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ABSTRACT: The reaction mechanism of CO2 with H2 is studied on
platinum nanoparticles supported on fumed silica. It is found that platinum
nanoparticle size, reaction temperature, and metal oxide promoters play
important roles in determining the reaction rate and the mechanism of
forming surface carbonyl species. Metal oxide promoters consist of
submonolayer titanium oxide or aluminum oxide overcoated onto the
catalysts by atomic layer deposition (ALD). These alter the CO formation
rate, influence the adsorption and desorption behavior, and switch the surface
reaction channel from the Eley−Rideal to Langmuir−Hinshelwood
mechanism due to an enhancement of CO2 affinity to the metal−metal oxide interface. At the temperatures relevant for catalytic
turnover, ALD overcoating significantly increases catalytic activity in CO2 hydrogenation to CH4 and CO, while the identity of the
oxide overcoat helps control product selectivity.

■ INTRODUCTION

The gas phase reaction CO2 + H → CO + OH has been
extensively studied via semiclassical and quantum dynamical
simulations on multidimensional potential energy surfaces.1−15

Key findings of the theoretical studies are that there is an
“early” barrier leading to a HOCO intermediate and a “late”
barrier for scission of the O−C bond.12 By analogy to the
theoretical framework from the gas phase reaction, hydrogen-
assisted dissociation of carbon dioxide16−18 may be responsible
for carbonyl formation on Pt surfaces during CO2 + H2
reactions, given almost barrierless dissociation of hydrogen
molecules on Pt (111) at room temperature.19

Overall, this process can proceed via a Langmuir−Hinshel-
wood (L−H) mechanism or Eley−Rideal (E−R) mechanism
(Scheme 1).20,21 In a L−H mechanism, the reaction proceeds
as Pt−H + CO2(ads) → Pt−CO + OH(ads). Because of the
positive adsorption energy of CO2 on Pt (111),22−24 this
mechanism is likely to occur only at the metal/metal oxide
interface, as suggested by experimental and theoretical
studies.25 For the E−R mechanism,26 a direct gas−solid
reaction pathway is proposed: (1) Pt−H + CO2(g)→ Pt...CO*
+ OH(ads), (2) Pt...CO* → Pt−CO (∗ represents a hot
intermediate). The Eley−Rideal mechanism has been
proposed for CO2 hydrogenation on Cu (111) surfaces and
Cu supported on SiO2, where formate is observed as a
product.26,27 Because of its weak adsorption on copper and
SiO2 surfaces, gaseous CO2 is proposed to react directly with
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Scheme 1. Mechanism of CO2 +
1/2H2 → CO + OH on Pt
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surface hydrogen atoms. Arguably, a precursor-mediated
reaction could also occur,28 where a mobile, physisorbed
CO2 molecule reacts with Pt−H to form HOCO and onward
to CO(ads). This third mechanism could be viewed as an L−H
mechanism where the surface CO2 acts like a 2-D gas at the
surface temperature.
For these three different reaction mechanisms, different

reaction cross sections are expected, especially when a “late”
barrier is present. Moreover, the fate of the reaction products
from these mechanisms would be expected to differ due to
their unique translational/vibrational energy distributions.29

Therefore, it is expected to be difficult to switch between
different reaction channels due to complexities in the reaction
dynamics on the multidimensional potential energy surfa-
ces.17,30

Atomic layer deposition (ALD) has an excellent ability to
prepare nanostructures with nanometer/subnanometer pre-
cision, which carries advantages for preparing and modifying
catalysts at an atomic level.31−34 With precise control over
coverages, nanoparticle sizes, and the ability to introduce
specific adsorption sites, it is of interest to determine whether
ALD layers may modulate reaction channels in a desirable
way.35−37 In this study, we demonstrate that a submonolayer
overcoating of TiO2 or Al2O3 on Pt/SiO2, achieved by ALD, is
adequate to change the reaction mechanism for surface
carbonyl formation in the CO2 + H2 reaction, which ultimately
influences the catalytic activity and selectivity at elevated
temperatures.

