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ABSTRACT: Research described in this paper targeted a cascade
system for the hydrogenation of CO2 to methanol via formic acid
and/or formate intermediates, a reaction sequence that has been
accomplished previously using homogeneous catalysts. On the basis of
results for the hydrogenation of CO2, formic acid, and ethyl formate
over a series of Cu- and Mo2C-based catalysts, we selected a Cu
chromite catalyst for CO2 hydrogenation to the formate and a Cu/
Mo2C catalyst to convert the formate to methanol. These catalysts
worked cooperatively in the presence of ethanol, yielding a methanol turnover frequency of 4.7 × 10−4 s−1 at 135 °C, 10 bar of
CO2, and 30 bar of H2 in 1,4-dioxane. The performance for this Cu chromite:Cu/Mo2C cascade system surpassed the additive
production of the individual catalysts by ∼60%. The results also allowed an investigation of the reaction pathways. The
hydrogenation of CO2 to formic acid appeared to be the rate-limiting step for most of the catalysts. This is not surprising given
the thermodynamics for this reaction. Finally, the hydrogenation of CO2 to dimethyl ether was also demonstrated using a system
consisting of the Cu/Mo2C catalyst to produce methanol from CO2 and HZSM-5 to produce dimethyl ether from methanol. The
systems described in this paper are, to our knowledge, the first demonstrating cascade CO2 hydrogenation via heterogeneous
catalysts.

KEYWORDS: CO2 hydrogenation, low temperature, methanol synthesis, cascade catalysis, heterogeneous catalysis,
Mo2C-based catalysts, Cu-based catalysts, reaction pathways

■ INTRODUCTION

The production of chemicals and fuels consumes more than 4
Gton of carbon per year, most of which comes from fossil
resources.1 With growing evidence linking anthropogenic CO2

emissions to global climate change, there has been an increased
interest in finding nonfossil carbon sources.2 Advances in
carbon capture could facilitate the use of CO2 as a source of
carbon. CO2 is abundant and its hydrogenation, using hydrogen
from renewable sources (e.g., H2O), could result in a
sustainable route for the production of chemicals and fuels.3

Of course, processes are being developed to convert biomass
into chemicals and fuels; however, their impact could be limited
by the slow biological rates for biomass production from CO2,
significant land use requirements, and other environmental
challenges.4 Nonbiological processes convert nearly 100 Mton
of CO2 into products including urea and polycarbonate plastics;
nevertheless, the large-scale production of commodity chem-
icals or fuels from CO2 has been limited due to the lack of
sufficiently active and selective catalysts.3a A desirable first
product from CO2 is methanol, an essential precursor to a
variety of useful products such as olefins (via the methanol to
olefins process3b), gasoline (via the methanol to gasoline
process5), biodiesel,6 and a fuel or fuel additive. The
hydrogenation of CO2 to methanol not only recycles CO2

but also stores the chemical energy from H2 with greater
portability and potential to utilize established infrastructures.7

Conventional processes for CO2 hydrogenation involve gas
phase catalytic conversion over Cu−Zn based catalysts at high
operating temperatures (230−270 °C), where methanol
production is unfavorable due to the exothermicity of the
reaction (ΔH298 K = −49.5 kJ/mol).8 There have been
significant efforts to improve catalyst performance; however,
progress has been limited.8b−d,9 Furthermore, CO2 reduction to
methanol is a multiple electron (6e−) transformation, and the
use of a single catalyst to achieve good performance could be
challenging.10

Lower temperature thermochemical and electro-/photo-
electrochemical methods have also been investigated for the
conversion of CO2 to methanol. Fan et al. employed Cu-based
catalysts to hydrogenate CO2 to methanol through formic acid
and ethyl formate intermediates in liquid ethanol at 150−220
°C.11 The Cu−Zn-based catalyst was most active and, at
temperatures near 200 °C, yielded the maximum methanol
selectivities. Yu et al. recently reported the use of a Cu−Zn−Al
catalyst for the production of methyl formate from CO2 in
liquid methanol at 150−190 °C.12 They proposed that the
pathway involved the reaction of a surface formate with
methanol to produce methyl formate; however, the conversion
of methyl formate to methanol was not reported as the
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methanol being produced could not be distinguished from the
methanol reaction media. A number of electro-/photo-
electrochemical materials, including Cu- and carbon nano-
tube-based catalysts, have been developed for CO2 hydro-
genation.13 Achieving high selectivities to methanol and high
Faradaic efficiencies has proven to be a challenge as reduction
potentials for methanol, formic acid, formaldehyde, and H2 are
similar.14 Semiconductor materials, such as p-type gallium
arsenide and p-type indium phosphide, have shown promising
selectivities to methanol, however, at the expense of high
overpotentials.15

