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ABSTRACT: Methyl formate synthesis by hydrogenation of carbon dioxide in the
presence of methanol offers a promising path to valorize carbon dioxide. In this work,
silica-supported silver nanoparticles are shown to be a significantly more active catalyst
for the continuous methyl formate synthesis than the known gold and copper

counterparts, and the origin of the unique reactivity of Ag is clarified. Transient in situ Ag 4
and operando vibrational spectroscopy and DFT calculations shed light on the reactive Au -l HCOOCH;
intermediates and reaction mechanisms: a key feature is the rapid formation of surface ~ H;
chemical species in equilibrium with adsorbed carbon dioxide. Such species is assigned / \
to carbonic acid interacting with water/hydroxyls on silica and promoting the @
esterification of formic acid with adsorbed methanol at the perimeter sites of Ag on Co, 4
SiO, to yield methyl formate. This study highlights the importance of employing h}*cﬁ 0
combined methodologies to verify the location and nature of active sites and to uncover N
fundamental catalytic reaction steps taking place at metal—support interfaces.

B INTRODUCTION latter was demonstrated guférig 1lg:;)oth homogeneous'*™'® and

heterogeneous catalysts. Generally, heterogeneous
catalysis offers great advantages to transform a large amount
of reactant(s) with increased space-time-yield and benefits
from process intensification associated with continuous
operation, more facile product/catalyst separation, and catalyst
regeneration. In fact, an efficient heterogeneous catalyst that
promotes such a reaction would be key in developing the
continuous synthesis of thermodynamically unstable formic
acid starting from CO, and H2,19 since MF can serve as an
intermediate and methanol can also be produced by CO,
hydrogenation."’

Methyl formate (MF) is a building block molecule in C,
chemistry as well as a possible intermediate to produce
chemical energy carriers.” This molecule can be used to
produce several industrially important chemicals such as acetic
acid,” ethylene glycol,” methanol, and formic acid.* In
particular, both formic acid and methanol can be obtained
simultaneously by simple hydrolysis reaction of MF.
Commercially, MF is produced by the reaction of carbon
monoxide (CO) and methanol® or via dehydrogenation of
methanol.® Other synthesis routes like oxidative dehydrogen-
ation of methanol” and dimerization of formaldehyde® have
also been actively investigated. Among the alternative routes, CO, + H, + CH;0H = HCOOCH; + H,0 (1)
the synthesis of MF from CO, and H, has recently attracted
attention”"’ owing to the increasing pressure to valorise CO,
with the aim to mitigate its notorious impacts on climate
change and to reduce our dependency on fossil fuels, provided
that H, is produced from renewable and intermittent energy
sources.

A few approaches have been reported to produce MF from
CO,, for instance, by photocatalytic reduction of CO,">"* and Received: August 16, 2018
CO, hydrogenation in the presence of methanol (eq 1). The Published: September 30, 2018

Only Cu and Au supported on metal oxides were reported as
heterogeneous catalysts for the CO, hydrogenation to MF
under batch rather than flow conditions.”'”"”'® Interestingly,
Ag has not been investigated so far despite its similarity to Cu
in terms of hydrogenation activity.”>*" Other metals such as
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Ru, Ni, and Pd were reported as promoters to Cu/ZnO/ALO;
catalyst positively influencing the yield of MF."” Among Au
catalysts, the ZrO, supported ones show higher activities
compared to those supported on CeO, and TiO,; this
difference was ascribed to the amphoteric nature of the
support, ie., the acidic and basic sites promoting the
adsorption of CO, and desorption of formic acid intermediate,
respectively.” Support effects were also evidenced with Au/
Al,O; which provides a 2-fold increase in yield by comparison
to Au/TiO,.'" These studies reveal the importance of
appropriate combination of metal and support for improving
the catalytic performance in the CO, hydrogenation to MF.

