate on Ag(111), and while H, will dissociate at Pd sites, H-atom spillover from Pd to
Ag sites does not generally occur. We bypassed the H, dissociation step by exposing the surfaces to atomic hydrogen generated by the hot
filament of an ion gauge. We find that hydrogen atoms react with acetylene to produce adsorbed ethylene at 85 K, the lowest temperature
studied. This is revealed by the appearance of a RAIRS peak at 950 cm™" due to the out-of-plane wagging mode of adsorbed ethylene when
acetylene is exposed to a surface on which H atoms are pre-adsorbed. The formation of both ethylene and ethane are detected with TPR,
but no acetylene coupling products, such as benzene, were found. From quantitative analysis of the TPR results, the percent conversion and
selectivities to ethylene and ethane were determined. Low coverages of Pd enhance the conversion but do so mainly by increasing ethane

formation.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0050587

I. INTRODUCTION

The partial hydrogenation of acetylene to ethylene has been a
long standing problem in heterogeneous catalysis."” Its importance
stems from the need to remove small amounts of acetylene from the
ethylene feedstock used in the production of polyethylene without
also hydrogenating ethylene to ethane.” While Pd has a high activity
for acetylene hydrogenation, it has a low selectivity." To improve the
selectivity while retaining high activity, bimetallic alloys of Pd and
Ag are often used.” ” Studt et al. carried out density functional the-
ory (DFT) calculations of the interactions of acetylene and ethylene
with Pd-based bimetallic catalysts and noted that the ideal catalysts
should bind acetylene strongly enough to achieve high activity but
bind ethylene weakly so that once formed, it will desorb without fur-
ther reaction.” Therefore, fundamental studies of the adsorption and
hydrogenation of acetylene and ethylene on model PdAg bimetallic
catalysts are needed.

A new type of catalyst known as single-atom alloys (SAAs)
shows great promise for selective hydrogenation reactions.” In a

SAA, a low concentration of a catalytically active metal is deposited
onto the surface of a relatively inactive host metal. When the ther-
modynamics are favorable, the dopant metal substitutes into the
topmost atomic layer of the host as isolated atoms. In the case of Pd
deposited onto a Cu(111) surface, the isolated Pd atoms serve as sites
for H, dissociation, producing hydrogen atoms that can spillover
to Cu sites, where they are weakly bound.'’ These weakly bound
H atoms can then participate in selective hydrogenation reactions.
Given that PdAg alloys have already proven useful for the selec-
tive hydrogenation of acetylene to ethylene, it follows that a SAA
consisting of isolated Pd atoms in a Ag(111) surface might provide
an effective catalyst for the partial hydrogenation of acetylene while
using a minimum amount of Pd.

Recent work has shown that hydrogen atom spillover does not
occur on a Pd/Ag(111) SAA surface.'”'” We used reflection absorp-
tion infrared spectroscopy (RAIRS) and temperature programmed
desorption (TPD) of CO to probe low coverages of Pd on a
Ag(111) surface.'’ We present RAIRS results in the supplementary
material showing that when Pd is deposited at 380 K, most of the
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Pd atoms are still isolated for coverages less than 2%. TPD experi-
ments for the Pd/Ag(111) SAA after exposure to H, indicated that
no H-atom spillover from Pd to Ag sites occurred. O’Connor et al.
used several techniques, including scanning tunneling microscopy
(STM), to investigate H, interaction with higher coverages of Pd on
aAg(111) surface.” By analogy to a Pd/Au(111) SAA where H-atom
spillover was not detected,”” they concluded that H-atom spillover
was unlikely to occur for a Pd/Ag(111) SAA. Instead, they found
that H-atom spillover from Pd islands to Ag sites could occur and
was made thermodynamically favorable by the simultaneous occu-
pancy of Ag and Pd sites.'” Despite the lack of evidence for H-atom
spillover from surface science experiments on the Pd/Ag(111) SAA,
a supported PdAg nanoparticle catalyst was found to be effective for
the selective hydrogenation of acrolein, and DFT calculations indi-
cated that hydrogen spillover could be involved.' In the absence of
spillover, the hydrogenation properties of a Pd/Ag(111) SAA can be
studied by exposing the surface to atomic hydrogen, which bypasses
the need for spillover from Pd to Ag sites. We used this approach
in a recent study of acrolein hydrogenation, where we found that
the small concentration of surface Pd atoms significantly influenced
the reaction.'” Here, we use a similar approach to compare the reac-
tion of acetylene with hydrogen on Ag(111) and on a Pd/Ag(111)
surface.

