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ABSTRACT: The production of carbon-neutral fuels from CO2
presents an avenue for causing an appreciable effect in terms of
volume toward the mitigation of global carbon emissions. To that
end, the production of isoparaffin-rich fuels is highly desirable.
Here, we demonstrate the potential of a multifunctional catalyst
combination, consisting of a methanol producer (InCo) and a Zn-
modified zeolite beta, which produces a mostly isoparaffinic
hydrocarbon mixture from CO2 (up to ∼85% isoparaffin selectivity
among hydrocarbons) at a CO2 conversion of >15%. The catalyst
combination was thoroughly characterized via an extensive
complement of techniques. Specifically, operando X-ray absorption
spectroscopy (XAS) reveals that Zn (which plays a crucial role of
providing a hydrogenating function, improving the stability of the
overall catalyst combination and isomerization performance) is likely present in the form of Zn6O6 clusters within the zeolite
component, in contrast to previously reported estimations.

KEYWORDS: CO2 hydrogenation, zeolite catalysis, methanol synthesis, reactor engineering, operando characterization, XAS,
zeolite modification

■ INTRODUCTION

The urgent global call to action for combating climate change
requires innovative solutions for addressing the ever-increasing
levels of atmospheric CO2. Among the multiple solutions
proposed, the concept of a “circular carbon economy” stands
out, since it advocates for approaches toward the mitigation of
CO2 emissions without a radical overhaul of the current
infrastructure.1 This concept advances the creation of fuels and
chemicals by direct air capture (DAC) of CO2

2 and
subsequent hydrogenation to the product of choice using
appropriate processes and catalysts. Fuel production via this
route can have a sizable effect in terms of volume (mitigation
of >5 Gt of CO2 emissions per year) toward the reduction of
overall global CO2 emissions.3,4 Thus, by recycling the CO2
present in the atmosphere, we can avoid additional carbon
emissions and eschew the need for a significant overhaul of the
transportation infrastructure. Another advantage to consider
for this method of fuel generation is the fact that we can
completely avoid SOx and NOx emissions typically associated
with impurities in conventional fossil fuels.5 Although the
implementation of this proposal is feasible and has the
potential to cause a substantial effect on the landscape of
energy and climate change, significant challenges need to be
overcome before such a technology can be employed on a

realistically large scale. One of the greatest challenges identified
is the enormous discrepancy between the renewable energy
required for conversion of CO2 to fuels and the actual current
renewable energy production capacity.6 This generated energy
needs to meet the twofold challenges of DAC of CO2 and
generation of renewable H2 via water electrolysis.
Assuming that these challenges can be overcome, the most

proficient method for the conversion of CO2 to fuels is
thermocatalytic conversion. This method has the dual benefit
of high product yields in comparison to other alternatives (e.g.,
electrocatalysis or photocatalysis) and the fact that CO2

hydrogenation is an exothermic reaction, implying that
reaction temperatures can be maintained (typically 250−400
°C) without a high additional energy input by using proper
heat integration. A significant body of literature exists
illustrating the advantages of thermochemical multifunctional
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catalysis (i.e., the combination of a metal/metal oxide and a
zeolite as a multifunctional catalyst) for the hydrogenation of
CO2 to useful products.

7−12 Chief among the advantages is the
sheer tunability of the product distribution that can be
achieved by choosing the appropriate components of the
multifunctional catalyst. This has repeatedly been demon-
strated in the literature with products ranging from light
olefins13−16 to aromatics17−21 and paraffins22−29 being
obtained by employing complementary configurations of a
multifunctional catalyst.
While most of the focus for the production of valuable

chemicals via multifunctional thermocatalytic hydrogenation of
CO2 has been on light olefins and aromatics, the production of
gasoline-range hydrocarbons (isoparaffins) has received far less
attention,30 with only a few reports being found in the
literature targeting this product slate from CO2.