However, to date, the roles of metal and support as well as
reaction mechanisms including the type of reactive surface
species have not been clarified. It has been proposed that MF is
formed by a reaction of CH;OH with either surface formates
or formic acid intermediates.”'”'® This was supported by the
lack of MF production in the absence of CH;OH'” despite the
formation of formate species on the catalyst surface as
suggested by ex situ IR studies.'”'® Therefore, it remains a
challenge to determine the reactive intermediates and active
sites that control the catalytic activity in the MF synthesis
under reaction conditions.

In this work, we thus explore the reactivity of silica-
supported Ag nanoparticles in comparison to the correspond-
ing Cu and Au systems for continuous MF synthesis from CO,
and H, in the presence of CH;OH. In situ and operando
vibrational spectroscopic studies together with DFT calcu-
lations are performed to identify the reactive intermediate
species and verify the location and nature of active sites and
the underlying hypothesis of MF synthesis involving the
reaction of surface formates.

B RESULTS AND DISCUSSION

Catalytic Activity. Catalysts based on Cu, Ag, and Au
nanoparticles (<11 nm at 1 wt % metal loading; Supporting
Information, Table S4) supported on silica (155 m* g™') are
prepared by wetness impregnation method. Silica is chosen as
a neutral support in order to probe the specific reactivity of the
three different metals in the hydrogenation of CO, in the
presence of methanol at 160 and 300 bar (Figure 1). At 300
bar, CH;0H conversion to MF increases significantly at higher
temperatures in the order of the Ag > Au > Cu catalysts, while
no activity is found for silica in the absence of metal particles
(data not shown). For the Ag and Cu catalysts, the MF
selectivity remains almost constant at around 100% at all
temperatures examined, whereas the formation of carbon
monoxide (Sco = 19.7%) is observed at 280 °C and 300 bar
with Au/SiO,. Although high MF selectivity (>99.9%) has
been reported for Au/ZrO, catalyst at lower temperature and
pressure (200 °C and 160 bar) under batch operation,” gold
nanoparticles supported on different metal oxides are known to
be catalytically active for the water—gas shift reaction and its
reverse reaction, i, CO, hydrogenation to produce CO,
favored at higher temperatures.”” It is worth highlighting that
increasing the reaction pressure from 160 to 300 bar results in
a drastic increase in the MF yield. Assuming that MF is formed
via the reaction of CH;OH and surface formates, this result
suggests that the formation of reactive formate species is
promoted at higher pressure in addition to the kinetic
advantages induced by the higher fluid density and the

enhanced actual contact time of the reactants with the

ot
140 160 180 200 220 240 260 280
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Figure 1. Effects of temperature and pressure on CH;OH conversion
(Xcm,on) and selectivity to MF (Syg) over silica-supported 1 wt %
metal catalysts. Reaction conditions: CO,:H,:CH;OH = 4:4:1 (molar
ratio), pressure = 160 bar (dashed line) and 300 bar (solid line),
GHSV = 9000 h™".

catalysts, as previously observed for CH3;OH synthesis via
CO, hydrogenation.”**

Surface Species Involved in CO, Hydrogenation. In
situ DRIFTS and Raman measurements are performed to gain
insights into the surface species formed from CO, and H, that
may be linked to MF formation. As depicted in Figure 2,
similar surface formate species with characteristic bands at
1600, 1688, 2711, 2817, and 2952 cm™" are observed for the
three catalysts under the mixture of CO, and H, (1:1 molar
ratio) at 230 °C. In Raman spectra (Figure 2), the bands at
1330 and 1580 cm™), also assigned to surface formates,”
appear after exposing Cu/SiO, catalyst to reactant mixture at
200 and 400 bar.