Il. EXPERIMENTAL

The experiments were carried out in an ultrahigh vacuum

(UHV) chamber with a base pressure of 1 x 1071 Torr. The
chamber is equipped with a PHI 10-155 cylindrical mirror ana-
lyzer (CMA) for Auger electron spectroscopy (AES), PHI 15-120
optics for low-energy electron diffraction (LEED), and a Hiden
HAL201/3F quadrupole mass spectrometer for temperature pro-
grammed desorption (TPD) and temperature programmed reaction
(TPR) studies. The UHV chamber is coupled to a Bruker IFS-66v/s
Fourier transform infrared (FTIR) spectrometer. The incident and
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reflected IR beams enter and exit the UHV chamber through dif-
ferentially pumped O-ring sealed salt windows. Pressures were mea-
sured with a Bayard-Alpert hot filament ion gauge that was also used
to dissociate H, to provide an effective hydrogen atom source.

The mounting of the Ag(111) crystal and the homemade evap-
orator used to deposit Pd have been described elsewhere.'" All depo-
sition was done at a crystal temperature of 380 K. RAIR spectra
were acquired with 1024 scans at 4 cm™! resolution, unless oth-
erwise stated. A linear heating rate of 1 K/s was used for TPD
and TPR experiments, which were carried out by cooling the crys-
tal to liquid nitrogen temperature and flash annealing at 500 and
300 K for 1 min, for the Ag(111) and Pd/Ag(111) SAA surfaces,
respectively. Post-deposition annealing of Pd/Ag(111) was limited
to 300 K to avoid Ag diffusion to form Ag-capped Pd islands.' "'
The surface was cleaned between experiments with Ar" bombard-
ment (1 kV, 8 yA) followed by annealing to 800 K for 10 min. CO
(99.99%) and hydrogen (99.999%) were purchased from Matheson
Tri-Gas and Praxair, respectively, and were used without further
purification. Acetylene (AA grade/99.8%) was purchased from Prax-
air and further purified with freeze—pump-thaw cycles. Ethylene
(99.99%) was purchased from Matheson Tri-Gas and further puri-
fied with freeze-pump-thaw cycles. The ethane gas (99.999%) was
purchased from Matheson Tri-Gas and used without any further
purification. The palladium coverage was calculated using AES and
CO-TPD peak areas from previously calibrated parameters for our
system.''

Illl. RESULTS AND DISCUSSION
A. Acetylene, ethylene, and ethane on Ag(111)

As TPR and RAIRS are used to monitor the hydrogenation of
acetylene to ethylene and ethane on both Ag(111) and Pd/Ag(111), it
is important to establish with RAIRS and TPD the adsorption prop-
erties of each molecule. Figure 1 shows RAIRS and TPD results for
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increasing acetylene exposures to the Ag(111) surface at 85 K. The
TPD results reveal broad acetylene desorption over a temperature
range from below 100 K to just above 200 K for the lowest exposures.
For exposures of 1.5 L and above, a sharp desorption peak develops
at 91 K. The inset shows a plot of the areas for the low and high
temperature TPD peaks. The low temperature peak saturates after
about a 3 L exposure, whereas the high temperature peak continues
to grow. Similar behavior is also seen in the TPD results for ethy-
lene and ethane. This is opposite to what is typically observed, where
multilayer desorption usually occurs at a lower temperature than
monolayer desorption, where the former grows without a limit after
the monolayer saturates. These results imply that these molecules
interact so weakly with Ag(111) that the interactions between the
molecules in the condensed phase are actually stronger than the
interactions with the metal surface.

