
Kinetic Study of the Hydrogenation of Unsaturated Aldehydes
Promoted by CuPtx/SBA-15 Single-Atom Alloy (SAA) Catalysts
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ABSTRACT: A comprehensive study of the kinetics of the catalytic
hydrogenation of unsaturated aldehydes, in particular of cinnamaldehyde,
promoted by CuPtx/SBA-15 single-atom alloy catalysts was carried out in
order to identify trends as a function of the composition of the bimetallic
nanoparticles, that is, of the value of x. The optimum performance reported
by us recently [ACS Catal. 2019, 9, 9150−9157] in terms of selectivity
toward the formation of cinnamyl alcohol, the desired product, by the
catalyst with x = 0.005 was corroborated. A rapid decrease was seen in
catalytic activity in batch reactors with all catalysts, in particular with pure
Cu/SBA-15. This was ascribed, based on DFT calculations and microkinetic
simulations, to the relative weak adsorption of the reactant compared to that
of the products, which leads to the blocking of catalytic sites by the latter
early on in the catalytic runs. It was determined that selectivity is controlled
by the relative values of the initial rate constants for hydrogenation to the unsaturated alcohol versus the saturated aldehyde. Those
were found to vary by up to an order of magnitude as a function of Pt content in the catalyst, in spite of the fact that the
hydrogenation steps are presumed to occur on Cu, not Pt, sites. In general, significant changes in equilibrium and kinetic parameters
were seen across the series of catalysts tested (versus x), indicating that the addition of even small amounts of Pt to these Cu single-
atom alloy (SAA) catalysts affects the intrinsic performance of the hydrogenation catalytic sites.
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1. INTRODUCTION

Single-atom heterogeneous catalysis (SACs) has gained quite a
bit of notoriety in recent years as a way to introduce well-
defined sites to control activity and/or selectivity in the
catalytic promotion of reactions.1−7 One particular class of
such SACs is so-called single-atom alloy (SAA) catalysts, which
consist of bimetallic nanoparticles (NPs) dispersed on a solid
support comprised of one dominant metal mixed with a small
amount of a second, highly diluted and presumably dispersed
as single atoms. These catalysts have been tested for the
promotion of a number of reactions6,8−11 and have proven
particularly useful for the selective hydrogenation of organic
reactants.12−16

In SAA catalysts, the majority metal is usually selected based
on its unique properties for the promotion of specific chemical
steps. In the case of hydrogenation reactions, coinage metals
(Cu, Ag, Au) are often picked, in many cases as a way to
prevent dehydrogenation and other decomposition steps but
also because they may favor particular adsorption geometries
for the reactants that can lead to kinetic control of selectivity.
For instance, we have recently shown that Cu surfaces tend to
adsorb unsaturated aldehydes via their terminal carbonyl
group, thus facilitating the hydrogenation of the CO bond in

the presence of other unsaturations such as CC bonds.16

This leads to the selective production of unsaturated alcohols,
which are highly desirable products.17−19

The main limitation with coinage metals is that they are
quite ineffective at advancing the first step in hydrogenation
processes, the activation of molecular hydrogen to produce
adsorbed hydrogen atoms. For that, a small amount of another
(minority) metal, often noble transition metals such as Pd or
Pt, can be added. The premise is that these can easily help with
the dissociative adsorption of H2. Small amounts are required,
however, because otherwise they can dominate the whole
hydrogenation process and therefore reduce its selectivity. The
presumption in SAA catalysts is that this minority element is
present on the surface in a dilute and atomic form.
The fact that such dilute bimetallic systems can exhibit the

desired chemistry has been nicely tested by the Sykes group at
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Tuffs University using model single-crystal and a combination
of surface-sensitive techniques under ultrahigh vacuum (UHV)
conditions. In their initial report, they demonstrated that
individual Pd atoms on a Cu(111) single-crystal surface are
indeed capable of dissociating H2 provided from the gas phase
and to produce individual adsorbed H atoms that then spill
over to the Cu substrate.20 They also showed that such H(ads)
can be used to hydrogenate unsaturated organic reactants
adsorbed on the Cu(111) surface. In subsequent work,
additional experimental evidence was acquired for this
model,8,9,11,13,21−23 and supporting quantum mechanics
calculations were added.9,11,21,22,24,25

In collaboration with the Maria Flytzani-Stephanopolous
group, Sykes and co-workers have also proven that SAA
catalysts can selectively promote a number of catalytic
reactions.8,9,13 By combining the two sets of experiments,
they used their surface-science research to provide a working
model to explain the SAA catalytic behavior. Unfortunately,
the information obtained from studies under UHV cannot
always be directly translated into surfaces exposed to
atmospheric pressures of reactants. It is well-known that the
composition of solid surfaces can be modified by annealing to
high temperatures or by exposing them to reactive gases;
segregation of specific atoms from the bulk into the surface or
vice versa is a common occurrence.26 In the specific case of
Cu−Pt SSA catalysts, we have recently reported that their Cu
surface may become partially oxidized under reaction
conditions and that the resulting thin CuOx film may push
the Pt atoms into the subsurface.16 Evidence for a similar
interpretation, including CO-IR absorption spectroscopy data
obtained in situ during the hydrogenation of acrolein that can
be associated with the CuOx layer, has been provided by other
groups as well,10 and analogous behavior has also been
identified by X-ray absorption with supported Cu−Pt and Au−
Pd NPs exposed to CO or H2 atmospheres.27 With model
systems, direct spectroscopic (temperature-programmed de-
sorption, IR absorption spectroscopy, X-ray photoelectron
spectroscopy) measurements have highlighted the mobility of
Pt atoms in and out of the surface of Cu(111) crystals (and of
Cu atoms in and out of Pt(111) crystals) under CO
atmospheres.28,29 Finally, virtually no catalytic promotion of
H-D scrambling with H2 + D2 mixtures could be detected with
CuPdx films until reaching x values above approximately 0.2, a
result that points to a potential limitation in terms of
availability of atoms of the second metal in SAA catalysts on
the surface.30