Increasing the pressure of CO, and H, in the DRIFTS and
Raman cells up to their respective maximum technical limits
results in a drastic increase in the concentration of formate
species as confirmed by the increased absorbance of their
bands (Figure 2). This is also consistent with the higher MF
yield observed at higher pressure (Figure 1). Although spectral
features are similar for Cu, Ag, and Au as expected from DFT
calculations (Supporting Information, Table SS), more
pronounced formation of formate species over Ag/SiO,
compared to Cu/SiO, and Au/SiO, is evident at higher
pressure (Supporting Information, Table S7). This trend is
also consistent with more facile formation of stable x*>-formate
(typically called bidentate formate) over the Ag surface as
predicted by DFT calculations, i.e., calculated activation
barriers for formate formation are 0.61, 0.71, and 0.97 eV on
Ag, Cu, and Au, respectively (Supporting Information, section
S1.1). Based on the DFT results, we find that the activation
energy for the formation of surface formates (HCOO) is
simply given by the interplay between weak and strong
adsorption bonding of H and HCOO, respectively. The
relation between the activation energies (E*) and the

DOI: 10.1021/jacs.8b08505
J. Am. Chem. Soc. 2018, 140, 13884—13891


http://pubs.acs.org/doi/suppl/10.1021/jacs.8b08505/suppl_file/ja8b08505_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.8b08505/suppl_file/ja8b08505_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.8b08505/suppl_file/ja8b08505_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.8b08505/suppl_file/ja8b08505_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.8b08505/suppl_file/ja8b08505_si_001.pdf
http://dx.doi.org/10.1021/jacs.8b08505

Journal of the American Chemical Society

0.01

40 bar

1b

Absorbance

T T T
3000 2800 2600 1800 1700 1600 1500 1400

Wavenumber (cm™)

Intensity

400 bar \/\\\\Jﬁ

ZCC bar. Wi FHPONE

P

. -
1800 1700 1600 1500 1400 1300 1200 1100

Raman shift (cm™)

Figure 2. In situ DRIFT and Raman spectra of supported 1 wt % metal catalysts upon exposure to CO,:H, = 1:1 (molar ratio) at 230 °C. (Left) In
situ DRIFT spectra at pressure = 1 (dashed line) and 40 (solid line) bar. (Right) In situ Raman spectra of 1 wt % Cu/SiO, at pressure = 200
(dashed line) and 400 (solid line) bar. Characteristic bands due to the reactant mixture are shown with symbols: CO, (®) and H, (O).

adsorption binding energies of K>>-HCOO (E,"“°°) and H
(E,H) is shown in Figure 3, while the corresponding activation
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Figure 3. Correlation between the PBE-D”/plane-wave calculated®
and estimated activation energies for the formate formation on
Cu(111), Ag(111), and Au(111); PBE-D” stands for PBE func-
tional® with reparametrized D2 dispersion correction of Grimme.”!
The activation energy estimator, E* ~ 0.6E{.<%° — E}!, is derived in
the Supporting Information, section S1.1.1. EF'“9° and Ej! are the
adsorption binding energies of bidentate x>-HCOO and H,
respectively. The RMS error of the estimator is 0.03 eV and the
largest error is 0.03 eV.

energy estimator, E* ~ 0.6E,"°°° — EM is derived in
Supporting Information, section S1.1.1. The lowest energy
barrier for formate formation over Ag can be thus attributed to
its weak binding to H and sufficiently strong binding to
HCOO. Both factors promote this reaction step in a synergistic
way, since one reactant is destabilized (H) while the product is
stabilized (HCOO). In contrast, Au binds HCOO too weakly,
whereas Cu binds H too strongly.

As indicated by catalytic and in situ spectroscopic results, the
concentration of surface formate species is directly linked to
the MF yield. To gain more information about the nature of
the observed surface species (Figure 2), a transient in situ
DRIFTS study is performed by passing alternatively the
reactant gas (CO,:H, at 1:1 molar ratio) and an inert gas (Ar)
over 1 wt % Ag/SiO, catalyst at 230 °C (Figure 4a). Under
these conditions, the bands at 2711, 2817, and 2952 cm™' in

13886

the v(C—H) region gradually appear and disappear, apparently
in a synchronized fashion with the band at 1600 cm’,
confirming their attribution to K>-formate species over the Ag
surface.”°” > This assignment is consistent with DFT
calculations (Supporting Information, Table SS) and their
identical temporal evolutions of kinetically distinguishable
component spectra (ie, spectra with chemically distinct
origins) extracted by a multivariate spectral analysis (Figure
4b,c, K¥*-HCOO).

