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ABSTRACT: The hydrogenation of 1,3-butadiene (BD, C4H6) to
1-butene (C4H8) over a Pd/Cu(111) single-atom alloy (SAA) was
studied under ambient pressure conditions with reflection
absorption infrared spectroscopy (RAIRS). The gas-phase
reactants and products were monitored with RAIRS using s-
polarized light, while p-polarization was used to search for
adsorbed species present during the reaction. The formation of
gas-phase 1-butene was revealed by the growth of a distinct
infrared peak at 2878 cm−1, whereas the consumption of gas-phase
BD was measured by the decrease of a peak at 1587 cm−1. The
reaction rate was found to be first-order (1.12 ± 0.04) with respect
to H2 and zero-order (−0.12 ± 0.01) with respect to BD and
corresponded to a turnover frequency of 36 s−1 at 380 K. From the
temperature dependence of the rate constant, an activation energy of 63 ± 3 kJ/mol was obtained. Complete conversion of 1,3-
butadiene was observed with a high selectivity of 84% toward 1-butene without any production of butane. No surface species were
detected with RAIRS during the reaction. Post-reaction analysis with Auger electron spectroscopy revealed carbon deposition,
indicating that some dissociation accompanied hydrogenation.

1. INTRODUCTION
The hydrogenation of polyunsaturated hydrocarbons to
selectively produce alkenes�a process vital for the petrochem-
ical and polymer industries�has been a subject of
considerable interest since the 1960s with the surge in olefin
production from steam cracking.1 While widely used in the
refining and petrochemical sectors, establishing the surface
mechanisms of selective hydrogenation of unsaturated
compounds, including the conversion of 1,3-butadiene (BD)
to 1-butene, remains crucial.2 This hydrogenation reaction
serves as a model to investigate catalyst properties, prompting
ongoing research to understand catalyst performance,
selectivity, and mechanisms in both fundamental and applied
contexts.3

Traditional catalysts, such as Pd or Pt, are effective
hydrogenation catalysts but are susceptible to coking. Single-
atom alloy (SAA) catalysts offer a promising alternative.4

These catalysts leverage facile H2 dissociation on active sites,
typically isolated platinum or palladium atoms, combined with
the selectivity of the transition metal host, such as copper, to
improve both the selectivity and lifespan of the catalyst. Lucci
et al. investigated the hydrogenation of butadiene to butenes
on Pt/Cu(111) alloy surfaces in ultrahigh vacuum (UHV),

highlighting that individual Pt atoms on Cu(111) ensure stable
activity with higher selectivity.5 Extending these findings to
realistic pressures (1 bar), Pt/Cu single-atom alloy (SAA)
nanoparticle catalysts were synthesized and tested, demonstrat-
ing that isolated Pt atoms activate H2 dissociation and spillover
of H atoms to Cu, leading to highly selective hydrogenation
without decomposition or poisoning.5 Previous studies
suggested that Pd(111) shows better selective control in
hydrogenating 1,3-butadiene to 1-butene than Pt(111).6−9

This implies that isolated Pd atoms on a Cu host surface could
be a promising model for this reaction, particularly for
selectivity toward 1-butene among butenes. Lianos et al.
found that Pd50Cu50 bimetallic alloys maintain selectivity to
butenes with enhanced activity, attributed to a positive
electronic ligand influence from surrounding Cu atoms.
Pd50Cu50(111) exhibits eight times higher activity than
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Pd50Cu50(110), possibly due to a PdCu3 ordered phase.10

Cooper et al. found that adding copper to Pd nanoparticles on
graphite (PdCuG) improves 1,3-butadiene hydrogenation
selectivity and reduces deactivation rates by limiting carbon
deposits.11 The PdCuG catalyst shows altered 1-butene
selectivity, suggesting changes in hydrogen availability through
electronic or geometric effects. In Pd−Cu catalysts, carbona-
ceous deposits crucially impact catalytic selectivities, over-
shadowing Cu promotion effects during butadiene-rich hydro-
genation.11

Here, we report the hydrogenation of 1,3-butadiene on a
Pd/Cu(111) SAA catalyst with a Pd coverage of 0.027
monolayer (ML) under ambient pressure conditions. In a
previous study, we used reflection absorption infrared
spectroscopy (RAIRS) of CO to characterize the Pd/
Cu(111) surface and found that at a Pd coverage of 0.03
ML, Pd exists as isolated atoms.12 Using low-temperature
STM, Marcinkowski et al. found that Pd is present as isolated
atoms for Pd coverages of less than 0.1 ML.13 They also
showed that Pd is concentrated near the ascending step edges
to form Pd-rich brims rather than being uniformly distributed
on the Cu(111) surface. This study of 1,3-butadiene
hydrogenation follows our earlier work on the selective
hydrogenation of acetylene and propyne over a Pd/Cu(111)
SAA.14,15 The kinetics of this reaction were measured from the
time dependence of the reactant and product concentrations
through their gas-phase IR absorption peaks.