■ EXPERIMENTAL METHODS
Fumed SiO2 nanoparticles (AEROSIL OX 50, 50 m2/g), were
used for the support, as received. Nonporous fumed silica was
specifically chosen to minimize transport limitations and to
minimize the adsorption of CO2 and formation of carbonates
on the support. Pt nanoparticles (NPs) were prepared on
fumed SiO2 via ALD using MeCpPtMe3 and ozone following
our previously published procedure.38 Pt loading and the Pt
NP sizes were tuned by changing the number of ALD cycles,
and Pt NPs samples prepared with 1, 3, and 10 cycles of ALD
are named 1c-Pt/SiO2, 3c-Pt/SiO2, and 10c-Pt/SiO2, respec-
tively. The three materials had average NP sizes of 1.3, 1.6, and
4.3 nm, respectively, (see Figures S1 and S2) as determined
(see below) by high-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM). Total Pt
surface areas were estimated as 0.004, 0.025, and 0.103 m2/g,
respectively. TiO2 and Al2O3 were deposited onto Pt/SiO2 by
ALD by using one cycle of titanium isopropoxide (TTIP) and
trimethylaluminum (TMA) as the metal precursors, respec-
tively. The O precursor was deionized H2O in both cases, and
a deposition temperature of 150 °C was used. By inductively
coupled plasma (ICP) elemental analysis, these conditions
deposited 4.0 Al atoms/nm2 and 2.5 Ti atoms/nm2, consistent
with prior reports.39−41 For overcoating on 10c-Pt/SiO2, this
gives total atomic ratios of Al:Pt = 1.85:1 and Ti:Pt = 1.17:1.
Because the SiO2 surface area is much greater than the Pt
surface area (50 m2/g vs >0.1 m2/g), the vast majority of the
Al2O3 or TiO2 is deposited on the SiO2 support.
Diffuse reflectance infrared Fourier transform spectroscopy

(DRIFTS) measurements were performed by using a Thermo
Nicolet 6700 FTIR in the REACT core facility at Northwest-
ern University. For a typical experiment, glass wool was loaded
into a Praying Mantis IR cell, and 15−20 mg of Pt/SiO2 was
packed on top of the wool. For a typical run, the catalysts were

initially raised to ∼250 °C in flowing (30 sccm) 5% O2/Ar
(UHP) to remove any residual surface carbonyls. IR spectra
were measured continuously until the spectrum stabilized,
indicating the removal of adsorbed CO. Spectra were recorded
continuously every 9 s. Procedures for a typical experimental
sequence were as follows: (1) the cell was equilibrated to the
desired temperature in flowing Ar (UHP, 100 sccm), and a
background spectrum was obtained; (2) 5 sccm CO2 was
added to the Ar; (3) 30 sccm of 5% H2/Ar was added to the
CO2/Ar; (4) the gas was switched to 1% CO/N2 (30 sccm);
and (5) the gas flow was switched back to 100 sccm Ar. The
catalytic activity for CO2 hydrogenation was determined in a
separate experiment using a static, batch reactor employing
transmission IR spectroscopy to detect the gas phase reaction
products, as described elsewhere.42

TEM samples were prepared by drop-casting a Pt−SiO2/
isopropyl alcohol dispersion onto holey carbon TEM grids.
Grids were air-dried and then exposed to UV radiation in a
vacuum for 10 min at 40% power in a ZONESEM Cleaner
(Hitachi, Japan) to reduce carbon contamination arising from
the dispersion.
HAADF-STEM was performed on a JEOL ARM300F Grand

ARM at an accelerating voltage of 300 kV (Figure S1).
Collection angles in the range 90−220 mrad were used.
HAADF is an incoherent imaging technique, measuring the
intensity (I) of electrons scattered to an annular detector at
each pixel. The brightness of an image is proportional to the
mass and the thickness of the specimen. The high collection
angle means phase and diffraction contrast are generally
excluded, making image interpretation relatively straightfor-
ward. Particle sizes were measured by using 50 particles from
across several images in Digital Micrograph (Gatan, USA) by
determining the onset of contrast changes around a particle in
a HAADF image (Figure S2). Pt is much heavier than Si and O
and appears much brighter in a HAADF image.