On the other hand, the chemical origin of the band at 1688
cm™' is more difficult to elucidate. However, the possible
candidate species are formates, carbonates, formic acid, and
carbonic acid (H,CO;). DFT calculations reveal that
monodentate k'-formate species are too short-lived to be
observed by vibrational spectroscopy (Supporting Information,
Table S6) although they display v(C—O) frequency in the
same range (Supporting Information, Table SS). Neither can
they be carbonates since their v(C—O) frequency changes
significantly depending on the studied metal (Supporting
Information, Table SS). According to DFT calculations, formic
acid would be a good candidate, displaying the matching v(C—
O) frequency (Supporting Information, Table SS). However,
from the experimental counterpart, the absence of the
characteristic band in the ¥(C—H) region with the identical
temporal profile as that at 1688 cm™' speaks against its
attribution to formic acid or related species. This makes
carbonic acid a sound potential candidate. According to DFT
calculations it displays a matching v(C—O) frequency
(Supporting Information, Table SS), and furthermore, it
lacks the C—H bonds thus supporting the absence of the
characteristic band in the v(C—H) region.

To corroborate the assignment of the 1688 cm™! band, we
performed further analysis. A deeper look into the spectral
region where a strong signal of gaseous CO, dominates
(Supporting Information, Figure S9a) shows the presence of a
band at 2341 cm™!, which overlaps with the bands of gaseous
CO, but is kinetically separable (Supporting Information,
Figure S9b). This identification is possible thanks to the
disentangling power of the multivariate spectral analysis and
the plug-ﬂow design of the DRIFTS cell with minimized gas
volume,”” thereby enhancing signals from surface species.
Importantly, the comparison of the concentration profiles of
the kinetically pure component spectra clarifies that the band
at 1688 cm™" behaves kinetically identical to the band at 2341
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Figure 4. Transient DRIFTS study on CO, hydrogenation over 1 wt % Ag/SiO, catalyst. (a) Time-resolved DRIFT spectra upon exposure to
CO,:H, = 1:1 molar ratio (the first half period) and then to Ar (the second half period) concentration perturbation experiment at 230 °C and S
bar. The DRIFT spectra are shown in milli-absorbance unit taking the last spectrum in the Ar atmosphere as background. (b) Components spectra
obtained by multivariate spectral analysis applied on the time-resolved DRIFT spectra. (c) Concentration profiles of the corresponding

components spectra obtained by the multivariate spectral analysis.

cm™! for both SiO, and Ag/SiO, (Figure 4c, Supporting
Information, Figures S9 and S$10). This observation suggests
that the two bands at 1688 and 2341 cm™' originate either
from the same surface chemical species or from kinetically
indistinguishable species appearing at the same time. Isotopic
labeling studies using *CO, and D, (Supporting Information,
Figure S13) show that both bands are due to the vibration of
C—O bonds, with a negligible involvement of hydrogen for the
band at 1688 cm™.

In the literature, the band at 2341 cm™" has been reported
and assigned to asymmetric stretching of CO, adsorbed on
SiO, due to its interaction with silanol groups.”>™° Also, a
transient in situ DRIFTS study performed by alternatingly
passing CO, (without H,) vs Ar over bare SiO, reveals the
emergence of the same band at 2341 cm™ under CO,
(Supporting Information, Figure S10). The involvement of
the OH groups on SiO, during the CO, sorption process is
also evident from the apparent, reversible decrease of the OH
bands upon CO, admission (Supporting Information, Figure
S11). The different chemical nature of the two kinetically
indistinguishable bands is indeed confirmed by their intensity
ratio (I 341/I,6s3), which varies under different reaction
conditions (CO, vs Ar and CO, + H, vs Ar) over Ag/SiO,
and SiO,, respectively (Supporting Information, Table S8). It
is worth noting that the intensity of the band at 1688 cm™" is
higher (smaller value of the I,34,/I 44 ratio) in the presence of
H,, indicating direct/indirect involvement of hydrogen in the
formation or stabilization of the surface chemical species
corresponding to this band.