Recently a cascade system involving homogeneous catalysts
was demonstrated for the thermocatalytic conversion of CO2 to
methanol at low temperatures.10,16 Cascade catalytic systems
typically involve the use of multiple catalysts for sequential
transformations within one pot or a single synthetic
operation.17 The individual catalysts are selected for specific
reactions, and the increased degrees of freedom (i.e., using
multiple catalysts) enhance the opportunities to optimize
overall performance.17,18 Huff and Sanford reported the use of a
series of homogeneous catalysts for the cascade conversion of
CO2 to methanol at 135 °C through formic acid and formate
ester intermediates (Figure 1).10 Methanol turnover numbers

as high as 2.5 were reported for a one-pot 16 h reaction. A
challenge for this system was incompatibility among some of
the homogeneous catalysts as well as with the CO2 reactant.
Whereas the mechanisms that contribute to the incompatibility
are being investigated,19 suitable catalysts have not been
reported. Heterogeneous catalysts could achieve greater
compatibility and easier separation from the reactant/product
mixture;20 however, the use of heterogeneous catalysts for this
type of cascade reaction has not been reported.
The primary objective of research described in this paper was

to explore the feasibility of a low-temperature cascade system
for the hydrogenation of CO2 to methanol based on
heterogeneous catalysts. Inspired by results reported by Fan
et al.11 and Huff and Sanford,10 we targeted a system involving
CO2 hydrogenation through formic acid and/or formate ester
intermediates. To design this system, we evaluated rates and
selectivities for the hydrogenation of CO2, formic acid, and
ethyl formate over several Cu- and Mo2C-based heterogeneous
catalysts. Copper-based catalysts have been reported to be
active for CO2 hydrogenation to methanol8b,9b and are widely
used for methanol synthesis from syngas, a mixture of CO and
H2 that often contains small amounts of CO2.

21 Dubois et al.22

and Xu et al.23 reported that Mo carbides are active for the gas
phase hydrogenation of CO2 at 200−300 °C, producing mostly
CH4 and CO (∼70%) and smaller amounts of methanol
(∼20%) and other hydrocarbons (up to C3). Molybdenum
carbide-based catalysts are also active for CO hydrogenation,24

water−gas shift,25 and hydrodeoxygenation26 reactions. On the
basis of the measured activities and selectivities over the Cu-
and Mo2C-based catalysts, we devised a cascade system and
evaluated its performance for the hydrogenation of CO2 to
methanol. To the best of our knowledge, this is the first
demonstration of an all-heterogeneous cascade system for this
reaction. The results also enabled a prediction of the reaction
pathways and key intermediates during CO2 hydrogenation
over the Cu- and Mo2C-based heterogeneous catalysts.

■ MATERIALS AND METHODS

Catalyst Preparation. Several commercially available Cu-
based catalysts were acquired and used after pretreatment that
is described later. These catalysts included Cu/ZnO/Al2O3
(Süd-Chemie/Clariant), Cu/Cr2CuO4 (Cu Chromite, Strem
Chemicals Inc.), and nano-Cu (QuantumSphere). The Cu/
ZnO/Al2O3 and Cu/Cr2CuO4 catalysts will be referred to as
the Cu−Zn−Al and Cu−Cr catalysts throughout this paper.
The nano-Cu catalyst was included to explore the importance
of a support material. The high surface area Mo2C was
synthesized using a temperature-programmed reaction (TPR)
technique. Prior to the synthesis, ∼1.3 g of ammonium
molybdate (AM) precursor, (NH4)6MO7O24·4H2O (Alfa
Aesar), was sieved to 125−250 μm and then loaded into a
quartz tube reactor. The AM was first reduced in H2 flowing at
400 mL/min, as the temperature was increased from 25 to 350
°C in 70 min. Subsequently, the material was held at 350 °C for
12 h. The reaction gas was then switched to 15% CH4/H2
flowing at 400 mL/min; the temperature was increased to 590
°C in 1.5 h and maintained at 590 °C for 2 h before quenching
to room temperature. The Cu/Mo2C catalyst was prepared
using a wet impregnation method; the protocol for synthesizing
this and other carbide-supported metals has been described in
detail elsewhere.27 Briefly, the freshly synthesized Mo2C was
transferred under 15% CH4/H2 gas into a beaker containing 70
mL of deaerated water (to avoid the oxidation of Mo2C) with
4.4 mg/L of Cu(NO3)2 and allowed to interact for 20 h. This
method enabled the metal precursor to directly interact with
the native Mo2C surface (as opposed to a passivated material).
The resulting catalyst slurry was dried and reduced in situ in the
reactor to decompose the nitrate and produce dispersed Cu
domains.

Catalyst Characterization. Surface areas of the materials
were measured using a Micromeritics ASAP 2010 analyzer
based on N2 physisorption. All of the catalysts were degassed
(<5 mmHg) at elevated temperatures (Cu-based catalysts at
200 °C and Mo2C-based catalysts at 350 °C) for 4 h prior to
the surface area measurements. The bulk crystalline structures
were characterized using X-ray diffraction (Rigaku Miniflex 600,
Cu Kα radiation) with 2θ ranging from 10° to 90° and a scan
rate of 5°/min. Crystallite sizes were estimated via line
broadening analysis using the Scherrer equation.28 Metal
compositions for the Cu/Mo2C catalyst were determined by
inductively coupled plasma (ICP-OES) using a Varian 710-ES
analyzer. Solutions for the ICP measurements were prepared by
dissolving 15 mg of catalyst in 1.5 mL of aqua regia, consisting
of 1.125 mL of HCl (Fisher Scientific) and 0.375 mL of HNO3
(70%, Fisher Scientific). The solution was sonicated for 10 min
and left for 10 h to allow complete dissolution. The resulting
solution was diluted by a factor of 14 using ultrapure water (18
MΩ·cm, Millipore Hilli-Q Advantage A10) to achieve
concentrations appropriate for the ICP analysis.