The RAIR spectra in Fig. 1(a) were measured with 1 cm™" res-
olution and show only one peak at 776 cm™" corresponding to the
asymmetric bending mode, which is very close to its value in solid
acetylene, indicating that the molecule is not perturbed through
interaction with the surface.® As the IR signal falls off steeply below
800 cm™', an extensive baseline correction was needed for these
spectra, which caused distortion of the 776 cm™ peak shape in
Fig. 1(a) and in the other spectra in this region. Observation of the
776 cm ™' peak and the absence of other peaks indicates the acety-
lene bonds with its molecular axis parallel to the surface. Although
the asymmetric C-H stretch should also be allowed by symmetry,
it should be quite weak for a parallel orientation and was observed
to be much weaker than the asymmetric bend in a HREELS study
of acetylene on Ag(110)."” The 776 cm™ peak is unusually sharp
with a measured full width at half maximum (FWHM) of only
1.8 cm™". A value of 1.5 cm™ for the intrinsic FWHM can be esti-
mated by assuming that the square of the measured FWHM is equal
to the sum of the squares of the measured FWHM (1.8 cm™") and
the instrumental resolution of 1 cm™", although this is only strictly

ARTICLE scitation.org/journalljcp

true if the intrinsic and instrumental line shapes are Gaussian. In
contrast to the relatively simple exposure dependence of the TPD
peak areas, the RAIR spectra show a sudden jump in the intensity
of the 776 cm™! peak between 1.0 and 1.5 L, and an even lower
intensity for 5.0 and 10 L. Both TPD and RAIRS show that acety-
lene desorbs molecularly without any coupling reactions, as was
observed for acetylene on Ag(110).' ’ This contrasts with the Cu(111)
surface, where acetylene coupling to form benzene, 1,3-butadiene,
and cyclooctatetraene is observed.'” DFT calculations'” ' have
shown that acetylene chemisorbs to the Ag(111) hollow site,
but our experimental results would support physisorption on the
surface.

Figure 2 shows RAIRS and TPD results for ethylene on
Ag(111). As was the case for acetylene, the TPD results with increas-
ing exposure do not follow the usual pattern of monolayer desorp-
tion at a higher temperature followed by a lower temperature multi-
layer peak that does not saturate with increasing coverage. Instead,
the 101 K peak in Fig. 2(b) appears along with the broad higher
temperature shoulder for all exposures. In previous TPD studies of
ethylene on clean Ag(111), only a single exposure was reported. Ker-
shen et al. observed the low temperature peak at 93 K and higher
temperature desorption up to 150 K.”* Stacchiola et al. observed the
higher temperature desorption in the range of 125-150 K, but did
not observe the lower temperature peak.”’ The unusual TPD results
in Fig. 2(b) may be related to the ethylene melting point of 104 K.
The low temperature peak may correspond to the sublimation from
a solid ethylene layer, with the higher temperature desorption from
a liquid layer.

The RAIRS results in Fig. 2(a), obtained with 1 cm™ resolu-
tion, show a single sharp peak at 949 cm™" assigned to a CH, wag-
ging mode. This peak is very narrow with a measured FWHM of
1.4 cm™". Because this peak is so sharp, we repeated the measure-
ment with 0.5 and 0.25 cm™" resolutions, and the results are pre-
sented in the supplementary material. For the 0.25 cm™" resolution
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spectrum, the measured FWHM was 0.78 cm™", implying an intrin-
sic FWHM of 0.74 cm™. A similarly sharp wagging mode at
1006 cm™! for 1,3-butadiene on Ag(111) with an intrinsic FWHM
of only 0.48 cm™ was reported by Hrbek et al.” This mode was
observed by Osaka et al. to be in the range of 1002-1007 cm™" in a
RAIR study of 1-3-butadiene on Ag(111), but the spectra were mea-
sured with an experimental resolution of 4 cm™!, so the unusual
sharpness of the peak was not noted.”” The 949 cm™ peak seen
in Fig. 2(a) is the only one expected for ethylene with the molec-
ular plane parallel to the surface. This is the most intense peak
in the IR spectrum of gas phase ethylene, where it is also at 949
cm™'. The absence of a shift from the gas phase position of this
mode is further evidence that ethylene has a very weak interac-
tion with the Ag(111) surface. The same RAIRS result was found
in the earlier studies of ethylene on Ag(111).”>”’ As was the case
for the acetylene results in Fig. 1, the ethylene RAIRS peak does
not increase in intensity after 1.0 L, although the ethylene coverage
continues to increase with exposure as revealed by the increase in
TPD peak area with exposure. Ethylene saturation of the Ag(110)
surface was observed with TPD for an adsorption temperature
of 105 K.”