The discussion above points to the caution that needs to be
exerted when extrapolating results obtained with model
systems to more realistic catalysts and processes. Ideally, the
catalysts need to be characterized in situ (or in operando
mode) under conditions resembling those present during
catalysis to obtain direct structure−reactivity correlations. Our
group is in the process of performing such experiments.
Alternatively, some information can be obtained indirectly via
the careful characterization of the kinetics of catalytic reactions.
That is what we have done here for the case of the
hydrogenation of cinnamaldehyde (CMA) promoted with
CuPtx/SBA-15 catalysts. As reported previously by us, this
reaction exhibits optimum performance in terms of selectivity
toward the production of the unsaturated alcohol (cinnamyl
alcohol, CMO) with Cu catalysts containing small amounts of
Pt, specifically with a CuPt0.005/SBA-15 catalyst.16 We here
trace that optimum performance to a higher value of the

reaction rate constant for the hydrogenation of CMA to CMO
relative to that of its conversion to the saturated aldehyde (3-
phenylpropanal, HCMA). Interestingly, those two constants, as
well as the equilibrium constants associated with the
adsorption of the reactants and products, vary by about an
order of magnitude as the Pt content is varied, even if many of
the associated steps are supposed to take place on Cu sites.
This effect must reflect a collective (nonlocalized) modification
of the electronic structure of the surface even at the low-Pt-
content limit. There is clearly a synergy between the Cu and Pt
atoms that contributes to the modification of the catalytic
properties of these so-called SAA catalysts.

2. EXPERIMENTAL DETAILS
All catalysts were prepared by incipient-wetness impregnation
of commercial SBA-15 (ACS Material) using copper nitrate
(Cu(NO3)2·3H2O, Sigma-Aldrich, 98% purity) and chloropla-
tinic acid (H2PtCl4·6H2O, Sigma-Aldrich, ≥37.50% Pt basis),
as described in a previous publication.16 The nominal loading
of Cu was 5 wt % in all cases, and the Pt/Cu molar ratio, x, was
set by tuning the amount of added chloroplatinic acid; here we
will refer to these catalysts as CuPtx/SBA-15. The impregnated
samples were kept at room temperature for 24 h, dried at about
350 K for 24 h, and grounded to make them into powder form.
All catalysts were reduced at 625 K under H2 for 3 h prior to
their use. A total of 10 catalysts were prepared, for x = 0, 0.001,
0.005, 0.01, 0.05, 0.1, 0.2, 0.5, 0.75, and ∞ (pure Pt), even if
kinetic data are reported here for seven of those only; the
catalysts with the higher Pt content have been used elsewhere
for additional physical characterization.16

The metal loadings were quantified by inductively coupled
plasma atomic emission spectrometry (ICP-AES), using a
PerkinElmer Optima 7300DV ICP-OES apparatus that
combines an SCD detector and an echelle optical system
which enables the unit to measure all wavelengths simulta-
neouslyin the ultraviolet wavelength range from 165 to 403
nm and in the visible wavelength range from 404 to 782 nm.
The metal NPs size distributions were estimated from electron
microscopy images taken using a scanning transmission
electron microscopy (STEM) FEI Titan Themis 300 instru-
ment equipped with a X-ray spectrometer for energy dispersion
spectroscopy (EDS) imaging.16 The NP crystallinity was
evaluated by X-ray diffraction (XRD), using a Bruker D8
Advance Diffractometer with Cu Kα radiation (λ = 1.5406 Å).
Hydrogen temperature-programmed reduction (H2-TPR)
experiments were carried out on a Micromeritics Autochem
II 2920 instrument.
The kinetic measurements were performed in a 300 mL

high-pressure 4560 bench Parr batch reactor. Approximately
0.1 g of the catalyst was added to 75 mL of isopropanol
(Sigma-Aldrich, ≥99.7% purity, used as the solvent), 0.8 g of
CMA (Sigma-Aldrich, ≥95% purity), and 2 mL of benzyl
alcohol (Sigma-Aldrich, 99.8% purity, an internal standard).31

The vessel was purged 5 times with 10 bar of H2 (Liquid
Carbonic, >99.995% purity) and then pressurized to the
reaction H2 pressure. The reaction mixture was heated to 375
K, the stirring was switched on, and the time was set to zero.
The composition of the mixture was followed by extracting 1
mL aliquots at preset times and analyzing them using an
Agilent 6890N gas chromatograph with an HP-50 column (15
m × 320 μm × 0.25 μm). The H2 pressures during reaction
were estimated from the initial measurements, taken at room
temperature as the reactor was pressurized, corrected to
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account for the heating to the reaction temperature using the
ideal gas equation. For the recycling experiments reported in
Figure 8, the reaction mixture, together with the suspended
catalyst powder, was collected after each run and filtered to
separate the catalyst from the spent solution; the collected
solid was then returned to the reactor, and a new fresh reaction
mixture added to initiate the next catalytic run. No other
pretreatment steps were taken in between these consecutive
runs.
Turnover numbers (TONs) and turnover frequencies