Figure 1. Cascade reaction pathway for CO2 hydrogenation to
CH3OH via formic acid and formate ester intermediates. Adapted
from ref 10.
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The surface site densities for Mo2C-based catalysts were
determined via CO chemisorption. Prior to the measurements,
the Mo2C and Cu/Mo2C catalysts were pretreated in 15%
CH4/H2 for 4 h at 590 °C and then degassed in He at 600 °C
for 1 h. The catalysts were cooled to 25 °C and repeatedly
dosed with 5% CO/He (5 mL loop) until reaching saturation.
To quantify the surface site densities for the other Cu-
containing catalysts, a N2O decomposition technique was used.
The Cu−Zn−Al and Cu−Cr catalysts were reduced in 10%
H2/Ar at 200 °C for 4 h and then degassed in He for 1 h. The
catalysts were then cooled to 60 °C and exposed to a flowing
mixture of 10% N2O/He for 2 h. Followed by the N2O
treatment, the sample was purged with He and cooled to 25 °C.
A H2 temperature-programmed reduction (TPR) was then
performed by increasing the temperature from 25 to 400 °C in
10% H2/Ar at 5 °C/min. The surface site density was
determined by quantifying the H2 consumed during TPR.29 It
should be mentioned that these chemisorbates (N2O and CO)
cannot be used to independently determine the sites for Cu and
Mo2C over the Cu/Mo2C surface, because N2O and CO
adsorb to both Cu and Mo2C. Therefore, the use of CO
chemisorption will overestimate the site density and under-
estimate the turnover frequencies over Cu/Mo2C. Never-
theless, as Mo2C accounts for 94.2 wt % (based on ICP
analysis) for this catalyst, CO chemisorption still provides a
reasonable estimate of the site density.
Reaction Rate and Selectivity Measurements. All of the

reactions were performed in a 50 mL Parr Instruments reactor
(Micro 5500). The reactor system was equipped with a
programmable temperature controller and a magnetic drive for
the impeller. The gas phase reactor effluent was analyzed using
gas chromatography (Varian 450 with flame ionization and
thermal conductivity detectors). Liquid samples (0.4 mL) were
periodically withdrawn during the reaction using a dip tube,
which was equipped with a 20 μm filter to separate the liquid
from the solid catalyst particles. These liquid samples were
analyzed offline using gas chromatography (Varian 450 with
flame ionization detector). As gas chromatography showed low
responses for formic acid, NMR (d6-DMSO solvent,
dimethylformamide internal standard) was used to quantify
the formic acid intermediate in selected liquid samples. In
addition to the hydrogenation of CO2, we determined the rates
and selectivities for hydrogenation of potential intermediates
including formic acid and formate ester.
Prior to the reactions, the commercial Cu-based catalysts

were reduced in the reactor vessel at 200 °C for 4 h under a
flowing mixture of 4% H2/N2 (50 mL/min). Due to the
pyrophoricity of Mo2C catalysts, the materials were first treated
with deaerated water to form a slurry to avoid bulk oxidation of
the materials. The slurry was then quickly transferred to the
reactor vessel, where it was dried in H2 (50 mL/min) at 110 °C
for 2 h. The dried catalyst was then heated to 300 °C at a rate
of 4.2 °C/min and reduced at 300 °C under H2 flowing at 100
mL/min for 4 h. The amount of catalyst loaded into the
reactors was 200 mg unless otherwise noted.
Solvents for the reactions contained 37.5 mL of 1,4-dioxane

(anhydrous, Acro Organics) and 10 μL of n-decane (Acro
Organics) as an internal standard. In this study, 1,4-dioxane was
selected as the solvent given its solubility for methanol,
relatively high boiling point (101 °C), and stability/inertness
during the reaction. Other solvents including toluene and
tetrahydrofuran (THF) were considered but were not utilized
due to their low solubility for methanol (0.1 g methanol/100 g

Toluene) and poor separation for GC analysis, respectively.
Although ethanol was used as the solvent by Fan et al.,11 a
major limitation was that ethanol altered the reaction pathway,
making it difficult to distinguish the methanol produced from
CO2 or via formate intermediate. Note that we carried out a
series of experiments to investigate the facilitating effect of
ethanol on reaction pathways by adding a small amount of
ethanol to the 1,4-dioxane solvent as described later.
For the CO2 hydrogenation experiments, the reactors were