Fig. 3 shows RAIRS and TPD results for ethane on Ag(111).
Ethane desorbs as a sharp peak at 100 K and over the range of
120-200 K. As for acetylene and ethylene, the low temperature
peak reaches a constant area, while the higher temperature des-
orption continues to grow with increasing ethane exposure. The
RAIR spectra in Fig. 3(a) for increasing exposures to ethane at 85 K
show only the C-H stretch region as no peaks were observed else-
where. For gas phase ethane, the C-H stretches are by far the
most intense in the IR spectrum.”” The ethane RAIR spectra on
Ag(111) at 85 K are similar to what were reported for ethane on
Cu films at 50 K,”° but with a red shift of 20-40 cm™" for the
Ag(111) surface. The results indicate weak physisorption of ethane
on Ag(111).

ARTICLE scitation.org/journalljcp

B. Hydrogenation of acetylene on Ag(111)

In previous studies, we have shown that the filament of our ion
gauge dissociates H,(g), thus exposing the surface to atomic H."
The coverage of atomic hydrogen increases with H, exposure with
the ion gauge on and reaches a saturation coverage of 0.60 ML,”
which in our system has been found to be equivalent to a 200 L H,
exposure with the ion gauge on."” This provides a way to study acety-
lene hydrogenation on Ag(111) by bypassing the dissociative H,
adsorption step, which has too high a barrier to occur under our con-
ditions. Figure 4 shows RAIR spectra after exposing the surface to H,
with the ion gauge on followed by a 1.0 L acetylene exposure with
the crystal at 85 K. The development of the peak at 950 cm™", which
increases in intensity with increasing H coverage, reveals that acety-
lene reacts with the adsorbed H atoms to produce adsorbed ethylene
at 85 K. This suggests that there is essentially no barrier for the reac-
tion. No peaks were observed outside the spectral range shown. The
upward peak at 894 cm™ is likely due to the H-Ag stretch mode as
this was observed with HREELS at 856 cm™".”” The upward appear-
ance of this peak indicates that some adsorbed H was present in the
background scans and was displaced by the acetylene exposures or
was consumed in the reaction to form ethylene. Although the ethy-
lene peak also appears for a 0.5 L acetylene exposure, it was absent
after exposing the H-covered surface to 3.0 L of acetylene (Fig. S1). A
likely explanation for this observation is that for the higher coverage
of acetylene, intermolecular repulsions between acetylene and ethy-
lene lower the desorption temperature for ethylene so that it desorbs
as soon as it forms at 85 K. Upon annealing to temperatures of 300
K and above and re-cooling to 85 K, no RAIRS peaks are observed
suggesting that no other reactions accompany acetylene hydrogena-
tion. Although it appears that the 779 cm™ acetylene peak in Fig. 4
is larger than the 776 cm™" acetylene peak in Fig. 1, even though
both were obtained for a 1.0 L C,H, exposure, a direct comparison
of peak heights is not valid as the results were obtained for different
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FIG. 4. RAIR spectra obtained at 85 K after exposure of 1.0 L of acetylene to
Ag(111) that had previously been exposed to 50, 125, and 200 L of H, with the
ion gauge on. The 200 L H, exposure yields a saturation H-atom coverage of
0.6 ML. The appearance of the peak at 949 cm~" shows that acetylene reacts
with the surface H atoms to form ethylene at 85 K.

resolutions (1 cm™" in Fig. 1 and 4 cm™" in Fig. 4). In addition, if the
sticking probability is different on the hydrogen-covered and clean
surfaces, then an intensity difference may simply reflect different
coverages for the same exposure.

The hydrogenation of acetylene to ethylene is also demon-
strated by the TPR results shown in Fig. 5, which correspond to
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the RAIRS results in Fig. 4. These and the other TPR results were
deconvoluted with a method described previously,] ? and m/z values
were further corrected for ion fragmentation.”’ These procedures
are described in the supplementary material. The m/z = 28 results
show that the ethylene produced by hydrogenation desorbs at 107
and 161 K. These are similar temperatures to the two ethylene des-
orption peaks seen in Fig. 2. The integrated area of the ethylene peak
in Fig. 5(a) for 1.0 L of acetylene and 200 L of pre-dosed H, is only
10% of the integrated area for the 1.0 L ethylene exposure of Fig. 2(b).
As the RAIRS results in Fig. 4 show that ethylene is formed upon
acetylene exposure to the H-covered surface at 85 K, the TPD results
in Fig. 5(a) indicate that ethylene formed by acetylene hydrogenation
desorbs through the same channels as when ethylene is adsorbed
directly.