The spectral characteristics indicated that the surface species
is possibly carbonic acid. Thus, we evaluated by DFT
calculations the formation of carbonic acid on a surface
model of highly hydroxylated SiO, (Figure 5a)*° and found
that this species is significantly stabilized by the formation of
multiple hydrogen-bonds present on the SiO, surface (Figure

Figure S. (a) Top view of the optimized structure of the hydroxylated
Si0, surface (7.2 OH nm™2). (b) The most stable identified structure
of carbonic acid adsorbed on the SiO, surface as obtained from PBE-
D3/DZVP calculations. The representative distances, which charac-
terize the hydrogen-bonds of carbonic acid with silanols of the SiO,
surface are shown in A.

5b). The most favorable structures of adsorbed carbonic acid
are those formed through the reaction of CO, with adsorbed
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Figure 6. Operando DRIFTS studies on the esterification of formates with CH;OH to MF over 1 wt % Ag/SiO,. (a and b) MS signal of MF (m/z
= 60, top graphs) and concentration profiles of adsorbed carbonic acid and x¥*-formates obtained by the multivariate spectral analysis (bottom
graphs). The analysis was applied on the time-resolved DRIFT spectra of 1 wt % Ag/SiO, upon exposure to (a) CO, + H, + CH;OH (the first
half) vs Ar + CH;OH (the second half period), and (b) CO, + H, + CH;OH (the first half) vs CO, + H, + Ar (the second half period) at 230 °C
and S bar (total pressure). (c and d) Suggested mechanisms for the formation of MF from CO,, H,, and CH;OH in studies a and b, respectively.

water rather than with a gaseous water molecule. The reaction
Gibbs energy for this structure (Figure Sb) is slightly
endergonic at 230 °C and 5 bar (+0.49 eV), which may
explain the necessity for higher pressure to boost its formation
and consequently the catalytic activity, provided that this
species is involved in the reaction mechanism. Alternatively,
defects on the SiO, surface, which are not taken into account
in our surface model, may further stabilize its formation.
Hence, all data above and DFT calculations (Supporting
Information, section S1.3) point to the attribution of the band
at 1688 cm™" to carbonic acid adsorbed on highly hydroxylated
silica in equilibrium with adsorbed CO, and H,O; note that
H,O0 is assumed to be present on the silica surface due to its
pretreatment.”® Such species is likely formed in a micro-
porous/defect region of the silica support or at the interface
between silica and Ag nanoparticles where such adsorption
would be favored.

Curiously, the amount of adsorbed CO,, indicated by the
band at 2341 cm™, is boosted when Ag is present on the SiO,
surface (Supporting Information, Figure S12), probably
because Ag-SiO, interaction enhances the number of
adsorption sites (ie., hydroxyl groups) at the perimeter of
Ag particles on SiO,.”* Consequently, a facilitated formation of
adsorbed carbonic acid at/near the perimeter sites can be
assumed. This implied importance of the perimeter sites is in
line with the smaller pressure-dependency of the amount of
adsorbed carbonic acid observed at 1688 cm™' compared to

that of x*-formate on Ag observed at 1600 cm™" (Figure 2,
Supporting Information, Table S7). The restricted number of
the active sites at the perimeter and their expectedly higher
reactivity explain the relatively constant concentration of the
former against pressure variations, while the high pressure-
dependency of the latter (Figure 2) indicates varying coverage
of surface formates on Ag dynamically responding to the
reactant pressure.