charged with 10 bar of CO2 and 30 bar of H2 through a dip
tube after purging the solvents with H2 for 15 min to remove
dissolved oxygen. As we are also interested in combining
heterogeneous and homogeneous catalysts to generate a
cascade system for CO2 hydrogenation, the reactions were
carried out at 135 °C, a temperature at which the homogeneous
catalysts reported by Huff et al. are active.10 Under these
conditions, the solubilities for CO2 and H2 are approximately
1.5 and 0.14 mol/L, respectively, based on information in the
literature.30 For selected reactions, 2 mL of ethanol was added
to 35.5 mL of 1,4-dioxane. For the formic acid and ethyl
formate hydrogenation experiments, 3 mmol of formic acid
(98%, Alfa Aesar) or 0.6 mmol of ethyl formate (99.9%, Acro
Organics) were added to the solvent, respectively. The reactant
mixture was purged with 99.9% H2 (for 15 min) to remove any
oxygen and was then charged with 30 bar of H2. The reactor
was heated at a rate of 5 °C/min from room temperature to
135 °C and then agitated at a constant rate of 300 rpm, which
indicated the start of the reaction. The reactor was maintained
at 135 °C through the reaction. Reaction rates for CO2, formic
acid, and ethyl formate hydrogenation were calculated on the
basis of formation rates for the products (on a C1 basis) or
consumption rates for the reactants. Carbon balances closed to
within ±8% for all of the experiments. The turnover
frequencies (TOF) were determined by normalizing the rates
by the surface site densities. The selectivity is defined as the
molar ratio of a specific product over the total products.

■ RESULTS
Surface and Physical Properties. The surface areas,

surface site densities, Cu contents, and Cu crystallite sizes for
the catalysts are listed in Table 1. The Mo2C and Cu/Mo2C

catalysts had surface areas in excess of 100 m2/g, the
commercial Cu−Zn−Al and Cu−Cr catalysts possessed
moderate surface areas, and the nano-Cu material had a
relatively low surface area, as expected. The decreased surface
area for the Cu/Mo2C catalyst (135 m2/g) compared to the
Mo2C catalyst (150 m2/g) was likely due to partial blocking of
pores in the Mo2C by Cu nanoparticles. Nevertheless, the

Table 1. Surface and Physical Properties for the Cu- and
Mo2C-Based Catalysts

catalyst

surface
area

(m2/g)

surface site
density
(μmol/g)

Cu
content
(wt %)a

average Cu
crystallite size

(nm)

nano-Cu 5.5 100 254
Cu−Zu−Al 60 192b 33 89
Cu−Cr 46 184 36 163
Mo2C 151 406 0 NA
Cu/Mo2C 135 298 5.8 34

aCu contents for the Cu−Zn−Al, Cu−Cr, and nano-Cu catalysts were
obtained from vendor specifications. bFrom ref 29.
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surface area for the Cu/Mo2C catalyst was comparable to those
reported for other Mo2C-supported metals synthesized using
similar conditions (e.g., Pt/Mo2C with 133 m2/g25b). The 5.8
wt % Cu loading was equivalent to ∼40% of a monolayer on
the Mo2C support assuming atomic dispersion and 1019 atoms/
m2.27 The surface site densities for all of the materials were in
the range of (1.3−2.4) × 1018 sites/m2 or 13−24% surface
coverage assuming 1019 total sites/m2.
Diffraction patterns for the catalysts are illustrated in Figure

2. The pattern for the Cu−Zn−Al catalyst clearly indicated the

presence of Cu and ZnO crystallites, whereas the Al2O3 phase
was amorphous by X-ray diffraction. The XRD pattern for the
Cu−Cr catalyst contained peaks for Cu; there was also a peak
at 54° 2θ that is consistent with the presence of CuO within the
Cu−Cr (Cu/Cr2CuO4) catalyst. The pattern for the nano-Cu
material showed intense Cu peaks and confirmed its phase
purity. As expected, the Cu crystallite sizes for the nano-Cu
material were the largest among the other Cu containing
catalysts due to the lack of Cu dispersion. The bulk Mo2C and
Cu/Mo2C materials exhibited peaks for β-Mo2C and α-
MoC1−x,

29 with similar proportions of each phase based on
the relative peak areas. Because the overall Mo to C ratio
approaches 2, these materials will be referred to as “Mo2C” in
this paper. No peaks were observed for molybdenum oxides
(MoO2 or MoO3) in patterns for the carbides, indicating
complete carburization during the synthesis. For the Cu/Mo2C

material, there was a broad peak at 41° 2θ corresponding to the
Cu (111) reflection. This result is consistent with a high degree
of dispersion for the Cu crystallites on the Mo2C surface. Table
1 lists crystallite sizes for all of the catalysts.

Reaction Rates and Selectivities. CO2 Hydrogenation.
With the exception of the nano-Cu catalyst, all of the materials
were active for the conversion of CO2. The rates and
selectivities after 2 h of reaction are listed in Table 2. The
Cu−Zn−Al and Cu/Mo2C catalysts possessed the highest rates,
CH3OH selectivities, and CH3OH production TOFs. Given the
system detection limits (5 ppm), products from the nano-Cu
catalyst would have easily been detected if rates per surface area
for this material were of the same order as those for the other
catalysts. The lack of activity could be a consequence of support
effects.9b,31 There is significant literature suggesting the need
for an oxide to function synergistically with Cu.8a,c,32 The
importance of the support is also reflected in the different
TOFs for the Cu−Zn−Al, Cu−Cr, and Cu/Mo2C catalysts.
The Mo2C catalyst was slightly more active than the Cu−Cr
catalyst but was much less active and selective than the Cu−
Zn−Al and Cu/Mo2C catalysts, producing significant amounts
of CO and some CH4. In comparing the Mo2C and Cu/Mo2C
catalysts, we observed that the addition of Cu to Mo2C resulted
in a significant increase in activity and a reduction in the CO
and CH4 selectivities.
To investigate the potential of formic acid and formate ester