(TOFs) were estimated in terms of molecules converted per
surface metal atom (Cu or Pt) by using the NPs size
distributions from TEM characterization of the catalysts,
assuming spherical shapes and bulk metal densities. In these
calculations the total number of metal atoms on the surface
was used regardless of their nature, as no reliable way to
estimate the individual surface coverages of Cu and Pt atoms
was available; such an approach may make the meaning of the
TOFs suspect, since the nature of the catalytic sites is also
unknown. In this context, the fact that the Pt NPs display a
wide distribution of sizes (Δd ∼ ±2 nm in most cases, as
indicated below) also introduces a source of error in our
calculations. That effect is difficult to quantify as well, because

the consequences of changes in NP size to catalytic activity
may manifest mainly as changes in the relative numbers of sites
with different coordinations numbers, i.e., in terraces versus
steps, kinks, and other defects. Although we argue that it may
be better to view the kinetic data in terms of conversion versus
time,16 activity is here reported in TOFs nevertheless to follow
standard conventions in catalytic studies. Ultimately, we
emphasize that regardless of the units chosen to report
catalytic activity, most of the conclusions reached below rely
on relative comparisons across the family of catalysts used, and
those are not affected by this choice.
The quantum mechanics calculations were carried out using

periodic density-functional theory (DFT), as described in
previous publications.16,32,33 A Vienna ab initio simulation
package was used,34 with projector-augmented waves.35 The
exchange-correlation energy was modeled using the general-
ized gradient approximation, as stated in the Perdew−Burke−
Ernzerhof parametrization.36 van der Waals interactions were
included with empirical dispersion corrections (DFT-D3).37

The electronic states were expanded in plane waves with an
energy cutoff of 400 eV. A (2 × 2) surface unit cell was used, 4
atomic layers in thickness, with a 15 Å vacuum space added in

Table 1. Estimated and Actual Cu and Pt Metal Loadings of the CuPtx/SBA-15 Catalysts Used in These Studiesa

Samples Nominal Cu wt % Measured Cu wt % Estimated Pt wt % Measured Pt wt % Measured x = Pt/Cu

Cu/SBA-15 5.00 4.60
CuPt0.001/SBA-15 5.00 4.64 0.014 0.015 0.0011
CuPt0.005/SBA-15 5.00 4.80 0.074 0.073 0.0049
CuPt0.01/SBA-15 5.00 4.73 0.146 0.148 0.010
CuPt0.05/SBA-15 5.00 4.65 0.716 1.04 0.068
CuPt0.1/SBA-15 5.00 4.63 1.426 2.01 0.12
Pt/SBA-15 5.00 4.53

aThe experimental values were determined by ICP-AES.

Figure 1. Left and center columns: STEM images of the indicated catalysts. Top, right: EDS image from a CuPt0.75/SBA-15 sample, with the Pt and
Cu atoms colored in red and blue, respectively (reproduced with permission from ref 16. Copyright 2019 American Chemical Society). Bottom,
right: high-resolution TEM of the metal NPs for the CuPt0.005/SBA-15 sample. Scale bars (from left to right): Top row: 200, 100, and 20 nm;
Bottom: 100, 100, and 5 nm.
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the z direction. The Brillouin zone integration was done using
5 × 5 × 1 k-point grids.
The kinetic simulations were carried out by numerical

integration of the rate equations, eqs 1−10 in Table 3, versus
time, using an algorithm developed in house based on an Excel
spreadsheet. The adjustable parameters, that is, the five
equilibrium constants and four reaction rate constants, were
optimized empirically to fit the experimental data, by
minimizing the sum of the deviations between the
experimental points from the kinetic runs and the values
estimated by integration of the differential equations set.
External information from other studies, such as the DFT
calculations, was used to come up with initial educated guesses
of these parameters but was not directly used to obtain their
final values.

3. RESULTS
3.1. Catalysts Characterization. Several techniques and

spectroscopies were used to characterize our catalysts. First,
the actual metal loadings were measured by ICP-AES. The
results from those measurements are contrasted with the
nominal values in Table 1.
Representative images and NP size distribution data from

the electron microscopy characterization of the catalysts are
reported in Figure 1. The four panels on the left and center
columns display typical STEM images and NP size
distributions for Cu/SBA-15 (top, left), CuPt0.005/SBA-15
(top, center), CuPt0.1/SBA-15 (bottom, left), and Pt/SBA-15
(bottom, center). In all cases (but the pure Cu, see below), the
small dark spots, corresponding to the metal NPs, are seen
inside the 1D nanopores of the SBA-15 support, which were
estimated by adsorption−desorption isothermal measurements
to be about 7 nm in diameter; the average metal NP sizes were
approximately 6.5 ± 2 nm in diameter, except for the case of
the pure Cu catalyst, where the NPs were significantly larger
(⟨d⟩ = 24 ± 6 nm); those were possibly located outside the
pores. Although the diameters of the NPs and pores are close
to each other, we saw no evidence for the reaction kinetics
being controlled by mass transport: clear differences in kinetics
were measured across the sequence of catalysts even though
they all (bar the pure Cu one) have comparable NP sizes. The
well-dispersed nature of the Pt atoms within the bimetallic NPs
required for single-atom alloy (SAA) catalysis was checked by
EDS, as exemplified in the image provided in the top, right
panel of Figure 1.16 It should be noted that the EDS images do
not offer sufficient resolution to determine if the Pt is disperse
as single atoms or small clusters, though.
The crystallinity of the metal NPs was made evident by high-

resolution TEM images such as that in the bottom right panel
of Figure 1 and was confirmed independently by XRD.
Representative data from the latter studies are reported in
Figure 2. The XRD traces of all low-Pt-content samples, up to
the CuPt0.01/SBA-15 catalyst (at least), show diffraction peaks
only for Cu. Moreover, the dimensions of the Cu unit cell do
not appear to change significantly with the addition of (small
amounts of) Pt. Another significant piece of information here
is that the NP crystals are made out of metallic Cu. Previous
XPS analysis of these catalysts have indicated the formation of
a thin layer of copper oxide on the surface of the metal NPs,16

but the XRD data clearly indicate that the bulk of those NPs
still remains in the metallic state.
One key property of these catalysts in terms of their use to

promote hydrogenation reactions is their ability to activate

molecular hydrogen and promote reduction reactions. A
comparative test of the reducing power of our catalysts was
carried out by performing H2-TPR experiments. Typical data
resulting from those studies are shown in Figure 3. It is clear

from that figure that the temperature at which reduction can be
promoted shifts to lower values with increasing Pt content: the
H2-TPR peak maximum shifts from an initial value of
approximately 550 °C for the pure Cu/SBA-15 sample to
about 490 °C for CuPt0.05/SBA-15. This latter number is close
to, perhaps even a bit lower than that for pure Pt/SBA-15
(Tmax(Pt) ∼ 520 °C). It would appear that the addition of Pt
facilitates the activation of H2, a behavior that is expected and
the basis for the hypothesis that Pt needs to be added to Cu
catalysts to enhance activity in hydrogenation reactions. In fact,

Figure 2. XRD data for selected CuPtx/SBA-15 catalysts, indicating
the crystallinity of the metal NPs. They are mainly metallic Cu
crystals.