■ RESULTS AND DISCUSSION
CO2 + H2 on 1c-, 3c-, and 10c-Pt/SiO2 at 25 °C. The

temporal evolution of the surface carbonyl species (Pt−CO)
from the reaction of CO2 + H2 was monitored, in situ, via
DRIFTS at 25 °C for the three different sizes of Pt NPs. As
described in the Experimental Methods section, the reactant
gas was introduced in the following order: (1) CO2/Ar → (2)
H2/CO2/Ar → (3) CO/N2 → (4) Ar, as indicated at the top
of the panels in Figures 1a−c. Identical dosing procedures and
durations were used in each time-dependent DRIFTS study.
Figures 1a−c provide a visual depiction of the IR spectra vs
time with the absorbance color-coded as shown in the scale at
the right of each panel. Note that the absorbance range
increases in the sequence 1(a) < 1(b) < 1(c), corresponding to
the amount of CO detected. Upon CO2 dosing at room
temperature, there are no detected bands in the 1500−1900
cm−1 region of the DRIFTS spectra that would correspond to
surface carbonate, bicarbonate, or formate species,43,44

confirming the weak interaction of CO2 with both Pt
nanoparticles and fumed SiO2 support. Adding H2 to CO2/
Ar did not produce any notable surface carbonyls or other
surface species, regardless of the size of Pt NPs. Switching to
CO(g) revealed the presence of previously unoccupied CO
adsorption sites on Pt via the infrared absorption features
between 2075 and 2090 cm−1, assigned to linear-bound CO.

CO2 + H2 on 1c-, 3c-, and 10c-Pt/SiO2 at Increasing
Temperature. Increasing the surface temperature is found to
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promote the formation of surface carbonyls on 1c-Pt/SiO2, 3c-
Pt/SiO2, and 10c-Pt/SiO2 in CO2 + H2. The formation of
surface carbonyls could originate from bulk/subsurface
carbonates and bicarbonates activated by higher temperature
or from gas phase CO2. Therefore, isotope-labeling experi-
ments using 13CO2 were also employed to confirm that
Pt−13CO surface carbonyls are indeed from gas phase CO2
(see Figure S3 in the Supporting Information).
The influence of temperature on the reaction CO2(g) to

CO(ads) can be seen in the temporal evolution of surface

carbonyl coverage plotted at different temperatures in Figure 2.
In this figure, 1.0 monolayer is defined as the CO coverage
after saturation in CO/N2, and the same saturation level is
reached independent of the temperature. For 1c-Pt/SiO2, the
formation rate of surface carbonyl is very low below 150 °C. At
150 °C and above, surface carbonyl coverage increases very
rapidly until a full monolayer is achieved. For 3c-Pt/SiO2, we
observed a low formation rate for surface carbonyls below 175
°C. At 175 and 200 °C, the growth of carbonyl coverage is
nearly linear versus time, indicating a constant reaction rate,
independent of CO coverage up to saturation. For 10c-Pt/
SiO2, the formation of CO is slow below 200 °C. At 200, 225,
and 250 °C, we again observe an approximately linear increase
of CO coverage as a function of time. The linear response is
maintained to almost full monolayer coverage at 225 and 250
°C.
In a typical L−H mechanism with surface carbonyls as the

product, the carbonyl formation rate decreases45 as the
carbonyl coverage increases46 due to inhibition (site
occupation) by CO.47,48 Specifically, either or both of the
CO2 or H2 dissociative adsorption sites can be blocked by
surface carbonyls in the L−H mechanism, which will lower the
surface concentration of reactants and the reaction rate as the
reaction proceeds. The fact that the data in Figure 2 do not
exhibit product inhibition over a broad range of surface
coverages is inconsistent with the L−H mechanism.
Because CO2 does not bind strongly to either Pt

nanoparticles or the SiO2 support, the gaseous CO2 (E−R
mechanism26) or weakly adsorbed CO2 (precursor-mediated
mechanism) may account for the formation of surface
carbonyls at elevated temperatures via reaction with Pt−H.
In a previous study, King indicated that the decline in sticking
coefficient is less dramatic as surface coverage increases in
precursor-mediated adsorption compared to L−H chemisorp-
tion.28 This results in a more stable reaction rate with
increasing surface coverage, which is in line with our
observations. However, we cannot rule out the possibility of
an E−R mechanism, where no surface CO2 species are
involved, H2 adsorption is not inhibited, and the impact of CO
site occupation on CO2 reaction is minimal regardless of
coverage.
The data in Figure 2 are replotted in Figure 3a to show the