intermediates, a series of experiments were carried out in which
ethanol (to facilitate esterification of formic acid to ethyl
formate), formic acid, or ethyl formate was added to the CO2/
H2 reactant. Ethyl formate was used instead of methyl formate
to allow easy distinction of CH3OH produced during CO2

hydrogenation from that produced during formate hydro-
genation. The introduction of 50 mmol of ethanol (2 mL) to
the CO2 and H2 reactants resulted in the formation of ethyl
formate and CH3OH for all of the catalysts as shown in Table
3. The overall CO2 conversion rates were significantly
enhanced after the addition of ethanol. The increase in the
CO2 conversion rate was greatest for the Cu−Cr catalyst, which
exhibited a very high selectivity and formation rate relative to
ethyl formate. This finding suggested that formate hydro-
genation to CH3OH was rate limiting for this catalyst. For the
other catalysts, the introduction of ethanol caused a significant
increase in the CH3OH formation rate. The increased CH3OH
formation rates on the addition of ethanol are consistent with
formic acid formation being the rate-limiting step. Indeed, as
shown in Figure 3, the addition of formic acid (3 mmol) caused
a significant increase in the CH3OH production rate for the
Cu/Mo2C catalyst. Finally, we note that the addition of ethyl
formate (2.5 mmol) also caused an increase in the CH3OH
production rate, although the increase was not as substantial as

Figure 2. X-ray diffraction patterns for the Cu- and Mo2C-based
catalysts: β-Mo2C (JCPDF 00035-0787), α-MoC1−x (JCPDF 00-015-
0457), Cu (JCPDF 01-085-1326), and ZnO (JCPDF 01-080-3004).

Table 2. CO2 Hydrogenation over the Cu- and Mo2C-Based Catalystsa

CO2 conv rate selectivity (%)

catalyst μmol/gcat/h μmol/m2/h CH3OH CH4 CO CH3OH production rate (μmol/m2/h) CH3OH production TOF (s−1 × 104)

nano-Cu 0 0 0 0 0 0 0
Cu−Zn−Al 168 2.8 100 0 0 2.8 2.4
Cu−Cr 29 0.6 88 0 12 0.54 0.38
Mo2C 83 0.5 79 5.3 16 0.43 0.44
Cu/Mo2C 225 1.7 93 2.6 4.1 1.6 2.0

a135 °C, 10 bar of CO2, 30 bar of H2, 37.5 mL of 1,4-dioxane, rates calculated at 2 h.
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when formic acid was added to the CO2/H2 reactant; ethanol
was also observed, confirming ethyl formate hydrogenation.
Formic Acid Hydrogenation. All of the catalysts were active

for the conversion of formic acid, although CO2 was the
principal product. Rates and selectivities after 2 h of reaction
are listed in Table 4. The highest surface area specific rate was
observed for the nano-Cu catalyst, but the formic acid was
almost exclusively converted to CO2. The conversion of formic
acid to CO2 (ΔG135 °C = −72 kJ/mol) is thermodynamically
more favorable than the production of CH3OH (ΔG135 °C =
−46.3 kJ/mol) under the reaction conditions that were
employed.33 Activities for the Cu/Mo2C and Cu−Zn−Al
catalysts were similar; the CH3OH selectivity for the Cu/Mo2C
catalyst was slightly higher than that for the Cu−Zn−Al
catalyst. As anticipated, the Mo2C catalyst was less active and
less selective toward CH3OH production compared to the Cu/
Mo2C catalyst. Both of these catalysts produced methyl
formate, CH4, and CO. The enhanced CH3OH selectivity for
the Cu/Mo2C catalyst compared to the Mo2C and nano-Cu
catalysts suggested a synergy between the Mo2C and Cu. The
Cu−Cr catalyst was the least active and selective for CH3OH
production from formic acid.

Ethyl Formate Hydrogenation. With the exception of the
nano-Cu catalyst, all of the other catalysts were similarly active.
The reaction rates and selectivities after 2 h of reaction are
shown in Table 5. Again we used ethyl formate instead of
methyl formate to allow easy distinction of the products. It is
interesting to note that the Cu−Cr catalyst was nearly as active
as the other supported Cu catalysts. Recall that the Cu−Cr
catalyst was highly active for ethyl formate formation from CO2

in the presence of ethanol but was relatively inactive for
CH3OH formation from CO2 (with and without ethanol) or
formic acid hydrogenation. These results suggested that CO2

inhibited the conversion of ethyl formate to CH3OH over the
Cu−Cr catalyst. This finding will be considered in the selection
of catalysts for the cascade system.
Stoichiometrically, the hydrogenation of ethyl formate