As the results in Fig. 5(b) were obtained for 1.0 L of acetylene,
the low temperature acetylene desorption peak seen in Fig. 1 for
exposures of 1.5 L and above is absent in Fig. 5(b), but the broad
acetylene desorption channel is still present. Some ethane is formed
as indicated by the m/z = 30 peak at 173 K. Larger hydrocarbons
that might result from acetylene coupling reactions do not have
m/z = 30 as a major fragment, while it is both the parent peak of
ethane and the third most intense one in its spectrum. As 173 K
is much higher than the temperature where ethane desorbs, this
peak must be surface-reaction kinetics limited. Evidently, the reac-
tion barrier for ethylene hydrogenation to ethane is similar to the
barrier for ethylene desorption by the higher temperature chan-
nel. The observation in Fig. 6(a) that the m/z = 30 peak shifts to
m/z = 32 when *C,H, is used instead of *C,H, confirms ethane
formation. Similarly, the shift of the m/z = 28 peaks in Fig. 5(a) to
the m/z = 30 peaks in Fig. 6(a) verifies that these two peaks are due
to ethylene formation. To verify that ethylene formed from acetylene
hydrogenation can be further hydrogenated to ethane, the results
in Fig. 6(b) were obtained following the adsorption of ethylene
(**C,H,) on the H-adsorbed Ag(111) surface. These results show
an m/z = 30 peak at 173 K due to ethane. As a control experiment,

a 1.0L C,H, b —— ethane(x10)
173 K [ ethylene
—— acetylene
107 K

Bl Bl
S L FIG. 5. Deconvoluted and corrected
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c 161K c 161K (m/z = 28) for the indicated H, exposures
%_ -%_ used to pre-adsorb H prior to the 1.0 L
= = 96 K acetylene exposure. (b) TPR of acety-
% 200LH, § lene, ethylene, and ethane after 1.0 L of
=} =} C,H, was exposed to a Ag(111) surface

125LH, that was first exposed to 200 L of H,.

50LH,

100 150 200 250 300 100 150 200 250

Temperature (K)

Temperature (K)

J. Chem. Phys. 154, 184701 (2021); doi: 10.1063/5.0050587
Published under license by AIP Publishing

154, 184701-5


https://scitation.org/journal/jcp
https://www.scitation.org/doi/suppl/10.1063/5.0050587

The Journal
of Chemical Physics

ARTICLE scitation.org/journalljcp

200 L Hp + 0.5 L 13(C),Hy b

180 K

-~ 106 K -~
3 3
& &
L QL
[0 ©
o @
5 5
3 101K =
] o
) —— m/z 32 (x5) 3
o —— m/z 30 a]
—— m/z 28(x1/10)

172 K

1L C,H,

m/z 30

FIG. 6. (a) Uncorrected TPR spectra
after exposure to 0.5 L of ¥CyH, to
Ag(111) with pre-dosed H. Ethane, ethy-
lene, and acetylene show the same des-
orption profiles seen in Fig. 5 but with
the m/z values shifted by +2 a.m.u. (b)
TPR results for ethane formation from
ethylene hydrogenation for a 200 L H,
exposure prior to 2C,H, exposures of
1.0 and 3.0 L. The result for a 1 L ethy-
lene exposure without pre-adsorbed H is
shown for comparison.

200 L H, + 3L C,H,

200 L H, + 1L C,H,

100 150 200 250 300 100
Temperature (K)

no ethane desorption is detected in the absence of pre-adsorbed
hydrogen.

C. Hydrogenation of acetylene on Pd/Ag(111)

The presence of a small concentration of Pd on Ag(111) leads
to distinct changes in the hydrogenation of acetylene. The Pd was
deposited at a surface temperature of 380 K, and coverages were
quantified using TPD of adsorbed CO, which allows us to determine
the Pd coverages for values below the detection limit of AES. The
RAIRS results in Fig. 7 were obtained for a 1.0 L exposure of acety-
lene to (a) 0.7% Pd/Ag(111) and (b) 1.9% Pd/Ag(111). Both surfaces
had been exposed to the indicated amounts of H; prior to acetylene

T T
200 250 300

Temperature (K)

exposures. This permits a direct comparison to results in Fig. 4 for
the clean surface. For the 200 L H, pre-exposure results, the inte-
grated area of the ethylene peak at 950 cm ™ for the 0.7% Pd/Ag(111)
surface is 77% of the area in Fig. 4, while for the 1.9% Pd/Ag(111), the
area is 46% of the area in Fig. 4. These results show that Pd leads to
less selectivity toward ethylene formation than for the clean Ag(111)
surface.