2. EXPERIMENTAL SECTION
The experiments were performed within a dual-stainless-steel
chamber ultrahigh vacuum (UHV) system, as previously
described in detail.16,17 The Cu(111) single crystal
(99.9999% purity) with a diameter of 15 mm and a thickness
of 2.5 mm (Surface Preparation Laboratory) was mounted and
cleaned as described previously.18 Pd was deposited by heating
a Pd wire wrapped around a W wire as described elsewhere.12

Pd coverages were quantified with Auger spectra obtained with
a beam energy of 2500 eV.
The fragmentation patterns of 1,3-butadiene and butene

were obtained with a quadrupole mass spectrometer (QMS) at
1.1 × 10−7 Torr (Figure S1). The cracking pattern of butane
was obtained from the NIST library.19 Analysis of the product
gas with the QMS was conducted by transferring 1.1 × 10−7

Torr from the ambient pressure IR cell to the analysis chamber
through a leak valve after completion of the reaction.
The RAIRS experiments used a Bruker Vertex 70v FTIR

instrument and mercury cadmium telluride (MCT) detector.
All RAIRS results are presented as absorbance spectra, and
they were obtained with 1024 scans and a resolution of 4 cm−1.
A rotatable polarizer was used to obtain either s-polarized
spectra (labeled s-Absorbance), which detect only gas-phase
species, or p-polarized spectra, which detect both gas-phase
and surface species. Subtraction of s-polarized spectra from the
corresponding p-polarized spectra yields spectra sensitive to
only surface species. Absorbance was used instead of
reflectance or transmittance to quantify the partial pressures
of gas-phase species from the peak intensities.
To calibrate our system’s IR intensity versus pressure

relationship, we measured spectra as a function of pressure in
0.1 Torr increments up to 1.0 Torr of 1,3-butadiene and 1-
butene (Figures S2 and S3). The volume of the IR cell of 0.631
± 0.007 L was determined from the ideal gas law by the
expansion of argon at a known initial pressure and volume. 1,3-

Butadiene (≥99.9%) and 1-butene (≥99.9%) were purchased
from Millipore Sigma and used without further purification.

3. RESULTS
Figure 1a shows s-polarized spectra taken over a period of 2 h
after admitting 0.1 Torr of 1,3-butadiene and then 10 Torr of

H2 to the IR cell containing a clean Cu(111) surface at 380 K.
All peaks correspond to those expected for the s-trans
conformer of gas-phase BD.20,21 This conformer is planar
and belongs to the C2h point group. The IR active modes are of
Au (out of plane motion) and Bu (in plane motion) symmetry.
In the gas-phase spectra in Figure 1, rotational side bands are
evident, which complicates the appearance of the spectra, but
the assignments are straightforward and follow those of De
Mare ́ et al.21 The peaks in the range of 2973−3108 cm−1 are
due to ν(�C−H) and ν(�C−H2) stretching vibrations of Bu
symmetry, while the peaks at 1596, 1380, 1013, and 907 cm−1

Figure 1. (a) Gas-phase RAIRS spectra taken after 0.1 Torr of 1,3-
butadiene and then 10 Torr of H2 were added to the IR cell
containing a Cu(111) surface at 380 K. The spectra were taken over a
reaction time of 36 min at 4 min intervals with the last scan taken
after 2 h. (b) Gas-phase RAIRS spectra taken after 0.1 Torr of 1,3-
butadiene and then 10 Torr of H2 were added to the IR cell
containing a 2.7% Pd/Cu(111) surface at 380 K shown over a
reaction time of 36 min at 4 min intervals.
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are assigned to ν(C�C) asymm stretch (Bu), δ(CH2) scissors
(Bu), χ(C−H) wag (Au), and χ(CH2) wag (Au) modes,
respectively. The vibrational transition near 1820 cm−1 is likely
a ν8(Ag) + ν23(Bu) combination band where the fundamentals
occur at 888 and 990 cm−1. The lack of any intensity change
with time in the spectra in Figure 1a demonstrates that there is
no reaction between BD and H2 over the clean Cu(111)
surface.
Spectra under the same conditions but over a Cu(111)