Figure 3. H2-TPR traces for selected CuPtx/SBA-15 catalysts.
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the total yield also increases upon the incorporation of even a
small amount of Pt into the Cu NPs, another indication of the
promoting effect of the added Pt. The H2-TPR results may also
help explain why the average NP size in the pure Cu/SBA-15
catalyst is so much larger than in all the other, Pt-containing,
samples, as the Pt ions from the inorganic precursor used in
the synthesis of the catalyst may be more easily reduced than
those from the Cu salt and may produce more nucleation sites
on the surface during the initial reduction step and also help
with the reduction of the Cu ions.
3.2. Catalytic Performance. An initial assessment of the

relative performance of our catalysts as a function of Pt content
(x) was done by carrying out catalytic reactions for a set time
(150 min) and then analyzing the reaction mixture in order to
extract values for the total CMA conversion and for the
selectivity toward CMO, HCMA, and 3-phenylpropanol
(HCMO, also known as 1,2-dihydrocinnamyl alcohol)
production. The results from runs using three different
hydrogen pressures (P(H2) = 12.5, 25.0, and 37.5 bar) are
reported in Figure 4. Several observations are worth high-

lighting from these data: (1) the total activity of the catalysts
increases monotonically with both increasing Pt content and
increasing P(H2), a result typical of hydrogenation reac-
tions;38,39 (2) the selectivity toward HCMA decreases with
increasing P(H2), mainly at the expense of increases in CMO
and HCMO production (presumably because the different
adsorption geometries of the intermediates associated with
each product require different local hydrogen surface cover-
ages);40 (3) total hydrogenation to HCMO increases, in
general, with both P(H2) and Pt content; and (4) critically, the
selectivity for making CMO, the desirable product, peaks with
catalysts with low Pt content, that is, for x ∼ 0.005. These
trends will be discussed in more detail below.
Additional kinetic data are provided in Figure 5, in the form

of total turnover frequencies (TOFs) and selectivities
(calculated on the basis of the individual TOFs for each
product relative to the total TOFs, stacked to add to a total of

100%) versus reaction time. In all cases the rates decrease
rapidly after a few minutes of reaction, but the effect seems to
be more pronounced with the catalysts with the most Cu
content (the TOF with Pt/SBA-15 also decreases rapidly, but
that is because about 85% conversion is reached already after
30 min of reaction). Also, the production of HCMO appears to
become important only after significant accumulations of
CMO and HCMA in the reaction mixture, suggesting that the
direct hydrogenation of CMA to HCMO40 is negligible and
that HCMO is mainly a secondary product. On the other hand,
in some cases the net concentrations of the primary products,
CMO and, particularly, HCMA, decrease at the later stages of
the reaction, because their rate of consumption to yield
HCMO is higher than their rate of production from CMA; this
is indicated in Figure 5 by the negative values reported for their
TOF selectivities.
Next, the initial TOF appears to go down as Pt is added to

the Cu catalysts. However, this observation needs to be
interpreted with some caution, because part of the reason why
the TOF with pure Cu is high is because those NPs are larger
than the rest (larger NPs expose less atoms on the surface, so
the total conversion is normalized to a smaller number of
assumed catalytic sites). Moreover, it is not clear what the
active sites for the hydrogenation reaction may be (Pt, Cu, Pt +
Cu, etc.); the total number of surface atoms in the metal NPs
was used in our TOF calculations (as indicated in the
Experimental Section), even if that may not be the appropriate
parameter for the normalization of conversions to TOFs. As
indicated above, this issue does not affect the relative
comparisons of selectivity, though. In terms of conversion
versus time, the CuPt0.005/SBA-15 is the Cu-containing catalyst
that displays the faster total reaction rate (the Pt/SBA-15
catalyst is the most active overall). Finally, the relative TOFs
for CMO increase in all cases as the reaction proceeds,
compared to the rates of formation of the other products. As
already indicated by the data in Figure 4, the best CMO
selectivities were seen with the CuPt0.005/SBA-15 catalyst.
The fast decrease in conversion rate with increasing reaction

time mentioned above is better illustrated by plotting the
TOFs as a function of the concentration of the initial reactant
([CMA]), in a log−log plot to extract apparent reaction kinetic

Figure 4. Total conversion and selectivities for CMO, HCMA, and
HCMO production from the hydrogenation of CMA promoted by
selected CuPtx/SBA-15 catalysts (x = 0, 0.001, 0.005, 0.05, and ∞).
Data for runs carried out at three different H2 pressures (12.5, 25.0,
and 37.5 bar) are reported.