Mechanistic Insights into MF Formation. According to
the above observations, Ag enhances CO, adsorption and
carbonic acid formation, possibly rendering the Ag-SiO,
interface more active for specific catalytic transformations.
To better understand the role of active surface species and
where the reaction takes place, transient DRIFTS measure-
ments under operando conditions (i.e., simultaneous reactivity
measurements by mass spectrometry (MS)) are performed.
Despite the lower pressure (S bar) of these experiments due to
technical limitations, the reactivity could be evaluated to firmly
establish relationships among catalyst structure, surface
intermediates and catalytic activity. In the first experiment,
Ag/Si0, is first pre-exposed to the gas flow of CO, + H, +
CH,;OH (vapor), followed by exposure to CH;OH and then
switched back to CO, + H, + CH3;OH. The two gas
atmospheres are switched repeatedly and periodically. Similar
to the identification of surface chemical species (Figure 4), the
IR spectra of “kinetically separable” species and their
concentration profiles are obtained by the multivariate spectral
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Scheme 1. Proposed Mechanism for the CO, Hydrogenation to MF in the Presence of CH;OH over Ag/SiO,”
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analysis of the time-resolved DRIFT spectra, firmly identifying
the presence of adsorbed CH;OH (or methoxy), adsorbed
CO,, K*-formates and adsorbed carbonic acid (Figure 6a and
Supporting Information, Figure S15—S17). No spectral
changes are observed when pure silica is used (Supporting
Information, Figure S18), hence the spectral changes observed
for Ag/SiO, stem from Ag or the Ag-SiO, interface.

When the atmosphere is changed from CH;OH to CO, +
H, + CH;OH (the first half period of Figure 6a), a first rapidly
increasing and then relatively constant MF production is
observed. The MF formation profile upon the gas switching
matches well with that of carbonic acid (Figure 6a) but
inversely with that of adsorbed CH;OH (Supporting
Information, Figure S17). Interestingly, when the reaction
mixture is switched to CH;OH (the second half period), a
lasting production of MF is observed until the surface
concentrations of k*-formate and adsorbed carbonic acid are
very low (Figure 6a). To gain further insights into the
mechanism, a second operando DRIFTS study is performed by
exposing the catalyst to the gas flow of CO, + H, and followed
by alternatingly passing the flows of CO, + H, + CH;0H and
CO, + H, (Figure 6b and Supporting Information, Figure
$22—824). In this case, the rapid and lasting formation of MF
detected previously (Figure 6a) is not observed, and the
amount of formed MF changes gradually in response to the
switch of the gas atmosphere, specifically to methanol.

Importantly, the MF formation rate is not determined by the
concentration of formates on Ag because the concentration
profiles of surface formates and gaseous MF are uncorrelated
(Figure 6a and 4b). The continuing formation of MF after
switching from CO, + H, + CH;0H to CH;O0H and the
sudden ceasing of MF formation only after surface formates on
Ag are mostly depleted (Figure 6a) imply that formates over
the Ag surface gradually migrate toward the perimeter sites
(spillover) for their further transformation to MF or formates
formed at the interface remain there unless methanol reacts,
even in the absence of CO, and H, in the atmosphere.
Moreover, we assume that formates first transform into formic
acid which then reacts with methanol to yield MF. In the
presence of CO, and H,, K*-formates formed on Ag via CO,
hydrogenation are expected to react with the surface H located
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on Ag to yield formic acid. DFT calculations indeed support
this scenario and show that Ag and Au are superior to Cu for
formation of formic acid, i.e., the reaction is exothermic on Ag
and Au and the activation barrier is low enough for reaction to
be facile at 230 °C (Supporting Information, section S1.2).
This is consistent with the catalytic results (Figure 1) and
literature reports.”'® However, this path cannot explain the
formation of MF in the absence of CO, and H, (Figure 6a).
One plausible path is the proton transfer from the carbonic
acid to surface formates at the perimeter sites where these
surface species are known to be concentrated (vide supra).
Thus, the spillover of formates on Ag allows retaining a
constant amount of reactive formic acid formation at the
perimeter sites so that such species react with methanol to
yield MF (eq 2).