22,26−29,31 This
discrepancy becomes especially significant when one considers
the fact that isoparaffins have significantly higher octane
numbers in comparison to linear paraffins (Table 1). Fuels

with a higher octane number provide superior antiknock
performance in engines as well as better fuel efficiency. Thus, it
is imperative to target this product range due to the significant
role it can play in CO2 emission mitigation.
In this work, inspired by Ruddy et al.,33,34 who recently

demonstrated that it is possible to convert dimethyl ether
(DME) to isoparaffins by using a Cu-modified beta zeolite
catalyst in the presence of H2, we show that isoparaffins can
also be directly produced from CO2. We have achieved this by
combining an InCo catalyst previously reported by us35 and
zeolite beta (with or without Zn modification). Here, the InCo
catalyst is responsible for the production of methanol from
CO2, while the zeolite catalyzes the transformation of
methanol to hydrocarbons (MTH). Furthermore, operando
X-ray absorption spectroscopy (XAS) measurements were
carried out for the combined InCo + beta/InCo + Zn-beta
systems and the structural changes associated with Co and Zn
during the course of the reaction have been elucidated.
Although other studies have reported operando XAS measure-
ments for CO2 hydrogenation, they were performed on
standalone catalysts producing methanol from CO2.

36,37

Thus, this study, to the best of our knowledge, represents
the first of its kind wherein an operando XAS study of a

multifunctional catalyst combination producing hydrocarbons
from CO2 has been carried out.

■ EXPERIMENTAL SECTION

Chemicals

Aqueous ammonia solution (28−30 wt %, Acros Organics), hydrogen
peroxide (24 vol %, VWR Chemicals), cobalt acetate tetrahydrate
(Co(CH3COO)2·4H2O, Aldrich), indium acetate (In(CH3COO)3,
Alfa Aesar) and zinc nitrate hexahydrate (Zn(NO3)2·6H2O, Aldrich)
were used as received. Zeolite beta (SiO2/Al2O3 = 38, Zeolyst) was
purchased in ammonium form and calcined at 550 °C for 7 h in a
muffle furnace in order to obtain the H form before use.

Catalyst Preparation

The InCo catalyst was prepared as described previously using the
inverse coprecipitation method.35 Briefly, a basic solution was made
using 35 mL of an NH3 solution, 1.35 g of H2O2, and addition of
water to make up the volume to 315 mL. Separately, a 35 mL aqueous
solution containing 2.6 g of Co(CH3COO)2 and 1.3 g of
In(CH3COO)3 hydrate salts was prepared and completely dissolved
via sonication. After total dissolution of the salts, this solution was
added dropwise into the basic solution (2 mL min−1). The suspension
was stirred for an additional 30 min after the addition of the salt
solution. Then, the solid was recovered and washed with water using
centrifugation, followed by an overnight drying process at 60 °C. The
obtained product was pretreated under reaction conditions of 300 °C,
50 bar, CO2:H2 = 1:4, and a GHSV of 15000 mL gcat

−1 h−1 for 24 h
prior to study.

The Zn-beta was obtained as follows. Zeolite beta was initially
dried under vacuum at 120 °C overnight. The dried beta was
impregnated with a solution of Zn(NO3)2 using incipient wetness
impregnation. This sample was again dried under vacuum at 120 °C
overnight. After the second drying step, the Zn-beta was calcined in a
muffle furnace at 550 °C for 7 h. The Zn-beta sample thus obtained
was pelletized, crushed, and sieved to a particle size of 150−250 μm
prior to use. Zn loading on the Zn-beta sample was measured by ICP
and was found to be 4.43% by weight.

Catalytic Testing

Catalytic tests were performed on an Avantium Flowrence XD
catalytic testing unit with four parallel channels operated in a fixed-
bed configuration. In a typical experiment, 50 mg of the InCo catalyst
and 50 mg of the zeolite were loaded into a stainless steel reactor.
One of the channels was used without catalyst as blank. A premixed
feed of CO2, H2, and He (internal standard) was supplied to each
reactor in a volumetric ratio of 1:4:0.4 with a total flow of 13.5 mL
min−1 per reactor. The reaction pressure was set to 50 bar and the
reaction temperature to 300 °C, unless mentioned otherwise. The
effluent from the reactor was diluted with N2 (10 mL min−1 per
reactor) at the reactor outlet and automatically supplied for online gas
chromatographic (GC) analysis. Gas product analysis was performed
using an Agilent 7890B GC instrument with two sample loops. After
the loops were flushed for 20 min, the products were injected. One
sample loop was directed toward the TCD channel with two Haysep
precolumns and a MS5A column, where He, H2, CH4, and CO were
separated. Gases that have longer retention times in comparison to
CO2 on the Haysep column (Column 4 Haysep Q 0.5 m G3591-
80023) were back-flushed. A further separation of permanent gases
was done on another Haysep column (Column 5 Haysep Q 6 Ft
G3591-80013) to separate CO2 before going to a MS5A column. The
other sample loop was directed toward an Innowax precolumn (5 m,
0.2 mm OD, 0.4 μm film). In the first 0.5 min of the method, the
gases coming from the precolumn were sent to the Gaspro column
(Gaspro 30 M, 0.32 mm OD). After 0.5 min, the valve was switched
and gases were sent to an Innowax column (45 m, 0.2 mm OD, 0.4
μm). Products from both columns were analyzed through a FID. The
Gaspro column separates C1−C8 paraffins and olefins, while the
Innowax column separates oxygenates and aromatics. The error in