The ethylene TPR results in Fig. 8 clearly reveal that the pres-
ence of Pd affects the hydrogenation reaction. For these results, the
surface at 85 K was first exposed to 0.5 L of acetylene followed by
500 L of H, with the ion gauge on. Comparison of Fig. 5(a) for the
Pd-free Ag(111) surface and the results in Fig. 8(a) indicate that
the order of exposure to acetylene and H, has little effect on the

Wavenumber (cm™)

a b
200LH, 1.0L C,H, 200LH, 1.0L C,H,
949
125 L H,
o FIG. 7. RAIR spectra of the reaction
?E: &z of 1.0 L acetylene with the indicated
S < amounts of pre-dosed hydrogen (just as
50LH, in Fig. 4) on (a) a 0.70% Pd/Ag(111) SAA
and (b) a 1.9% Pd/Ag(111) SAA at 85 K
S0LH, with the ion gauge on.
0.005
0.005
776 775
750 800 850 900 950 1000 750 800 850 900 950 1000

Wavenumber (cm™)
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a
D Y N
3 3
« 0.38% Pd U
o ° FIG. 8. Deconvoluted and corrected TPR
© ® spectra of ethylene (m/z = 28) formed
o x after an acetylene exposure of 0.5 L fol-
5 0.1% Pd IS ; lowed by exposure to hydrogen. (a) After
‘é ‘é’_ ' a 500 L Hy exposure for the indicated Pd
S 2 : coverages. (b) After the indicated hydro-
8 0.06% Pd 2 : 125LH gen exposures to a 0.38% Pd/Ag(111)
: 2 surface.
165 K '
Ag(111) O N L L I
100 150 200 250 300 100 150 200 250 300

Temperature (K)

hydrogenation reaction. Other data presented in the supplementary
material further support this conclusion. As the Pd coverage
increases, Fig. 8(a) shows that the lower temperature ethylene peak
decreases in intensity. The 165 K peak also decreases in intensity,
while a new peak at 202 K increases as the Pd coverage increases.
The 202 K ethylene peak is likely due to ethylene that forms at a
lower temperature on Ag sites and then diffuses to Pd sites where
it is more strongly bound before it desorbs. When coadsorbed with
hydrogen, ethylene desorbs from Pd(111) at about 200 K,”” although
the desorption of ethylene formed by the hydrogenation of acetylene
on Pd(111) is closer to 300 K.*

Temperature (K)

Figure 8(b) shows the effect of increasing hydrogen exposure
after 0.5 L of acetylene had been adsorbed on 0.38% Pd/Ag(111).
Although the total amount of ethylene formed increases, the area of
the 210 K peak remains relatively constant, with most of the increase
occurring in the 110 K peak. The results for the 125 L H, exposure
for the 0.38% Pd/Ag(111) surface in Fig. 8(b) have the same qual-
itative appearance as the results for a 500 L H, exposure to the 1%
Pd/Ag(111) surface in Fig. 8(a). This indicates that although ethylene
forms on the Ag(111) sites, it migrates to the Pd sites where it either
desorbs at 200-210 K or is further hydrogenated to ethane. Once
the Pd sites are filled, ethylene desorbs from Ag sites, giving rise to

T T T T T T T T 100 T T T T T
1004 @ Ag(111) b 05LC,H, +H,on 0.38% PdiAg(111) c 0.5L C,H, +500 L H,
1004 o } on Pd/Ag(111) SAA
% { { { { 801 }
80 804 {
= Conversion
’5 ® Ethylene = = Conversion S 60 = Conversion
S 09| 4 Ethane & 609| e Ethylene s e Ethylene
= *qc-; A Ethane € A Ethane
3 o S
& 404 & 404 S 404 E {
20 } i 207 % 20 { } % % %
E % x ¥ 1 }
[ ] 0+ A
0 . : : : T T T T 0 T T T T T T
50 125 200 500 50 125 200 500 0.0 0.060 010 0.38 080 1.0
H, (Langmuir) H, (Langmuir) Pd Coverage (%)