surface carbonyl coverage for three samples of differently sized
Pt NPs as a function of temperature during the CO2 + H2
reaction. The CO coverage is plotted after 150 s exposure to
CO2/H2, just prior to switching to CO/N2 at the indicated
temperature. Until ∼200 °C when all the platinum NPs begin
to saturate, the smaller NPs produce a higher carbonyl surface
coverage in CO2 + H2 at all temperatures, indicating a higher
formation rate for surface carbonyls with decreasing particle
size.
The higher carbonyl formation rate on smaller nanoparticles

is likely due to higher CO and CO2 binding energies on
smaller sized Pt NPs, suggesting that the CO and CO2 binding
energies may serve as descriptors for rates of carbonyl
formation.47 Indeed, a higher CO binding energy on smaller
nanoparticles is supported by the work of Goodman et al., who
compared the CO binding strength between different sites on
Pt nanoparticles via temperature-programmed desorption
(TPD) and concluded that CO binds stronger to step sites
than terrace sites on platinum NPs.49 FT-IR spectra of CO
adsorbed on 1c-, 3c-, and 10c-Pt/SiO2 (Figure 3b) showed
that the peak maximum of the linear-bound CO peak (COL)

Figure 1. Time-dependent DRIFTS spectra for Pt/SiO2 samples with
different NP sizes. (a) 1c-, (b) 3c-, and (c) 10c-Pt/SiO2 samples at 25
°C and conditions noted in the figure. Note the increase in intensity
during CO adsorption from (a) to (b) to (c).
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shifts to higher wavenumbers as the Pt NP size increases. This
blue-shift of the COL IR band is usually attributed to
increasing dipole−dipole interactions on an extended facet,
i.e., Pt (111) terrace sites50 as well as a shift from binding on
undercoordinated to well-coordinated Pt atoms.49 For the NPs
on the 1c- and 3c-Pt/SiO2 materials, simple models of NP
shape predict a higher percentage of step (undercoordinated)
sites, consistent with the COL band at lower frequency on
these smaller Pt nanoparticles.
Changes in the binding energy of CO2 may also contribute

to the NP size-dependent carbonyl formation rate.51,52 For
example, DFT calculations have shown that CO2 binds
stronger to more undercoordinated edge and corner sites
than facets on Pt NPs53 and likewise to more open Pt (100)
sites than close-packed Pt (111) sites.22 Smaller platinum
nanoparticles likely contain a higher fraction of under-
coordinated edge and corner sites, with more favorable CO2

binding that accelerates the carbonyl formation reaction, if the
reaction proceeds via an adsorbed, mobile precursor state.24

CO2 + H2 on TiO2- and Al2O3-Overcoated Pt/SiO2.
Introducing one cycle of TTIP (producing TiO2) or one cycle
of TMA (producing Al2O3) to the 10c-Pt/SiO2 sample results
in a material where a significant carbonyl coverage is produced
on the Pt NPs under a CO2 + H2 atmosphere even at room

temperature (Figure 4). 13CO2 experiments confirm that the
Pt−13CO surface carbonyls are from gas phase CO2 (see
Figure S3). In Figure 4, the broad absorption band at 2020−
2080 cm−1 after the introduction of CO2 + H2 is assigned to
linear-bound CO(ads), and additional weak peaks below 1900
cm−1 are ascribed to bridge bound CO, water bending modes,
and possibly carbonates/bicarbonates (see Figure S4). Note,
however, that IR absorption in the carbonate/bicarbonate
region was not detectable with CO2 alone, i.e., in the absence
of H2, and only CO2(g) is evident in the DRIFTS spectra (see
Figure S5). The saturation coverages under CO/N2 with and
without the overcoats were comparable, despite differences in
bandwidth/shape and linear/bridge ratios (see Figure S6).
However, ALD overcoating produced a higher CO coverage
during CO2 + H2 exposure at all temperatures below 225 °C,
as compared to uncoated Pt/SiO2 (Figure 4d).
The full temporal evolution of carbonyl coverage on TiO2-

and Al2O3-coated catalysts is shown in Figure 5 as a function of
temperature. In striking contrast to the results observed on
uncoated 10c-Pt/SiO2, the formation rate decreases as the
carbonyl coverage increases. Combined with the higher surface
coverages of carbonyls observed for TiO2- or Al2O3-overcoated
samples at any given temperature, this signifies a change in the
reaction mechanism. Specifically, the apparent product