should produce equal amounts of methanol and ethanol.
Methanol to ethanol ratios for the catalysts ranged from 0.4 to
0.7, lower than the stoichiometric value of unity. These results
indicated that side reactions occurred. A plausible source for the
excess ethanol is the hydrolysis of ethyl formate. This reaction
would produce ethanol and formic acid, a likely source of the
CO2 produced by most of the catalysts. In fact, the excess
ethanol was comparable to the amount of CO2 produced. In
addition to CH3OH, ethanol, and CO2, small amounts of CH4

were produced over the Mo2C-containing catalysts. CH4

formation was also observed for these catalysts during CO2

and formic acid hydrogenation.
Cascade CO2 Hydrogenation. Our primary objective was to

design a cascade system for the hydrogenation of CO2 based on
heterogeneous catalysts. To this end, we identified catalysts that
would facilitate CO2 hydrogenation to CH3OH through a
formate intermediate. In the presence of ethanol, the Cu−Cr
catalyst was highly active and selective for CO2 hydrogenation
to ethyl formate. This catalyst was not, however, active for ethyl
formate hydrogenation in the presence of ethanol. Several of
the catalysts were active for the hydrogenation of ethyl formate
in the presence of ethanol; however, we selected the Cu/Mo2C
catalyst due to its high rate and selectivity to CH3OH. Equal
masses of the Cu−Cr and Cu/Mo2C catalysts were used for the
cascade system given their similar rates for the hydrogenation

Table 3. CO2 Hydrogenation in the Presence of Ethanol over the Cu- and Mo2C-Based Catalystsa

CO2 conv rate selectivity (%) HCO2Et
b production CH3OH production

catalyst μmol/gcat/h μmol/m2/h HCO2Et
b CH3OH CH4 + CO rate (μmol/m2/h) TOF (s−1 × 104) rate (μmol/m2/h) TOF (s−1 × 104)

Cu−Zn−Al 325 5.4 36 61 3.5 1.9 1.7 3.3 2.9
Cu−Cr 269 5.8 97 3.0 0 5.7 3.9 0.18 0.12
Cu/Mo2C 458 3.4 29 66 4.8 1.0 1.2 2.2 2.8

a135 °C, 10 bar of CO2, 30 bar of H2, 2 mL of ethanol, 35.5 mL of 1,4-dioxane, rates calculated at 2 h. bHCO2Et = ethyl formate.

Figure 3. Methanol formation during CO2 hydrogenation over the
Cu/Mo2C catalyst with (a) CO2 and H2, (b) CO2 and H2 with 50
mmol of ethanol added, (c) CO2 and H2 with 2.5 mmol of ethyl
formate added, and (d) CO2 and H2 with 3 mmol of formic acid
added. The experiments were carried out at 135 °C with 10 bar of
CO2, 30 bar of H2, and 35.5−37.5 mL of 1,4-dioxane.

Table 4. Formic Acid Hydrogenation over the Cu and Mo2C-Based Catalystsa

formic acid conv rate selectivity (%)

catalyst mmol/gcat/h μmol/m2/h CH3OH HCO2Meb CH4 CO CO2

CH3OH production rate
(μmol/m2/h)

CH3OH production TOF
(s−1 × 104)

nano-Cu 1.7 300 4.6 0.0 0.0 0.0 95 14
Cu−Zn−Al 2.1 36 27 0.0 0.0 0.0 73 9.7 8.4
Cu−Cr 3.8 84 1.8 0.0 0.0 0.3 98 1.5 1.0
Mo2C 3.4 22 15 5.2 0.8 2.7 77 3.3 3.4
Cu/Mo2C 3.7 28 30 8.2 0.5 1.9 59 8.3 11

a135 °C, 30 bar of H2, 3 mmol of formic acid, 37.5 mL of 1,4-dioxane, rates calculated at 2 h. bHCO2Me = methyl formate.
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of CO2 to ethyl formate and ethyl formate to CH3OH,
respectively.
The CH3OH and ethyl formate produced as a function of

time for the individual Cu−Cr and Cu/Mo2C catalysts and the
mixture of the two in the presence of ethanol are illustrated in
Figure 4. Over the Cu/Mo2C catalyst (Figure 4a), CH3OH was
the major product (∼74% selectivity), accompanied by a
smaller amount of ethyl formate (∼20%). The improved
methanol formation rate (after the introduction of ethanol)
indicated that ethyl formate was an intermediate. In contrast,
for the Cu−Cr catalyst (Figure 4b), ethyl formate was the
principal product (∼97% selectivity), and its subsequent
hydrogenation to methanol was inhibited. For a mixture of
the Cu/Mo2C and Cu−Cr catalysts (Figure 4c), CH3OH
production was enhanced by ∼60%, whereas the formation of
ethyl formate decreased by a similar amount, compared to the
combined amounts for the individual catalysts. These results
suggested that the Cu/Mo2C and Cu−Cr catalysts worked
cooperatively to hydrogenate CO2 to CH3OH via the ethyl
formate intermediate. The cascade system achieved a CO2
conversion rate of 416 μmol/gcat/h and CH3OH and ethyl
formate selectivities of 77 and 20%, respectively, after 24 h of
reaction. The corresponding CH3OH TOF (calculated at 2 h)
for the system is 4.7 × 10−4 s−1.
Given the CH3OH formation rates for some of the catalysts,

we also considered a cascade system to convert CO2 to
dimethyl ether via CH3OH intermediate. The Cu−Zn−Al and
Cu/Mo2C catalysts were most active for the hydrogenation of
CO2 to CH3OH. Zeolitic catalysts such as HZSM-5 are known
to dehydrate CH3OH to dimethyl ether and at high
temperatures to hydrocarbons via the methanol to olefins
(MTO) process or methanol to gasoline (MTG).3b,5 Figure 5
illustrates the methanol and dimethyl ether formed as a
function of time for the individual Cu/Mo2C and HZSM-5
catalysts as well as the mixture. The results suggested that the