surface with a Pd coverage of 2.7% display distinctly different
behavior, as shown in Figure 1b. The characteristic peaks of
BD at, for example, 907 and ∼1600 cm−1, gradually disappear
with time, and new peaks grow at, for example, 912 and 1458
cm−1. The C−H stretch region also shows distinct changes
with time. As the C−H stretch frequency depends on the
hybridization at the carbon atom, the loss of intensity in the
region above 3000 cm−1 and gain of intensity at or below 2900
cm−1 is a clear manifestation of the replacement of sp2 carbon
with sp3 carbon. From our own measurements of the IR
spectrum of gas-phase 1-butene (Figure S2), we assigned the
new bands that grew at 2972, 2900, and 2878 cm−1 to 1-
butene. In Figure S4, we make a direct comparison of the gas-
phase spectra of 1,3-butadiene, 1-butene, and the product gas
that forms above the 2.7% Pd/Cu(111) surface, which shows
peaks that cannot be assigned to either 1,3-butadiene or 1-
butene. We assign these peaks at 3040, 2950, 2940, 2861, and
962 cm−1 to 2-butene based on reference spectra of trans- and
cis-2-butene.22 From the quantitative measurements described
below, we conclude that there is 100% conversion of 1,3-
butadiene, with the butene product consisting mainly of 1-
butene. 1-Butene must form through 1,2-hydrogen addition,
whereas 2-butene forms through 1,4-hydrogen addition. The
weaker peaks associated with 2-butene implies that 1,4-
hydrogen addition is less favorable, which may be related to
one C�C bond being closer to the surface, leading to 1,2-
hydrogen addition to form 1-butene, with hydrogen addition
to the second C�C bond being less probable. As the IR
spectra of trans- and cis-2-butene are not identical, in principle,
it should be possible to identify which is formed. The intensity
observed at 962 cm−1 in Figure S4 suggests that the product is
trans-2-butene as there is a prominent peak near 960 cm−1

present in the IR spectrum of trans- but not for cis-2-butene.22

In the course of the reaction, the total pressure decreased from
its initial value of 10.10 to 9.20−10.00 Torr, as expected for
100% conversion. Besides hydrogenation reactions, there is
also some decomposition to deposit carbon on the surface, as
revealed by the Auger electron spectroscopy results in Figure
S5. This decomposition channel accounts for the decrease in
total pressure by more than what was expected for
stoichiometric hydrogenation to butene.
A comparison of the mass spectra of BD, 1-butene, and the

product gas is shown in Figure S1. The product gas contains
mainly unreacted H2, but the rest of the spectrum closely
resembles that of 1-butene. For example, the largest peak in the
product spectrum occurs at 15 amu, as is the case for 1-butene.
In contrast, the largest fragment peak for BD occurs at 27. The
second and third largest peaks for 1-butene and the product
gas occur at 27 and 41 amu, respectively, although the relative
intensities of these peaks are slightly different in the two
spectra. Based on a standard reference mass spectrum for
butane,19 there is no evidence for butane in Figure S1 as its
mass spectrum is dominated by a fragment at 43 amu, while
there is negligible intensity at 43 amu for the product gas.

The IR spectra in Figure 1 were used to quantify the reactant
and product concentrations in the IR cell based on the 1587
and 2878 cm−1 peaks for 1,3-butadiene and 1-butene,
respectively. The partial pressures of BD and 1-butene during
the reaction were derived from IR peak intensities by using
calibration measurements of the IR intensities versus pressure
(Figures S2 and S3). From the size of the IR cell and the ideal
gas law, the number of moles of each was then determined.
Figure 2 shows plots of the amounts of BD and 1-butene over a

reaction time of 40 min. The results show that BD steadily falls
from about 3.5 μmol to zero, while the amount of 1-butene
rises from zero to reach a final value of about 2.9 μmol,
implying 84% conversion. The difference between the amount
of BD consumed and the amount of 1-butene formed is
attributed to the formation of 2-butene and decomposition
products.
The kinetics of the reaction were studied by varying the