Figure 5. Total TOFs and selectivities in terms of the TOFs of
production of the individual products (CMO, HCMA, and HCMO)
as a function of time for the hydrogenation of CMA promoted by
selected CuPtx/SBA-15 catalysts (x = 0, 0.005, 0.01, 0.05, 0.01, and
∞).
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orders with respect to [CMA]. This has been done in Figure 6.
The slopes extracted from these plots vary from m = 0.85 for

the pure Pt catalyst to m = 12.8 for the pure Cu catalyst, with
intermediate and increasing values as the Pt content in the
CuPtx/SBA-15 samples is decreased. The kinetic reaction
orders implied by this analysis are unreasonably high and
indicate that additional factors, besides the reaction rate
dependence on [CMA], play a role in determining reaction
rates. Two possibilities are considered in the following analysis:
(1) the surface of the catalysts, primarily the Cu atoms, are

poisoned by organic deposits that form and bind strongly on
the surface during the course of the reaction, a common
occurrence in hydrogenation catalysis;41−44 and/or (2) the
products of the reaction, CMO, HCMA, and HCMO, may
compete for adsorption sites on the surface, blocking the CMA
uptake and consequently inhibiting further catalytic activity.
A more careful kinetic study was carried out by performing

catalytic runs systematically versus P(H2) and [CMA] to
extract reaction-rate orders. The results are summarized in
Figure 7 and Table 2 (reaction rate orders were calculated

directly from the slope of the linear fits to the data in Figure 7).
In terms of the dependence of the conversion on P(H2)
(Figure 7, top row, and Table 2), a positive kinetic reaction
rate order is seen with most CuPtx/SBA-15 catalysts, especially
in connection with the production of CMO (second panel
from the right), for which the kinetics is approximately first
order; the order is close to zero for HCMA, for an average of
half order for the total consumption of CMA. A few
conclusions can be derived from these numbers. First, the
detectable dependence of the conversion rates on P(H2)
indicates that the coverage of hydrogen atoms on the surface is
low. Moreover, the half-order seen for the total conversion of
CMA on P(H2) can be associated with a linear dependence of
the rates on atomic-hydrogen coverage (at low coverages),
suggesting that the rate-limiting step is the incorporation of the

Figure 6. Log−log plot of TOFs versus [CMA] for the hydrogenation
of CMA promoted by selected CuPtx/SBA-15 catalysts (x = 0, 0.005,
0.01, 0.1, and ∞).

Figure 7. Log−log plots of the TONs after 150 min (2.5 h) of reaction for the hydrogenation of CMA promoted by selected CuPtx/SBA-15
catalysts (x = 0, 0.001, 0.005, 0.01, and ∞) versus P(H2) (top row) and [CMA] (bottom).

Table 2. Kinetic Reaction-Rate Orders with Respect to
P(H2) for the Hydrogenation of CMA to CMO and HCMA
on CuPtx/SBA-15 Catalysts

n(H2) Cu/SBA-15 CuPtx/SBA-15 Pt/SBA-15

CMA consumption 0.4 0.5 ± 0.1 0.0
CMO production 1.1 0.9 ± 0.2 −0.8
HCMA production −0.2 0.0 ± 0.3 −0.4
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first hydrogen atom into the adsorbed CMA, as it is in many
other hydrogenation reactions.18,38−40,45−57 This interpretation
is a simplification, as additional subtleties are associated with
the differences in reaction rate orders seen for CMO versus
HCMA: it would seem that CMO production is much more
sensitive to θH than HCMA formation (as already mentioned
and explained above). In any case, it is interesting to note that
none of the P(H2) reaction-rate orders changes significantly
upon the addition of Pt to the Cu-based catalysts. The
exception here is the case of HCMO production, for which a
much stronger (positive) dependence is seen with pure Cu,
perhaps an indication of the difficulty for activating H2 on that
metal.
By contrast, the estimated P(H2) orders for the production

of both CMO and HCMA on the pure Pt catalyst appear to be
negative. However, this is likely to be an artifact, because the
TONs were calculated after 2.5 h of reaction, at which point
significant further hydrogenation of CMO and HCMA to
HCMO takes place. More reliable is the P(H2) order estimated
for the overall consumption of CMA, which is close to zero. In
this case, the surface is likely to be saturated with atomic
hydrogen, possibly because Pt is a good promoter of the
dissociative adsorption of H2.
In terms of the kinetic reaction rate orders for the

consumption of CMA or for the production of either CMO
or HCMA with respect to the concentration of CMA in
solution, they are all close to zero (within the large
uncertainties of the measurements; Figure 7, bottom row).
This suggests that the surface is nearly saturated with adsorbed
hydrocarbons under reaction conditions. Certainly, no strong
dependences of the sort seen in Figure 6 are observed here; the

behavior reported in Figure 6 must be ascribed to factors other
than the kinetic rate law of the reaction.
The possibility that the surface of these catalysts may

become poisoned by the adsorption of strongly bonded
hydrocarbon residues was tested by carrying out sequential
CMA conversion runs with the same catalyst without any
conditioning in between. Examples of the results obtained
from those studies are shown in Figure 8. It is seen there that,
indeed, the catalysts loose some activity after being used
several times. However, this effect is not very pronounced: the
initial activity of both Cu/SBA-15 and CuPt0.005/SBA-15
catalysts goes down only by about a factor of 2 after being used
five consecutive times, and that is in great measure the result of
the loss of some catalyst powder during the filtering process
used to separate the catalyst from the solution between
catalytic runs (a total loss of about 40% after the five runs).
The potential mild poisoning indicated by the data in Figure 8
cannot account for the large apparent reaction-rate orders in
[CMA] implied by the analysis of the data in Figure 6.
Moreover, the behavior of these catalysts in terms of selectivity
toward the production of CMO, expressed either as a %
selectivity (Figure 8, center panels) or in terms of CMO/
HCMA ratios (right), does not change significantly from run
to run. Interestingly, a clear increase in CMO selectivity with
extent of conversion is seen here in all cases, for all catalytic
runs, and the return to lower selectivities every time as the new
reactions are started is also evident.
The main conclusion from all these tests is that the changes

in the catalytic performance of the CuPtx/SBA-15 catalysts
with reaction time cannot be fully explained by poisoning of
the surface. Instead, we favor the idea that the kinetic changes
are a consequence of the preferred adsorption of the products