FIG. 9. Conversion and selectivity for the reaction of 0.5 L of C,H, with increasing H, exposures for (a) the Ag(111) surface and (b) the 0.38% Pd/Ag(111) SAA surface.
(c) For 0.5 L of CyH,, followed by 500 L of H, to Ag(111) with increasing Pd coverages.
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both the 110-117 K and 163-165 K peaks. Ethane formation was also
observed with TPR, and the results are given in the supplementary
material.

The TPR results can be used to establish the percent of the
adsorbed acetylene that is hydrogenated and the selectivity to ethy-
lene, with the assumption that all adsorbed acetylene either desorbs
without reaction or is hydrogenated to either ethylene or ethane.
Quantitative analysis of TPR data was based on the area of des-
orption peaks, and relative conversions and selectivities were cal-
culated. The method of relating the amounts of acetylene, ethylene,
and ethane that desorb to the TPR peak areas is given in the supple-
mentary material. We define conversion and selectivity to ethylene
or ethane as follows:

. CyHy + CoHs
Acetylene conversion = * 100%,
Y v C2H2 + C2H4 + C2H6 ?
CH
C,Hy selectivity = o S 100%,
C2H4 + C2H6
.. C,Hy
C,Hg selectivity = (1 - 7) * 100%.
206 ity C2H4 + C2H5 ?

Figures 9(a) and 9(b) compare the conversion and selectivity
vs H, exposure to Ag(111) and 0.38% Pd/Ag(111) to which 0.5 L
of C,H, had been exposed at a surface temperature of 85 K. On
Ag(111), the selectivity is roughly constant at 85% ethylene/15%
ethane as the H, exposure increases. For the 0.38%Pd/Ag(111) sur-
face, the conversion is similar to the Ag(111) surface, but the selec-
tivity toward ethylene decreases with a concomitant increase in
selectivity to ethane. Figure 9(c) shows the conversion and selectiv-
ities for increasing Pd coverage for exposures to 0.5 L of acetylene
and 500 L of Hy. The conversion initially increases with Pd cover-
age for the lowest values, but then decreases to a constant value for
Pd coverages of 0.38% and higher. Based on the trends for ethane
and ethylene selectivities, the maximum in the conversion at a Pd
coverage of 0.1% is due to an increased amount of ethane. The max-
imum in the conversion is near the maximum Pd coverage before
the transition from a Pd/Ag(111) SAA to a surface with Pd islands
occurs.

IV. CONCLUSIONS

Acetylene is readily hydrogenated by atomic hydrogen at 85 K
on Ag(111), with ethylene being the main product with some ethane
also produced. The low temperature of the reaction suggests a
very low and possibly zero barrier to the reaction. The reaction
occurs regardless of the dosing order. However, the acetylene CH
bending mode at 776-779 cm™" disappears from the RAIR spec-
trum when an acetylene covered surface is exposed to atomic H.
These results are presented in the supplementary material. In con-
trast, when hydrogen is dosed first, the formation of ethylene is not
accompanied by any significant diminishment in the acetylene RAIR
signal. This indicates that exposure to atomic hydrogen leads both
to the hydrogenation of adsorbed acetylene and to the displacement
of acetylene from the surface. This is consistent with the very weak
binding of acetylene to Ag(111). Quantitative measurements of the
conversion and selectivity reveal that the presence of low coverages
of Pd increases the conversion, mainly by increasing the selectivity

ARTICLE scitation.org/journalljcp

toward ethane at the expense of ethylene formation. The increased
conversion occurs for Pd coverages that produce the SAA, with a
decrease in conversion for coverages where Pd islands form. The
results indicate that even if hydrogen spillover occurred, the promo-
tion of ethylene hydrogenation to ethane by the Pd would limit the
utility of PdAg SAAs for the selective hydrogenation of acetylene to
ethylene.

SUPPLEMENTARY MATERIAL

See the supplementary material for additional results on the
hydrogenation reactions under various conditions, ethylene spec-
tra at higher resolution, and information on the TPR deconvolution
procedure.
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