quantity of either BD or H2 while keeping the other reactant
amount constant to determine the reaction orders. The
quantities used are given in Table S1. Figure 3a shows ln
versus ln plots of the initial reaction rate versus the amount of
BD, keeping the amount of H2 constant at 348 μmol. For
Figure 3b, the amount of BD was kept constant at 3.48 μmol,
and the amount of H2 varied. From the slopes of the plots, we
conclude that the reaction orders are −0.12 ± 0.01 for 1,3-
butadiene and 1.12 ± 0.04 for hydrogen, respectively. These
values imply that the reaction is essentially zero-order in BD
and first-order in H2.
The rate of BD consumption can be used to calculate the

turnover frequency (TOF), the reaction rate per active surface
atom. From the size of the Cu(111) crystal and the Pd
coverage, we calculated a TOF of 36 s−1, assuming that the
reaction occurs solely at Pd sites. Alternatively, assuming that
all surface atoms are active for hydrogenation yields a TOF of
0.97 s−1. Since hydrogen spillover from Pd to Cu sites is known
to occur,23 the coverage of H atoms should be higher than the

Figure 2. Amounts (in μmol) of 1,3-butadiene (yellow) and 1-butene
(orange) versus time over a 2.7% Pd/Cu(111) surface at 380 K.
Quantification was based on calibration measurements (Supporting
Information) of the areas of peaks at 1587 and 2878 cm−1 versus
pressure for 1,3-butadiene and 1-butene, respectively. The peaks were
deconvoluted by Origin 2023 software. Assuming complete
conversion of 1,3-butadiene, the remaining products, 2-butene and
carbonaceous species from decomposition, are denoted in purple.
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Pd coverage and, assuming that BD can react with H atoms at
Cu sites, the TOF should fall between the values of 36 and
0.97 s−1. These values are slightly lower than those for
butadiene hydrogenation over Pd surfaces at 373 K (TOFs ∼
38−180 s−1).24

We measured the temperature dependence of the kinetics of
BD hydrogenation to obtain the activation energy of the
reaction. Figure 4a shows a plot of the amount of BD versus
time for temperatures of 360, 370, 380, and 390 K. As expected
for a zero-order reaction, the amount decreases approximately
linearly with time, with the slope of the lines giving the zero-
order rate constant, k. At the lowest temperature studied, 360
K, some curvature of the data points is evident, indicating
some deviation from zero-order kinetics. Figure 4b shows an
Arrhenius plot of ln(k) versus 1/T, which yields a straight line
with the slope indicating an activation energy of 63 ± 3 kJ/
mol. Within the uncertainty, this falls in the range of the
activation energies of 56−70 kJ/mol for BD hydrogenation
over Pd catalysts.25 The agreement indicates that the Pd atoms
of the Pd/Cu(111) SAA have the same activity as the pure Pd
catalysts. In contrast, the activation energies obtained over

Pd(110) and Pd(111) model catalysts were 36 and 25 kJ/mol,
respectively.24

4. DISCUSSION
In previous studies, we have used polarization-dependent
RAIRS to identify surface species present during reaction
under ambient conditions by subtracting s-polarized spectra
from the corresponding p-polarized spectra.14−16 For this study
of BD hydrogenation, no spectral features attributable to
surface species were observed, even as the s-polarized spectra
in Figure 1b reveal the hydrogenation of BD over the Pd/
Cu(111) surface. Similarly, in polarization modulation RAIRS
studies of BD hydrogenation over Pt3Sn(111) and Pt(111)26

and over Pd(111)27 surfaces, no surface species were detected
even as gas-phase spectra demonstrated that the hydrogenation
reaction was occurring. This indicates either that the active
intermediate was consumed as soon as it was formed so that its
coverage never reached a high enough level to yield observable
peaks or that all the vibrational modes of the intermediate had
intrinsically weak transitions, making them unobservable even
if the coverage of the intermediate was high. We have obtained

Figure 3. Linear fits to ln(reaction rate) vs (a) ln [C4H6] and (b) ln [H2] plots. The slopes of plots (a) and (b) give reaction orders in 1,3-
butadiene and hydrogen, respectively.