Figure 8. Kinetic data in the form of total CMA conversion versus reaction time (left), and CMO% selectivity (center) and CMO/HCMA ratio
(right), both versus total conversion, for the hydrogenation of CMA promoted by Cu/SBA-15 (top row) and CuPt0.005/SBA-15 (bottom). The
traces in each panel correspond to results obtained with the same catalyst after recycling without any pretreatments in between catalytic runs.
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in the presence of the reactant as they accumulate in the liquid
mixture (although poisoning may also play a part). To get a
better idea of the kinetics of the side steps involved in the
overall process, the further hydrogenation of CMO and
HCMA to HCMO was tested independently; the kinetics of
those conversions on Cu/SBA-15, CuPt0.005/SBA-15, and Pt/
SBA-15 are shown in Figure 9. In all cases it was found that Pt

is the most active hydrogenation catalyst. In relative terms, Pt/
SBA-15 promotes the hydrogenation of CMO at a faster rate
than the hydrogenation of HCMA. With pure Cu catalysts the
two rates are closer, but the ordering gets reversed: HCMA is
hydrogenated faster than CMO. Pt-containing Cu catalysts
(CuPt0.005/SBA-15 in the example reported in Figure 9) seem
to retain the same activity of pure Cu for the hydrogenation of
HCMA but may lose some activity in the case of CMO. One
general observation of relevance to the hydrogenation of CMA
is that all the TOFs in Figure 9 are relatively high, about 1 s−1

or higher. These values are comparable to those measured for
the hydrogenation of CMA (Figure 5), which means that the
slow conversion of the products from CMA (CMO and
HCMA) to HCMO with all of our catalysts bar the pure Pt
one must be because of the limited access of the primary
products, CMO in particular, to the surface.
The relative adsorption energies of the reactant and of the

primary products were estimated by DFT calculations. The
results are reported in Figure 10, for crotonaldehyde (CTA)
instead of CMA to make the calculation a bit simpler; the
trends are expected to be the same. It is seen there that, on
pure Cu, the adsorption of the reactant (CTA) is much weaker
than that of the products: the energies of adsorbed crotyl
alcohol (CTO) and of adsorbed butanal (HCTA) are 23 and
69 kJ/mol lower, respectively (referenced to CTA(ads) + 2
H(ads)). These calculations were performed by adding two
molecules to the Cu unit cell, to emulate the high total
hydrocarbon coverages implied by the weak kinetic depend-
ence of the reaction rates on the concentration of the
unsaturated aldehyde (Figure 7). The energetics of mixed

layers was calculated as well, but no significant synergies were
identified: the adsorption energies of the mixtures are quite
close to those estimated by simple addition of the individual
adsorbates. This suggests that the competitive adsorption of all
of the organic molecules can be described by a simple set of
Langmuir isotherms (see below).
All the kinetic information acquired in the experiments

reported above was put together to propose a simple
microkinetic mechanism for the hydrogenation of CMA on
the CuPtx/SBA-15 catalysts. A couple of approximations were
incorporated in this model: (1) the adsorption of all the
organic molecules (CMA, CMO, HCMA, and HCMO) was
described by Langmuir isotherms for competitive reversible
adsorption in equilibrium and in the high-coverage limit; and
(2) the dissociative adsorption of molecular hydrogen was also
described by a Langmuir isotherm at equilibrium, albeit in the
low-coverage limit (as the reaction-rate orders are far from
zero, Figure 7 and Table 2). It should be indicated that this
latter approximation was in fact not required in our
calculations, because the kinetic data used were all obtained
for a fixed value of P(H2), 37.5 bar, which represents a large
excess, and because we assume that the coverage of atomic
hydrogen on the surface, whatever its value, remains constant
throughout the progress of the reactions; here we only report
pseudo rate constants, which include the hydrogen coverage
term.
Another approximation in this model is that all the catalytic

sites are treated as equal. The rationale for this choice is that
the conversion of the reactant (the unsaturated aldehyde) is
expected to occur on specific selective sites, presumably on the
Cu surface. Hydrogenation to the different products takes
place stepwise, but it is assumed to all happen on the same
initial adsorption site. In terms of the role of hydrogen, it is
assumed that even if the activation of H2 takes place on
separate and different catalytic sites, the resulting adsorbed H
atoms then spillover and diffuse to the sites where the
hydrocarbon reactants are bound and converted.
The proposed mechanism consists of the steps in Table 3.

All the hydrogenation steps, eqs 7−10 in Table 3, are
considered irreversible and far from equilibrium.
Examples of the fits of this model to our experimental results

are presented in Figure 11. The left three panels show the data
from the catalytic runs obtained with (from left to right) Cu/
SBA-15, CuPt0.005/SBA-15, and Pt/SBA-15, in the form of

Figure 9. % conversion versus time for the hydrogenation of CMO
(left panel) and HCMA (right) promoted by Cu/SBA-15, CuPt0.005/
SBA-15, and Pt/SBA-15 catalysts.

Figure 10. DFT calculations of the energies of adsorption for
crotonaldehyde (CTA) and its primary hydrogenation products crotyl
alcohol (CTO) and butanal (HCTA), all referenced to CTA
adsorbed on a H-covered Cu(111) surface.
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conversions and yields versus reaction time, whereas the far-
right panel reports the values obtained for the key reaction and
equilibrium constants from our fits. At first sight it may seem
that there are a large number of parameters to fit to the data,
but in reality those could be reduced to only a few. First, the
orders of the reactions with respect to the H2 pressure were
measured experimentally (Table 2) and in the end
incorporated, together with KH2, into pseudo reaction rate
constants (taking advantage of the fact that the hydrogen
pressure is high and constant in all cases, as mentioned above).
Second, the reaction and equilibrium constants associated with
the secondary hydrogenation of the primary products (HCMA
and CMO) to HCMO are only relevant toward the end of the

reaction, if at all; we did fit those parameters as well, but do not
report them as they do not provide much additional
information. Only the equilibrium constants for CMA,
HCMA, and CMO and the pseudo rate constants for steps 7
and 8 needed to be adjusted, and even in those there are some
correlations that made a few of the values not critical to the fits.
The final values for KCMA, KHCMA, KCMO, k′HCMA, and k′CMO

obtained from these fits are reported as a function of catalyst
composition in the far right panel of Figure 11, together with
the k′CMO/k′HCMA ratio and the molar fraction of CMO
(XCMO).
Some interesting trends can be identified from those data.