Table 1. Research Octane Number (RON) and Motor
Octane Number (MON) of Various Paraffinsa

paraffin RON MON

2-methylpropane (isobutane) 102.1 97.0
n-pentane 61.8 63.2
2-methylbutane (isopentane) 93.0 89.7
n-hexane 24.8 26.0
C6 monomethylsb 73.9 73.4
2,2-dimethylbutane 91.8 93.4
2,3-dimethylbutane 104.3 94.2
n-heptane 0.0 0.0
C7 monomethylsb 52.0 55.0
C7 dimethylsc 92.8 95.6
2,2,3-trimethylbutane 112.1 101.3

aThe values are derived from ref 32. bBranched isomers with a single
substituted methyl group. cBranched isomers with two substituted
methyl groups.
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carbon balance was <3.5% in reactions using the InCo + beta dual-bed
configuration and <2.5% in all other cases.
CO2 conversion (XCO2

, %), selectivity to CO (SCO, %), selectivity
to product Cx (S(Cx), %), hydrocarbon distribution of product Cx

(HCCx
, %), and the space−time yield of product Cx (STY, mL gcat

−1

h−1) were defined using the formulas
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where C(Inertblank), C(CO2R), C(InertR), C(CO2blank) are the
concentrations of He in the blank reactor, CO2 in the outlet of the
reactor, He in the outlet of the reactor, and CO2 in the blank reactor
by GC analysis, respectively. C(Cx) is the concentration in mol % of
the hydrocarbon (olefin, paraffin, aromatic, or oxygenate) with x
carbon atoms in the reactor outlet as determined by GC analysis, and
i is the total number of analyzed products. GHSVCO2

refers to the gas
hourly space velocity in mL gcat

−1 h−1 of CO2, which was kept
constant across the experiments at 3000 mL gcat

−1 h−1.

Inductively Coupled Plasma (ICP) Measurements
The measurements were conducted with a 5100 ICP-OES instrument
(Agilent) and SPS 4 Autosampler (Agilent) with Ar being used as the
gas supply. Digestion was done at a maximum of 240 °C and a
maximum of 35 bar using an UltraWAVE apparatus (Milestone) with
a solution of aqua regia and HF. A calibration curve four plots) was
built (1−10−25−100 ppm), and all samples were duplicated.
Laboratory reagent blank (LRB), laboratory fortified blank (LFB),
QCS, and continuing calibration verification (CCV) samples were
recorded to validate the results as recommended in several standard
methods.38

Nitrogen Physisorption Measurements
The textural properties of the materials were characterized by
volumetric N2 physisorption at 77 K using Micromeritics ASAP 2420
equipment. Prior to the physisorption experiment, the samples were
dried overnight at 350 °C under vacuum (p < 2 μmHg). Surface areas
were calculated by applying the BET (Brunauer−Emmett−Teller)
equation according to Rouquerol criteria.39 To obtain the micropore
area and volume, the t-plot method was applied within the thickness
region of 3−5 Å. The total pore volume of pores less than 50 nm was
obtained at a relative pressure p/p0 of close to 1.

X-ray Diffraction (XRD) Measurements
XRD patterns were collected using a Bruker D8 Advance
diffractometer in Bragg−Brentano geometry fitted with a copper
tube operating at 40 kV and 40 mA and a linear position sensitive
detector (opening 2.9°). The diffractometer was configured with a
0.18° diverging slit, a 2.9° antiscattering slit, 2.5° Soller slits, and a
LYNXEYE XE-T detector. The diffractograms were acquired over the
2θ range of 5−60°, using a step interval of 0.037° with a time step of 1
s.