Figure 4. (a) Amount of 1,3-butadiene versus time at the indicated temperatures and linear fits to the data. The slopes of the lines give the zero-
order rate constants. (b) Arrhenius plot of the temperature-dependent rate constants obtained from panel (a), which yields a slope corresponding
to an activation barrier of 63 ± 3 kJ/mol.
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RAIRS and TPRS studies of BD on Cu(111) under UHV
conditions and observed strong distinct RAIRS signals for both
multilayer and monolayer BD, which TPRS showed have peak
desorption temperatures below 130 and above 200 K,
respectively. These low-temperature UHV studies demonstrate
that adsorbed BD is detectable by RAIRS, so the lack of any
spectral features during the reaction above 300 K is likely due
to low coverage of the form of adsorbed BD that undergoes
hydrogenation at temperatures above around 350 K.
In a study similar to ours, Silvestre-Albero et al. observed

that 1,3-butadiene is rapidly hydrogenated to form three
primary butenes (1-butene, trans-2-butene, and cis-2-butene)
over Pd(111).24,27 They reported 75% conversion on Pd(111)
at 373 K and 80% conversion on Pd(110) at 373 K, with lower
selectivity for 1-butene (34% for Pd(111) and 14% for
Pd(110)) than in our study. Silvestre-Albero et al. detected all
products at the end of the reaction, which exhibited selectivity
values toward butane of 8.4% for Pd(111) and 11.8% for
Pd(110), with the remaining products consisting of cis- and
trans-2-butene. They found that 1-butene, the thermodynami-
cally less stable product, becomes the main product early in the
reaction. Additionally, butane formed later from subsequent
hydrogenation of adsorbed and/or readsorbed butenes.
However, in our investigation, distinct vibrational modes
specific to butane, such as at 2966 cm−1, were not clearly
detected. We therefore conclude that the Pd/Cu(111) SAA
produces no butane. This is likely due to the low adsorption
energy of 1-butene on Pd/Cu(111) so that it desorbs before it
can be further hydrogenated to butane.
Another significant difference between our results and those

of Silvestre-Albero et al. is the mechanism for formation of the
2-butenes (cis and trans).24 In their case, as in ours, initially,
the 1-butene concentration rose as the BD concentration fell.
But unlike in our case, their 1-butene concentration reached a
maximum with time and then fell to zero as concentrations of
the 2-butenes and butane increased. They concluded that once
adsorbed BD was hydrogenated, 1-butene could readsorb to
undergo both hydrogenation and isomerization reactions.
These mechanistic conclusions were supported by separately
studying the hydrogenation of 1-butene. In contrast, our results
in Figure 2 show that 1-butene and 2-butene grow together,
suggesting parallel reaction pathways in which both 1,2- and
1,4-hydrogen addition to adsorbed BD can occur. A crucial
observation by Silvestre-Albero et al. was that 1-butene
isomerization required hydrogen. They therefore concluded
that the same surface intermediate, a butyl species, was
involved in the hydrogenation and isomerization. For the
former, a second H atom was added to butyl to form butane,
whereas a β-hydride elimination step led to 2-butene. Our
results indicate that BD can be hydrogenated directly to 2-
butene without first forming a butyl intermediate. We further
speculate that this may be due to the presence of two forms of
adsorbed BD on the Pd/Cu(111) surface, one of which favors
1,2-hydrogen addition and the other 1,4-hydrogen addition.
To confirm this, more information is needed about the
structure of BD on the Cu(111) and Pd/Cu(111) surfaces. We
are currently addressing this issue through BD adsorption
studies at low temperatures under UHV conditions.

5. CONCLUSIONS
We found that a 2.7% Pd/Cu(111) single-atom alloy (SAA)
selectively hydrogenates 1,3-butadiene to butene with high
activity. In the presence of 0.1 Torr of BD and 10 Torr of H2,

the Pd/Cu(111) SAA exhibited an 84% selectivity toward 1-
butene at 380 K, with the remaining product being both 2-
butene and a carbonaceous deposit. The reaction was found to
have an activation energy of 63 ± 3 kJ/mol and reaction orders
of −0.12 ± 0.01 and 1.12 ± 0.04 with respect to 1,3-butadiene
and H2, respectively. The calculated turnover frequency
(TOF) at the Pd sites was 36 s−1 at 380 K. These parameters
derived from the kinetics of the reaction are similar to those
obtained for pure Pd catalysts, demonstrating that an SAA
achieves the high activity of a precious metal such as Pd in the
most efficient way possible while also achieving a high degree
of selectivity.
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