First, it is worth noticing that the equilibrium constant for

Table 3. Proposed Mechanism for Hydrogenation

Figure 11. Kinetics of the hydrogenation of CMA on CuPtx/SBA-15 catalysts. Left three panels: % CMA conversion and % HCMA, CMO, and
HCMO yields versus reaction time for runs carried out using Cu/SBA-15 (left), CuPt0.005/SBA-15 (center), and Pt/SBA-15 (right). The symbols
correspond to the experimental data, whereas the lines are the result of our microkinetic simulations (see text). Far right: Kinetic parameters
extracted from the microkinetic simulations, plotted versus Pt content.
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CMA adsorption is anomalously low on the pure Cu catalyst.
This was expected based on the energetics calculated by DFT
(Figure 10), but the observation is unique to the Cu/SBA-15
case (it is not seen with any of the other catalysts) and explains
why the reaction with Cu slows down so dramatically early on
in the catalytic runs (Figure 6): both HCMA and CMO
compete favorably with CMA for Cu sites and poison the
catalytic sites as soon as a minor concentration of the products
builds up in the reaction mixture, within 2−3 min. Indeed, our
calculations of surface coverages deriving from the kinetic
simulation yielded a CMA coverage of θCMA ∼ 0.98 ML after 1
min of reaction but values of θCMA ∼ 0.05 MLand θHCMA +
θCMO > 0.95 MLafter 3 min (the full time evolution of all
surface coverages is provided in the Supporting Information).
Also, in all cases with bimetallic NPs, HCMA adsorbs more
strongly than CMO and therefore dominates in term of surface
coverages, although the effect seems to be the most
accentuated with the catalysts with intermediate Pt loads.
Our calculations of surface coverages from the kinetic
simulations indicate almost complete saturation with the
products of the hydrogenation reaction (θHCMA + θHCMO > 0.8
ML in most cases) after ∼10 min from the start of the reaction.
A full account of the time dependence of these coverages is
provided in the Supporting Information.
In terms of reaction rate constants, the Pt catalyst is

significantly more active than any of the Cu containing ones
for all hydrogenation steps, but it is also more active for the
production of HCMA versus CMO in relative terms, which is
the reason why it exhibits such a poor selectivity toward the
making of the desirable CMO. Interestingly, the rate constants
also decrease monotonically when starting with Cu as the Pt
content is increased; the main reason why Cu exhibits slower
conversion is that the surface coverage of adsorbed CMA is
particularly low in that case, as mentioned before. It should be
said that the decrease in the values of both reaction rates,
k′HCMA and k′CMO, with Pt content (x) is significantly more
pronounced than what would be expected based on pure
geometrical (site-blocking) arguments: there is a clear synergy
between the two metals that makes Pt affect the reactivity of
the Cu surface sites in the alloys.
Finally, selectivity toward the production of CMO, displayed

in Figure 11 as the molar fraction of CMO made (relative to all
the products, XCMO) after 30 min of reaction (purple,
downward-pointing triangles) correlates nicely with the
k′CMO/k′HCMA ratio (orange trace, upward-pointing triangles).
This is clearly the parameter that controls selectivity, and that
is modified by changes in the composition of the bimetallic
nanoparticles. It should be remembered that these pseudo
reaction rate constants do include the contribution from the
coverage of atomic hydrogen on the surface, but, as discussed
above, the dependence of the rates of both CMO and HCMA
production on P(H2) should not change with the Pt content in
the catalysts. Moreover, if anything, selectivity toward CMO
production increases with increasing P(H2) (Figures 4 and 7),
which means that if the addition of Pt facilitates H2 dissociative
adsorption on the surface and consequently leads to an
increase in the coverage of atomic H, that factor should induce
an increase in the value of k′CMO with respect to k′HCMA with
increasing Pt content: the opposite is the case here. We believe
that the trend for k′CMO/k′HCMA reported in Figure 11 reflects
an intrinsic change in the rates of the incorporation of the first
H in the adsorbed CMA, which is presumed to occur on Cu
sites. It appears that the addition of Pt to the Cu-based

catalysts may not only facilitate the uptake of H2 but also
modify the reactivity of the Cu surface.

4. DISCUSSION AND CONCLUSIONS
Here, we have reported results from a comprehensive kinetic
study of the hydrogenation of cinnamaldehyde (CMA)
promoted by catalysts comprised of Cu−Pt alloys dispersed
on a mesoporous (SBA-15) support. The kinetic measure-
ments were carried out as a function of the composition of the
metallic NPs with the aim of identifying synergies leading to
better catalytic performance in terms of selectivity toward the
desired product, the unsaturated alcohol (cinnamyl alcohol in
this case, CMO). A total of 10 catalysts were made, pure Cu/
SBA-15 and Pt/SBA-15 and another eight CuPtx/SBA-15
compositions with x varying from 0.001 to 0.75, as
corroborated experimentally by ICP-AES (Table 1).
Our studies were initiated by a careful characterization of the

catalysts to ensure that they all exhibit similar properties except
for the Pt-to-Cu ratio. TEM images (Figure 1) indicated that
the average NP size was approximately 6.5 nm in all cases
except for the pure Cu/SBA-15 catalyst, which exhibit larger
NPs, perhaps because the Cu ions are more difficult to reduce
than those of Pt and therefore form less nucleation sites on the
surface. In addition, both TEM (Figure 1) and XRD (Figure 2)
data pointed to the formation of Cu crystalline phases in all
cases but with the pure Pt/SBA-15. The Pt atoms in the
diluted CuPtx/SBA-15 bimetallic NPs were found to be finely
dispersed, likely in atomic form, as indicated by EDS imaging
(Figure 1). The increase in ease of reducibility with increasing
Pt content, a property believed to facilitate catalytic hydro-
genation reactions, was established by H2-TPR (Figure 3).
Kinetic catalytic studies corroborated that small amounts of

Pt improve the performance of the Cu catalysts: optimum
selectivity toward the desired CMO was observed with the
CuPt0.005/SBA-15 catalyst (Figure 4). This confirms previous
reports by us16 and others12,13,58,59 on the beneficial effect of
adding small amounts of a second metal (Pt) to the first (Cu)
to improve hydrogenation catalysis. The working hypothesis to
explain the selectivity enhancement observed with these so-
called single-atom alloy (SAA) catalysts has been that the
majority metal, Cu in this case, is chosen because of its
desirable catalytic properties, a preference for CO hydro-
genation steps in the presence of CC bonds, but needs to be
complemented with a second metal (Pt) to perform the first
step in these reactions, the activation of H2.