Fourier-Transform Infrared (FTIR) Spectroscopy
Measurements
Transmission FTIR spectroscopy using pyridine as a probe molecule
was performed by using a Nicolet 6700 spectrometer equipped with
an MCT/B detector. The specimen was activated under vacuum at

375 °C for 24 h to remove adsorbed species. After activation, pellets
were saturated with pyridine vapor and further evacuated at 150 °C
for 1 h. Spectra were recorded in the 1000−4000 cm−1 range at 4
cm−1 resolution and coaddition of 64 scans. The amount of Brønsted
(BAS) and Lewis (LAS) acid sites was derived from the bands at 1545
and 1456 cm−1 as described elsewhere40 using extinction coefficients
of 1.67 and 2.22 cm μmol−1 respectively. Assuming that one molecule
of pyridine is adsorbed on one acid site, CBAS and CLAS were calculated
by the expressions

= × ×C R W1.88 IA(B) /BAS
2 (6)

= × ×C R W1.42 IA(L) /LAS
2 (7)

where CBAS and CLAS are the concentrations of pyridine on Brønsted
and Lewis acid sites, respectively (mmol g−1), IA(B or L) is the
integrated absorbance of the BAS or LAS band (cm−1), R is the radius
of catalyst disk (cm), and W is the mass of catalyst (mg).

X-ray Photoelectron Spectroscopy (XPS) Measurements

The XPS experiments were performed on a Kratos Axis Ultra DLD
instrument equipped with a monochromatic Al Kα X-ray source (hν =
1486.6 eV) operated at a power of 75 W and under UHV conditions
in the range of ∼10−9 mbar. All spectra were recorded in hybrid mode
using electrostatic and magnetic lenses and an aperture slot of 300 μm
× 700 μm. The survey and high-resolution spectra were acquired at
fixed analyzer pass energies of 160 and 20 eV, respectively. The
samples were mounted in floating mode in order to avoid differential
charging. Thereafter, XPS spectra were acquired using charge
neutralization.

Transmission Electron Microscopy and Elemental
Mapping

High-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) analysis and energy dispersive X-ray
(EDX) elemental mapping of the samples were carried out with an
FEI Titan G 2 80−300 kV electron microscope operated at 300 kV.

Thermogravimetric Analysis and Mass Spectrometry
(TG-MS) Measurements

Coke combustion experiments were conducted with a TGA/DSC1
Stare System (Mettler Toledo), coupled in line with a Thermostar
GSD 320 T3 (Pfeiffer Vacuum) in order to follow the evolution of the
emitted CO2 signal. A spent catalyst sample (ca. 5 mg) was first
stripped under an inert N2 stream (30 mL min−1) with an increase in
the temperature up to 300 °C at rate of 10 °C min−1, and that
temperature was maintained for 20 min. Then, the sample was cooled
to 100 °C and stabilized for 15 min. Subsequently, the gas current was
switched to air (30 mL min−1) and the temperature was increased to
600 °C at a rate of 5 °C min−1, an isotherm of 60 min being
maintained once that temperature was reached. Coke was quantified
from the CO2 signal registered in the MS instead of the
thermogravimetric signal in order to avoid any potential masking
effect of the signal due to metal oxidation effects.

X-ray Absorption Spectroscopy (XAS)

Collection of Data. Conventional X-ray absorption near edge
structure (XANES) and extended X-ray absorption fine structure
(EXAFS) spectra were measured at the Co and Zn K edge, from 150
eV before the edge to 1000 eV above the edge, on the SAMBA
beamline (spectroscopy applied to material based on absorption) at
the French National Synchrotron Facility (SOLEIL) in Paris, France.
The details of the beamline and its optical devices have been
described by Belin et al.41 The beamline was equipped with a
sagittally focusing Si(220) monochromator. The presence of two Pd-
coated mirrors ensured the rejection of the harmonics to better than
0.1%: i.e., the intensity of the harmonics was less than 0.1% of the
intensity of the fundamental X-rays. The incident (I0) and transmitted
(I1) intensities were measured by ionization chambers. The
fluorescence photons were measured by a Canberra 35-element Ge
solid-state detector. The energy was calibrated by measuring the
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spectrum of a reference metallic foil (first maxima of the derivatives
being set at 9659 and 7709 eV for Zn and Co, respectively).
The characterization of catalysts under real high-temperature