Cu/Mo2C and HZSM-5 catalysts worked in concert to produce
dimethyl ether from CO2 via methanol intermediate.

■ DISCUSSION
Results for the Cu−Zn−Al and Cu−Cr catalysts are somewhat
different from those reported by Fan et al.11 They did not
observe CH3OH production at temperatures below ∼150 °C;
the only products were ethyl formate and CO. The methanol
selectivity was maximum (∼60%) at 200 °C. We observed
relatively high selectivities (>75%) for all of the catalysts at 135
°C (Table 2). There are several plausible explanations for
differences between our results and those reported by Fan et
al.11 Their experiments were carried out with ethanol as the
solvent; we used 1,4-dioxane. Although H2 solubilities for these
solvents are similar (0.16 and 0.14 mol/L for ethanol34 and 1,4-
dioxane,30a respectively), the CO2 solubilities are very different
(0.14 and 1.5 mol/L, respectively30b,35). In addition, their use
of ethanol would facilitate the esterification reaction and could
accelerate methanol production. Finally, it is possible that the

Table 5. Ethyl Formate Hydrogenation over Cu and Mo2C-Based Catalystsa

ethyl formate conv rate selectivity (%)

catalyst μmol/gcat/h μmol/m2/h CH3OH C2H5OH CH4 CO2

CH3OH production rate
(μmol/m2/h)

CH3OH production TOF
(s−1 × 104)

nano-Cu 79 14 37 54 0 9.2 10
Cu−Zn−Al 598 10 25 55 0 20 4.4 3.8
Cu−Cr 554 12 27 52 0 21 6.0 4.1
Mo2C 889 5.9 21 53 1.9 24 2.3 2.3
Cu/Mo2C 837 6.2 33 51 0.6 16 3.7 4.6

a135 °C, 30 bar of H2, 0.6 mmol of ethyl formate, 37.5 mL of 1,4-dioxane, rates calculated at 2 h.

Figure 4. Products formation (red squares, methanol; black circles, ethyl formate) during CO2 hydrogenation in the presence of ethanol (2 mL) over
the (a) Cu−Cr, (b) Cu/Mo2C, and (c) a mixture of the Cu−Cr and Cu/Mo2C catalysts. The experiments were carried out at 135 °C with 10 bar of
CO2, 30 bar of H2, and 35.5 mL of 1,4-dioxane.

Figure 5. Methanol and dimethyl ether (DME) production from CO2
hydrogenation over (a) Cu/Mo2C catalyst (600 mg) and (b) a mixture
of Cu/Mo2C and HZSM-5 catalysts (600 mg each). The experiments
were carried out at 135 °C with 10 bar of CO2, 30 bar of H2, 37.5 mL
of 1,4-dioxane, for 54 h. The HZSM-5 catalyst alone was not active
under these conditions.
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catalysts were in different states of reduction. Our protocol
included a step to pretreat the catalysts prior to measurement
of their rates and selectivities. The protocol described by Fan et
al.11 did not include a pretreatment step. It has been reported
that Cu0 is the active species for methanol synthesis;8b,9b

therefore, one would expect lower activities for the untreated
oxide catalysts.
Turnover frequency is a measure of the intrinsic activity of a

catalyst. There are no reported TOFs that can be compared
directly with our results; however, at 220−240 °C and 10−80
bar, TOFs for CH3OH production have been reported in the
range of 0.003−0.018 s−1 for Cu-based catalysts.36 Extrapolat-
ing these published rates to 135 °C would yield TOFs on the
order of 10−4 s−1 using the reported activation energy of ∼60
kJ/mol.8a The estimated TOF for the Cu−Cr:Cu/Mo2C
cascade system was 4.7 × 10−4 s−1. Huff and Sanford reported
a CH3OH production turnover number of 2.5 at 135 °C after
16 h for a homogeneous cascade system incorporating
(PMe3)4Ru-(Cl)(OAc), Sc(OTf)3, and (PNN)Ru(CO)(H)
complexes. The corresponding TOF would be 4.3 × 10−5

s−1.10 Interestingly, they reported a methanol turnover number
that would be equivalent to a TOF of 3.6 × 10−4 s−1 for a
cascade system where CO2 hydrogenation to formic acid and
formic acid esterification were carried out at 75 °C and then the
formate was hydrogenated at 135 °C in a separate reactor
(without the first two catalysts). This TOF is similar in
magnitude to that achieved for the heterogeneous catalysts
described in this paper.
By comparing the CH3OH production rates from the