20,58

As discussed in the Introduction, that hypothesis has been
supported by extensive and elegant experiments with model
single crystals under ultrahigh vacuum conditions, mainly by
the group of Sykes and co-workers at Tufts University,58 but
has been recently challenged by us on the account that the Pt
atoms in these catalysts may not be present on the surface
under reaction conditions but rather placed underneath a thin
copper oxide layer that forms on top.16 The possible dynamic
diffusion of the metals in these bimetallic NPs under realistic
reaction conditions complicates the picture and calls into
question the model used so far to explain the selectivity
enhancement obtained with SAAs catalysts.
Analysis of the kinetic data from the studies reported here

points to some synergies between the metals that may offer an
alternative view of the source of the increase in hydrogenation
selectivity observed. Critically, in batch reactors such as that
used here, the catalytic activity dies down rather quickly, in a
particularly dramatic way with the pure Cu/SBA-15 catalyst
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(Figures 5 and 6), and the selectivity toward the unsaturated
alcohol (CMO) increases with the extent of the reaction
(Figure 5). Unreasonably large kinetic reaction rate orders with
respect to the concentration of the reactant ([CMA]) are
obtained from analysis of the time-dependent kinetic data
(Figure 6), not matched by the more reasonable values
estimated using an initial-rate method (Figure 7). It could be
argued that the rapid activity loss seen in these reactions may
be due to poisoning of the surface with strongly adsorbed
carbonaceous deposits, a phenomenon typical of many
hydrogenation catalytic systems,43 but that idea was disproved
here by the fact that most of the activity is recovered upon
changing the spent reaction mixture with a fresh one (Figure
8).
Instead, our explanation is that activity and selectivity are

affected, at least in part, by the competition among the reactant
(CMA) and the products (CMO, HCMA, HCMO) for
adsorption sites on the surface. DFT calculations highlighted
the particularly weak nature of the bonding of the unsaturated
aldehyde on pure Cu surfaces relative to either the unsaturated
alcohol or the saturated aldehyde, with the latter being the one
that dominates the adsorption (Figure 10). The further
hydrogenation of either CMO or HCMA to HCMO also
depends strongly on the composition of the bimetallic NPs
(Figure 9). All the experimental kinetic data acquired in this
study were put together into a simple microkinetic model
where the organic molecules saturate the surface following
Langmuirian competitive adsorption equilibria, where H2
adsorbs dissociatively in separate sites to produce small
coverages of adsorbed hydrogen atoms and where the
adsorbed reactants then undergo stepwise hydrogenation to
yield both CMO and HCMA primary products and then the
secondary HCMO product (eqs 1−10, Table 3).
Our microkinetic model explains most of the kinetic trends

observed as a function of NP metal composition. As mentioned
above, the rapid decrease in conversion rates seen at the start
of the catalytic runs can be explained by site poisoning via the
adsorption of the products, HCMA in particular (Figure 11).
For the intermediate CuPtx/SBA15 compositions (0.01 ≤ x ≤
0.1), the adsorption equilibrium constant for HCMA was
estimated to be approximately 200 larger than that for CMO,
and in most cases ∼1000 larger than that for CMA (with the
exception of the x = 0.05 case). On the other hand, reaction
selectivities were found to be defined mainly by the relative
values of the rate constants of the initial hydrogenation steps.
In this case Pt is unique in that it not only displays reaction
rate constants up to an order of magnitude larger than those of
the other (Cu-containing) catalysts, but also because the rate
constant for HCMA formation is 3 to 4 times larger than that
for CMO production; this explain why Pt shows such poor
selectivity toward CMO in this process. With the alloys, both
rate constants decrease with decreasing Pt content up to x ∼
0.05−0.1, after which they go up all the way to the case of the
pure Cu/SBA-15. More importantly, the k′CMO/k′HCMA ratio
reaches a maximum at x = 0.005, the same metal composition
for which the best selectivity for CMO production was
observed. It appears that it is the intrinsic activity of the
hydrogenation sites, most likely on the Cu surface, which
controls the performance of the catalyst.
In more general terms, it is important to note that the values

of all of the equilibrium and kinetic constants vary significantly,
usually by an order of magnitude, with the value of x in the
CuPtx bimetallic nanoparticles. This indicates that perhaps the

individual Pt atoms added to the Cu NPs cannot be viewed
simply as isolated atoms that retain their own chemical
properties, but rather as elements that affect the collective
electronic structure of the whole NPs, or at least an ensemble
of Cu atoms around it. In fact, this is the view taken historically
when describing alloys,60 and it is still one used nowadays to
describe and optimize catalytic performance.61−63 Optimiza-
tion of the performance of SAA catalysts clearly depends on
other factors besides the increased activation of H2 presumably
provided by the added Pt. It should also be said that the effect
of the added Pt may be somewhat localized, but perhaps not at
an atomic scale; even if the Pt atoms are present at the
subsurface of the metal NPs, they can still exert an effect on the
chemical behavior of the surface. Either way, determining the
exact location of these Pt atoms under reaction conditions
requires the characterization of the catalysts in situ as the
hydrogenation reactions take place.
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