Figure 2. Time- and temperature-dependent increases in carbonyl coverage for Pt/SiO2 materials with different NP sizes: (a) 1c-, (b) 3c-, and (c)
10c-Pt/SiO2 in CO2 + H2. 1.0 monolayer is defined as the CO coverage after saturation in CO/N2.

Figure 3. (a) Surface carbonyl coverage formed after 150 s exposure to CO2/H2 as a function of temperature. (b) IR spectra in the linear COL
absorption region for 1c-, 3c-, and 10c-Pt/SiO2.
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inhibition is consistent with a L-H type adsorption, where the
sticking coefficient decreases as more sites are occupied.54

While overcoating Pt/SiO2 with TiO2 or Al2O3 may,
conceivably, modify the electronic structure of Pt NP in a
manner analogous to a support, there is strong evidence that
CO2 adsorbed at or near the interface between Pt and the
support reacts with dissociated hydrogen on platinum NPs via
an L−H or a hot atom mechanism.24,25,55 Additionally,
hydrogen adsorbed at the interface may lower the barrier for
CO2 activation via an associative L−H mechanism.56 There-
fore, we attribute the enhanced CO formation rate on
overcoated samples to enhanced CO2 activation in the

presence of H(ads) at the Pt−oxide interface. As the coverage
of CO increases, the coverage of H(ads) decreases, leading to
the product inhibition behavior characteristic of the L−H
mechanism.

CO Adsorption and Desorption on TiO2- and Al2O3-
Coated Pt/SiO2. In addition to their influence on accelerating
CO2 hydrogenation, both TiO2 and Al2O3 overlayers also
affect CO adsorption and desorption behavior on Pt NPs.
TiO2 and Al2O3 overcoating causes a red-shift and broadening
of the COL band, likely due to perturbation of CO adsorption
on Pt (111) facets (see Figure S6).57 This signifies a disruption
of the dipole−dipole interactions in CO adsorbed on Pt(111)

Figure 4. Time-dependent DRIFTS spectra for (a) uncoated, 10c-Pt/SiO2, (b) TiO2-coated, 10c-Pt/SiO2-1cTTIP, and (c) Al2O3-coated, 10c-Pt/
SiO2-1cTMA at 25 °C and conditions noted in the figure. (d) Surface carbonyl coverage formed after 150 s exposure to CO2/H2 as a function of
temperature.
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facets due to the presence of oxide overlayer on the facets.
Moreover, with Al2O3-overcoated samples, the presence of CO
adsorbed at bridge sites (COB) was observed after introducing
gas phase CO (see Figure S6). Increasing the temperature
leads to comparatively smaller COB signal intensity (see Figure
S7), which is consistent with DFT calculations showing that
COB is less stable than COL on Pt (111) by about 0.12 eV.58

Thus, the presence of an Al2O3 overcoat stabilizes the CO
adsorption at bridge sites consistent with the presence of oxide
on the Pt(111) facets.
We have also observed very different CO desorption

behavior for uncoated 10c-Pt/SiO2 compared to TiO2- or
Al2O3-coated Pt nanoparticles. The coverage of surface
carbonyls under Ar purge for these three different cases is
shown in Figure 6 as a function of time at a constant
temperature of 250 °C. The CO coverage on 10c-Pt/SiO2 can
be fit to a vacancy-mediated desorption model (see equations
in the Supporting Information). Initially, desorption of CO is
very slow due to a lack of vacancies; once these are formed, the
desorption rate (the slope of the black curve) accelerates and is
proportial to θCO(ads) × (1 − θCO(ads)).