hydrogenation of CO2 and suspected intermediates (formic
acid and ethyl formate), we were able to further investigate the
reaction pathways reported by Fan et al.11 and propose rate-
limiting steps. Figure 6 illustrates reaction pathways that are

most consistent with our results. In the absence of ethanol,
formic acid is likely the principal intermediate. In the presence
of ethanol, the pathway from CO2 to CH3OH seemed to
include formic acid and formate intermediates. Our results are
consistent with the hydrogenation of CO2 to formic acid being
the rate-limiting step for most of the Cu- and Mo2C-based
catalysts. We also observed a small amount of CO production,
perhaps via the reverse water−gas shift over most of the
catalysts (Tables 2 and 3). To investigate the possibility that
CO was an intermediate during CO2 hydrogenation to
methanol, we performed CO hydrogenation at the same
reaction conditions (135 °C, 10 bar of CO, 30 bar of H2). Over
the Cu/Mo2C catalyst, the CH3OH TOF from CO hydro-
genation was 4.9 × 10−6 s−1, equivalent to ∼2.5% of the
CH3OH TOF (2.0 × 10−4 s−1) during CO2 hydrogenation.
Similarly, over the Cu−Zn−Al catalyst, the CH3OH produced
from CO hydrogenation was only ∼0.8% of that from CO2
hydrogenation. These results suggested that the CO hydro-

genation did not contribute significantly to the production of
CH3OH under the CO2 hydrogenation conditions employed.
Results for the Mo2C and Cu/Mo2C catalysts suggested a

synergy between Cu and Mo2C. We expect that the Cu was
zerovalent based on prior investigations.27 Vidal et al. reported
evidence of synergy between Cu or Au and TiC (support)
during gas phase CO2 hydrogenation to methanol.37 These
metals are effective sites for hydrogen dissociation. Synergistic
effects between the metal and carbide have also been reported
for Pt/Mo2C catalysts during water−gas shift25b and Pd/WC
catalysts during the selective hydrogenation of triglycerides.38 It
is plausible that Cu particles on the Cu/Mo2C catalyst
enhanced the hydrogen surface coverage, thereby facilitating
the hydrogenation of CO2. We also note that the synergy has
been reported between Cu and oxides, such as ZnO, in the
associated catalysts.8a,c,32 To investigate the long-term stability
of Mo2C-based materials, CO2 hydrogenation was performed
over the Cu/Mo2C catalyst for 72 h. The CH3OH TOF initially
decreased from 2.0 × 10−4 s−1 (at 4 h) to 0.6 × 10−4 s−1 (at 22
h) and then remained relatively constant. The spent catalyst
was characterized using XRD and showed the same phases as
the fresh catalyst.
To the best of our knowledge, the cascade system described

in this paper (Figure 7) is the first of its kind for CO2

hydrogenation. Clearly better-performing catalysts would lead
to superior overall performance. Of particular interest would be
catalysts for the hydrogenation of CO2 to formic acid or
formate. Xu et al. recently reported that a silica-supported Ir
catalyst (Ir-PN/SBA-15) was highly active for the conversion of
CO2 to formic acid at 120 °C with 20 bar of CO2 and 20 bar of
H2 in an aqueous solution containing small amounts of
triethylamine.39 One could also consider combining homoge-
neous catalysts with heterogeneous catalysts. The homoge-
neous catalysts described by Huff and Sanford10 would be good
candidates, although compatibility of the homogeneous and
heterogeneous catalysts would have to be assessed.

■ CONCLUSIONS
In this paper we describe a novel heterogeneous cascade system
for the hydrogenation of CO2 to methanol through a formate
intermediate. This system consisted of Cu−Cr and Cu/Mo2C
catalysts and yielded a turnover frequency of 4.7 × 10−4 s−1 for
CH3OH production at 135 °C. The results encourage the
development of other cascade systems of this type. We also
observed that a Cu/Mo2C catalyst was active for CO2
hydrogenation to methanol. The deposition of Cu onto the
Mo2C surface enhanced the methanol formation rates. These
Mo2C-based materials were also active for formic acid and
formate ester hydrogenation. The introduction of ethanol
during CO2 hydrogenation resulted in improved methanol
production rates over the Cu/Mo2C and Cu−Zn−Al catalysts.
We attribute this to the accelerated formation of ethyl formate
and its subsequent hydrogenation to methanol. In contrast, the

Figure 6. Summary of reaction pathways for CO2 hydrogenation over
the Cu- and Mo2C-based catalysts (a) in the absence of ethanol and
(b) in the presence of ethanol.

Figure 7. Schematic of proposed reaction pathway for the Cu−Cr and
Cu/Mo2C catalytic cascade system.
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Cu−Cr catalyst was selective for the production of ethyl
formate; its subsequent conversion to methanol was inhibited
by CO2. The production of dimethyl ether from CO2 was also
demonstrated over a Cu/Mo2C:HZSM-5 cascade system,
where CO2 was hydrogenated to methanol over Cu/Mo2C
and methanol was further converted to dimethyl ether by
HZSM-5.
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