reaction conditions was performed using a custom-made setup
developed at the Neel Institute in Grenoble for the study of catalysts
under pressures of up to 1000 bar (Figure S9). This new setup was
based on previously validated developments: a catalytic reactor and an
autoclave.42,43 Briefly, the cell was a plug-flow reactor made of a
vitreous carbon tube, which allowed most of the X-ray beam to be
transmitted. The heating element design consisted of sliding the
carbon reactor in a molybdenum tube that was heated to the
experimental temperature with a resistive Mo metallic wire. An
automated gas distribution system was used to deliver a mixture of
gases at the right pressure while the conversion of reactants and the
formation of products were monitored online by mass spectrometry.
For the InCo + beta catalyst studied in a mixed-bed configuration, 50
mg of beta catalyst and 50 mg of InCo catalyst were mixed in a mortar
before being sandwiched in the reactor between 15 mg (bottom) and
2 mg (top) of quartz wool. For the InCo + Zn-beta catalyst studied in
a dual-bed configuration, 15 mg of quartz wool, 50 mg of Zn-beta
catalyst, 2 mg of quartz wool, 50 mg of InCo catalyst, and 2 mg of
quartz wool were successively introduced in the reactor. Since
SAMBA is a focused beamline (∼200 μm on vertical axis), we could
independently analyze each part of the fixed bed. Note that we did not
observe any migration of Co atoms on to the zeolite bed at the end of
the reaction (as evaluated by X-ray fluorescence).
Co and Zn K edge XAS spectra were recorded in air in order to

characterize the initial state of the catalyst and then under He (100
mL min−1) at room temperature. Then, the cell was heated to 300 °C
at a rate of 5 °C min−1 under an He flow, dehydrating the sample. The
total pressure was further raised to 50 bar. During this pretreatment,
XANES spectra were recorded continuously to observe the change in
the metal oxidation state and EXAFS spectra were recorded at the
end. Then, CO2 hydrogenation was carried out by introducing 50 mL
min−1 of the reaction mixture (20% CO2:79% H2:1% Ar) while the
pressure was kept at 50 bar. The reaction was stopped after 20 h, and
the last EXAFS spectra were merged to compare the final states of the
catalysts.
Processing of Spectra. All XAS data were processed using the

FASTOSH package.44 The XANES and EXAFS spectra were obtained
after performing standard procedures for pre-edge subtraction,
normalization, polynomial removal, and wavevector conversion.
EXAFS Curve Fitting. EXAFS data were analyzed using the

Demeter package, a graphical interface to the AUTOBK and IFEFFIT
code.45 First-shell analyses were conducted within a k range of 3.0−11
Å−1 with a Hanning window (dk = 1) and an R range of 1.0−2.2 Å
using a single Zn−O scattering path calculated with FEFF46 using the
ZnO crystal structure.47 The parametrization of the fit was as follows:
a single shift of energy was used, amplitudes were adjusted by a single
amplitude reduction factor (S0

2), the variation of distances for each
scattering paths was adjusted by a single ΔR parameter, and the
disorder was fitted with one mean relative square displacement
parameter. The fitting performed on the ZnO standard allowed the
determination of S0

2 equal to 0.87 ± 0.09 (R factor: 0.1%) and was
further injected in the fitting of all further EXAFS spectra to allow the
determination of the coordination number for the Zn-beta catalyst
under various experimental conditions (Table S2 and Figure S19).
Reverse Monte Carlo Calculations. The extended X-ray

absorption fine structure (EXAFS) χ(k)k2 of the Zn-beta catalyst in
its dehydrated state was analyzed by reverse Monte Carlo calculations
coupled with an evolutionary algorithm approach (RMC/EA), as
implemented by Timoshenko et al. within the EvAX code.48 Initial
structural models for RMC/EA calculations were all taken from
previous DFT geometry optimizations of Zn structural models.
Supercells were sized using periodic boundary conditions in order to
include between 100 and 200 absorber atoms. RMC/EA calculations
were simultaneously performed for 64 atomic configurations. The
configuration-averaged EXAFS spectra were calculated using the ab
initio self-consistent real space multiple-scattering (MS) FEFF8.5L
code.49 The amplitude reduction factor S0