59,60 For both Al2O3- and
TiO2-overcoated Pt, a much faster initial desorption rate is
observed. This is consistent with less coupling of the CO
dipole interactions mentioned above due to the overcoats
formed by ALD. The second stage of the desorption on coated
Pt is similar to that of 10c-Pt/SiO2. This two-state behavior
suggests that there are carbonyls in two different environments
on the overcoated Pt/SiO2 catalysts: CO molecules in close
proximity to the overcoated oxides desorb initially with a first-
order desorption kinetics while CO further away desorbs later
following vacancy-mediated desorption kinetics. Indeed, the
models can successfully simulate the desorption curve for
CO(s) on 10c-Pt/SiO2 and also TTIP- and TMA-coated Pt
NPs. (Figure 6) Formulas for the kinetic models are provided
in the Supporting Information. Interestingly, the initial
desorption rate of CO on TiO2-overcoated 10c-Pt/SiO2 is
about 2 times faster than that on Al2O3-overcoated Pt
nanoparticles (see Table S1).
Catalytic CO2 Hydrogenation on Uncoated Pt/SiO2

and TiO2- and Al2O3-Coated Pt/SiO2. Surface carbonyls are

the source of gas phase CO(g) at elevated temperatures but are
also available for further hydrogenation to surface carbon and
hence onward to methane.61,62 Therefore, the substantial
changes in CO formation, CO adsorption, and CO desorption
kinetics between the coated and uncoated Pt samples are
expected to impact the overall activity and selectivity in CO2
hydrogenation under conditions of catalytic turnover. The
performance of the three catalysts for CO2 hydrogenation was
probed in a static batch reactor incorporating transmission FT-
IR to detect the gas phase reaction products. Ten milligrams of
catalyst was used, and 100 Torr of CO2 and 200 Torr of H2
were introduced into the system and reacted for 3 h at 300 °C.
The TiO2- and Al2O3-coated catalysts are both more active

than uncoated 10c-Pt/SiO2 for CH4(g) and CO(g) produc-
tion, as clear from the infrared absorption bands shown in

Figure 5. Temporal evolution of carbonyl coverage for TiO2-coated (10c-Pt/SiO2-1cTTIP) and Al2O3-coated (10c-Pt/SiO2-1cTMA) materials in
CO2 + H2 at the indicated temperatures.

Figure 6. CO desorption during Ar purge on uncoated-, Al2O3-
coated, and TiO2-coated materials (10c-Pt/SiO2, 10c-Pt/SiO2-
1cTMA, and 10c-Pt/SiO2-1cTTIP) at 250 °C. Points are
experimental data, and lines are fits to a combination of first-order
desorption and vacancy-mediated desorption models. Derivations are
found in the Supporting Information.
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Figure 7. This higher catalytic activity is consistent with both
their higher rates of carbonyl formation and initial CO

desorption observed in the DRIFTS experiments. Among the
overcoated catalysts, the Al2O3-overcoated material exhibits
higher selectivity toward methane than does TiO2. As stated
earlier, Al2O3 overcoating stabilizes more weakly bound,
bridge-bonded CO and slows the initial desorption rate at
250 °C compared to TiO2. Both factors will increase the
probability of further reaction with surface hydrogen to form
methane. Overall, the results demonstrate that modifying Pt/
SiO2 catalysts with submonolayer oxide overcoats can change
the reaction mechanism and hence the activity and selectivity
for catalytic CO2 hydrogenation. As compared to the effect of
Pt particle size, the influence of surface modification is much
more pronounced.

■ CONCLUSIONS
In summary, submonolayer ALD overcoating of Pt nano-
particles supported on SiO2 can modulate the temperature/
time-dependent formation of surface carbonyls by activating
CO2 dissociation. For uncoated Pt/SiO2, an E−R mechanism
or mobile precursor mediated mechanism is likely responsible
for surface carbonyl formation, and the size of platinum
nanoparticles dictates rates by controlling the CO/CO2
binding energies. Overcoat modification of Pt/SiO2 boosts
the catalytic activity by increasing the CO formation and
desorption rates and providing more interfacial sites. TiO2 and
Al2O3 overcoats produce both CH4 and CO; Al2O3 overcoats
stabilize weak CO adsorption sites and give slower initial CO
desorption rates, correlating with its higher methane selectivity.
Atomic layer deposition is a promising tool to investigate
reaction mechanisms and to modulate reaction pathways by
changing the variables that determine reactive processes, i.e.,
binding energy, adsorption strengths, and interfaces.
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