HCOOH + CH,0H = HCOOCH, + H,0 @)

Furthermore, the availability of CH;OH that can react with
formic acid also plays another critical role in the MF formation.
CH;0H can strongly adsorb over SiO, (Supporting
Information, Figure S19 and S20) and thus its availability
near the active perimeter sites can lead to immediate formation
of MF (Figure 6a) if CH;OH is continuously fed (Figure 6c).
On the other hand, when it is discontinuously fed, MF
concentration profile follows the expected profile of CH;OH
vapor in the operando cell, manifesting that the adsorption and
diffusion of CH;OH on the catalyst surface are rate-limiting
due to the strong binding of CH;OH on SiO, under the
evaluated transient conditions. The adsorbed CH;O0H can be
therefore depleted in the vicinity of Ag through MF formation
(Figure 6d), which is why the adsorption of CH;OH and its
access to the perimeter sites affect critically the MF formation
rate.

On the basis of the in situ and operando studies described
above, a mechanism for the CO, hydrogenation to MF in the
presence of CH;OH over Ag/SiO, is proposed (Scheme 1li—
vi). CO, is adsorbed on SiO, due to its interaction with silanol
groups (i—ii). Carbonic acid in equilibrium with CO, and
water adsorbed on SiO, near Ag is readily formed (iii, vide
supra). K*-Formates (iv, without H in bracket) are formed from
CO, and H, over the Ag surface and transformed to formic

DOI: 10.1021/jacs.8b08505
J. Am. Chem. Soc. 2018, 140, 13884—13891


http://pubs.acs.org/doi/suppl/10.1021/jacs.8b08505/suppl_file/ja8b08505_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.8b08505/suppl_file/ja8b08505_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.8b08505/suppl_file/ja8b08505_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.8b08505/suppl_file/ja8b08505_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.8b08505/suppl_file/ja8b08505_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.8b08505/suppl_file/ja8b08505_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.8b08505/suppl_file/ja8b08505_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.8b08505/suppl_file/ja8b08505_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.8b08505/suppl_file/ja8b08505_si_001.pdf
http://dx.doi.org/10.1021/jacs.8b08505

Journal of the American Chemical Society

acid either via hydrogenation with surface H (iv, with H in
bracket) or via protonation through carbonic acid residing at
the perimeter sites (v, without H in bracket). These formate or
formic acid (v), that can also be protonated through carbonic
acid, is the intermediate yielding MF through its reaction with
surface adsorbed CH;OH (vi) as indicated by the abrupt
decrease in the adsorbed CH;OH concentration (Supporting
Information, Figure S17). The close match in the concen-
tration profiles of carbonic acid and MF (Figure 6a and 4b)
suggests that the esterification reaction between formic acid
and methanol is accelerated by the presence of carbonic acid
formed near the perimeter sites either through catalyzing
formic acid formation or mediating the esterification reaction
(Scheme 1). All of the results above converge to highlight the
importance of the metal—support interface, particularly the
perimeter sites, for the catalytic reaction. Also for a related
reaction, hydrogenation of CO, to methanol, the trans-
formation of the key formate intermediates to
CH,0H""*>**%"3% ywas reported to be favored at the metal—
support interface for a Cu/ZrO, catalyst”"*” and the current
study further affirms the important roles of such sites. These
mechanistic insights are highly important for the catalyst
design since adsorption strength and diffusion rate of CH;OH,
which affect the reaction rate, would be uniquely determined
by the nature of support.

B CONCLUSION

In summary, we uncovered that Ag is particularly active among
coinage metals in continuous MF synthesis from CO,, H, and
CH;OH due to its superior activity in the formation of surface
formates and subsequent formic acid. Ag displays the lowest
activation barrier for the formation of formates, because it
binds atomic hydrogen weakly and formates strong enough,
whereas Au binds formates too weakly and Cu binds H too
strongly. The nature of the surface species formed over the
catalyst was unambiguously elucidated by transient in situ
DRIFTS studies and DFT calculations. The use of transient
operando vibrational spectroscopy identified Ag-SiO, interface
as the active site in the formation of MF via the esterification of
surface adsorbed methanol with formic acid in the presence of
carbonic acid. Such a reaction is proposed to be promoted by
carbonic acid in equilibrium with adsorbed CO, in interaction
with water/hydroxyls on SiO,, a so-called neutral support.
These insights and employed combined methodologies are
expected to facilitate rational catalyst design by tuning active
metal and support materials for this and other reactions.
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