2 was equal to 0.87. After

investigating the effect of the maximum allowable displacement of
atoms, we found out that allowing a large degree of freedom was
hindering the discrimination among the various structural models.
Hence, we intentionally reduced the maximum allowable displace-
ment of atoms out of their initial positions to 0.2 Å. This small value
still allowed us to take into account static and dynamical disorder
while strictly enforcing the initial model geometry, thus enhancing
differences between all structural candidates. A comparison between
the experimental and calculated EXAFS spectra was performed using
the Morlet wavelet transform in the k-space range from 3.5 to 12.2 Å
and in the R-space range from 0.7 to 6 Å. Wavelet transform provides
a two-dimensional representation of the EXAFS spectrum in k and R
spaces simultaneously that helps in the fitting procedure.50 The metric
ξk,R is used to assess the fit quality by comparing the difference
between spectra

ξ =
|| − ||

|| ||
w R k R k

w R k

( , ) w ( , )

( , )k R,
cal exp

exp (8)

where wcal and wexp are the Morlet wavelet transforms of calculated
and experimental EXAFS spectra. In the main text, only the best
structural models are presented: i.e., those with a ξk,R value of less
than 0.1.

Simulation of XANES Spectra. Ab initio simulations of the
XANES spectra for the Zn K edge were performed using the
FDMNES package. The FDMNES code features monoelectronic
calculations, which were carried out in real space with a Hedin−
Lundqvist exchange-correlation potential and using clusters built
around each nonequivalent absorbing atom. Standard crystal
structures (retrieved from the “Inorganic Crystal Structure Database”,
FIZ Karlsruhe) were used as inputs. The finite-difference method
(FDM) implemented in the FDMNES code was used, since the latter
is a full-potential method that introduces no approximation on the
shape of the potential, which is particularly important in dealing with
highly distorted structures.51 The current implementation at KAUST
of the most recent FDMNES version with the MUMPS solver allows
FDM calculations with a 7 Å cluster radius, which was not possible
when the built-in solver was used because of the required memory
footprint and the CPU runtime.52 Quadrupolar transitions were
included in the calculation. To take into account the core-hole
lifetime and other multielectronic phenomena occurring in the
absorption process, a convolution procedure was applied to all
calculated spectra presented in this work. At the Fermi level, the
Lorentzian (fwhm) width was set to the natural width of the core-hole
and was equal to 1.67 eV.53 At higher photoelectron energies, the
plasmon collective interactions increase the Lorentzian width to 5−10
eV.

■ RESULTS AND DISCUSSION

Influence of the Catalyst Bed Configuration

In the course of this study, we have observed that the product
distribution is markedly different depending on the catalytic
configuration used. Coupling the InCo catalyst and unmodified
beta zeolite in a dual-bed configuration at 300 °C leads to a
fast deactivation of the zeolite (∼4−5 h, Figure 1b and Figure
S1), with methanol and DME being the chief products in the
hydrocarbon fraction after deactivation (Figure S1). Before
deactivation, the products in the hydrocarbon fraction mainly
consisted of paraffins (chiefly isobutane with ca. 45% selectivity
among the hydrocarbons; Figure 1a). Among the light paraffins
(C1−C3), methane was the main product observed (∼6%
hydrocarbon selectivity). Olefinic products were observed in a
relatively low amount with their total selectivity in the
hydrocarbon fraction (C2−C7 olefins) being approximately
7%. Other hydrocarbon products observed included C5−C7
paraffins. Among the paraffinic products (C4−C7), it was
observed that branched isomers (denoted as iso-CN in Figure
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1) were present in much higher quantities in comparison to
their linear counterparts, adding up to a total of approximately
70% of the total hydrocarbons formed. The CO2 conversion
was, in general, a feature of the InCo catalyst being close to
15% on average except when the catalyst was used in a mixed-
bed configuration with Zn-beta (vide inf ra). The CO selectivity
was approximately 37% for the dual-bed configuration.
On the other hand, the use of a mixed-bed configuration led

to a considerable enhancement in the stability of the
multifunctional catalyst with significantly slower deactivation
being observed within a 22 h time frame (as denoted by the
STY evolution with respect to time in Figure 1b and in Figure
S1). The product distribution was in general similar to the that
of the dual-bed configuration before its deactivation with
respect to isoparaffins. However, higher quantities of light
paraffins (C1−C3) and lower quantities of olefins were

produced in the mixed-bed configuration in comparison to
the dual-bed configuration. It should be emphasized here that
in this study, for the most part, deactivation of the
multifunctional catalyst refers to the zeolite and not to the
InCo catalyst. We have previously observed that the InCo
catalyst remains stable for at least 150 h.35 Upon encountering
the Brønsted acidic sites of the zeolite, the methanol produced
via the InCo catalyst initially gives rise to olefinic species
according to the classical MTH mechanism. These species can
immediately oligomerize and aromatize to form the so-called
“hydrocarbon pool” which, depending on the nature of the
zeolite, gives rise to various products.54,55

It has generally been observed that zeolites with large pores
and/or large cages (e.g., beta and SAPO-34) tend to deactivate
more quickly during MTH because of the presence of heavier
polyaromatic species in the hydrocarbon pool.55,56 This is
possibly the reason for the fast deactivation of the beta zeolite
in the case of the dual-bed configuration. However, in the case
of the mixed-bed configuration, the close proximity of the
InCo catalyst to the zeolite acid sites allows for the activation
of H2 (presumably by the Co sites), which can react with the
olefins generated over the zeolite. This is analogous to
observations made by Ruddy et al.,33 where a physical mixture
of Cu/SiO2 and zeolite beta enhanced the hydrocarbon
production from DME in the presence of H2. They postulated
that the metallic Cu present could be responsible for activating
H2. The hydrogen activation (and subsequent hydrogenation)
role of the InCo catalyst is further supported by ethylene
hydrogenation experiments carried out over the standalone
InCo catalyst (Figure S10), which resulted in ∼100%
conversion of ethylene to ethane at the beginning. Since Co
is well-known for its activity as a hydrogenation catalyst57 and
since we have an excess of hydrogen in our feed, the olefins
chiefly end up being hydrogenated to paraffins instead of
forming aromatics.58 This also accounts for the much lower
fraction of olefins in the hydrocarbon products (approximately
1%) in comparison to the dual-bed configuration. Further-
more, it is seen that the paraffins formed are mostly branched
in nature (i.e., isoparaffins) due to the well-known tendency of
the beta zeolite to catalyze the isomerization of hydrocarbons
due to its unique pore structure59 and/or its propensity to
form branched alkanes from methanol/DME.60 Interestingly,
the CO selectivity in this configuration was reduced
considerably, being ca. 6% lower in comparison to the dual
bed configuration. This can possibly be attributed to enhanced
CO incorporation in the zeolite, as observed in our previous
studies.61,62 The olefins produced from methanol can be
coincorporated with CO into the zeolite and give rise to more
light olefins. These light olefins in turn can be hydrogenated
over the InCo (possibly by the Co sites). This is supported by
the fact that the light paraffin fraction, particularly ethane and
propane, is higher in the case of the mixed-bed configuration in
comparison to the dual-bed configuration (see Figure S8).
Once again, a similar observation had been made by Ruddy et
al.,33 and they reported that a physical mixture of Cu/SiO2 and
zeolite beta increases the paraffin/olefin ratio for C2−C3
hydrocarbons during DME homologation in the presence of
H2.

Zeolite Modification to Enhance the Production of
Isoparaffins

As stated before, Ruddy et al.33,34 recently demonstrated the
possibility of producing isoparaffins from DME in the presence

Figure 1. Catalytic performance of the multifunctional InCo + Beta in
a fixed-bed system. (a) Hydrocarbon distribution reported at ∼5 h
time on stream and overall CO2 conversion and CO selectivity on a
carbon mole basis. (b) Isoparaffin STY comparison of the two catalyst
bed configurations. “Oxygenates” denotes the cumulative proportion
of methanol and dimethyl ether in the hydrocarbon fraction of
products. “CN” and “iso-CN” denotes the proportion of linear and
branched isomers of the paraffins with carbon number N, respectively,
while “CN

=” denotes the proportion of olefins with carbon number N
in the hydrocarbon fraction. In the case of olefins, both linear and
branched isomers have been summed up. “Aromatics” denotes the
cumulative proportion of aromatics (ranging from benzene to C10
aromatics) in the hydrocarbon fraction.
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of H2 using a Cu-modified zeolite beta catalyst. The main
product in this case was isobutane, which can easily be
converted to the important gasoline additive isooctane, by
carrying out alkylation of isobutene with isobutane.63,64 They
revealed that it is even possible to produce 2,2,3-
trimethylbutane (also known as triptane), which can be used
as an antiknock additive in aviation fuels. Thus, we reasoned
that another first-row transition metal close to Cu could also
be effective, which proved to be true in our study. Therefore,
we modified beta zeolite with Zn via incipient wetness
impregnation (referred to as Zn-beta), which led to an
improvement in the yield of isoparaffins (especially C5−C7
isoparaffins) in comparison to the mixed-bed configuration of
InCo + beta. Other studies have also been carried out where
ZSM-5 was modified by Zn and led to the production of
isoparaffin-rich gasoline from DME.65−68

The product distribution outcome for Zn-beta, however,
runs counter to that of zeolite beta, as the dual-bed
configuration is more stable than the mixed-bed configuration
and leads to the desired products (Figure 2 and Figure S1).
The deactivation of the catalyst in this configuration (indicated
by the increase in the oxygenate fraction of hydrocarbon
products) is much slower in the former case than in the latter.

In particular, the olefin fraction in this case is approximately
5% and the total isoparaffin fraction initially accounts for
almost 85% of the total hydrocarbons. To the best of our
knowledge, this is among the highest values reported so far for
isoparaffin production from CO2 (Table S1). This value is also
quite a bit higher than that observed for the InCo + beta
mixed-bed configuration (∼70%). Furthermore, while the
InCo + beta mixed-bed configuration only has a hydrocarbon
selectivity of ∼21% toward the more valuable iso-C5−C7
fraction, the InCo + Zn-beta dual-bed configuration enhances
the hydrocarbon selectivity to this fraction more than 1.5
times, being ca. 36%. Moreover, the production of less valuable
light paraffins (C1−C3) is also greatly inhibited when the InCo
+ Zn-beta dual-bed configuration is used in comparison to the
InCo + beta mixed-bed configuration (∼5% vs ∼22%). On the
other hand, when a mixed-bed configuration is used for InCo +
Zn-beta, it appears that the two components have a dysergistic
effect on each other, leading to lower activity (the conversion
of CO2 is ∼12% as opposed to ∼16% in the case of the dual-
bed configuration), a lower isoparaffin yield, and a lower
stability of the overall catalytic system. We speculate that Zn
migration occurs under the reaction conditions from Zn-beta
to InCo when the InCo + Zn-beta mixed-bed configuration is
used. The observation of Zn migration in a mixed-bed catalyst
under CO2 hydrogenation conditions has recently been
reported by Wang et al.69 In order to simulate the proximity
of Zn to InCo (or possible Zn migration to InCo) when the
InCo + Zn-beta mixed-bed configuration is used, we prepared
a control sample of InCo impregnated with Zn (denoted as
InCo-Zn) and tested its performance for CO2 hydrogenation
(Figure S11). A significant decrease in CO2 conversion was
observed for InCo-Zn in comparison to standalone InCo. This
is analogous to the decrease in CO2 conversion observed when
InCo + Zn-beta (dual bed) and InCo + Zn-beta (mixed bed)
are compared, thus providing evidence for the dysergistic effect
of Zn on InCo brought on by their close proximity in the
mixed-bed configuration.

Zeolite Characterization: Unraveling the Status of Zn

A comprehensive suite of techniques was applied in order to
characterize both zeolite beta and Zn-beta. First, on
comparison of the XRD patterns of beta and Zn-beta (Figure
S2), we observed that they were essentially similar in nature
with some slight distortion of the peaks in the latter case. This
XRD pattern is consistent with beta containing approximately
44% of polymorph A and 56% of polymorph B, with the
content of polymorph C being negligible.70

The textural properties of the two samples were also
compared via N2 adsorption at 77 K (Figure S3 and Table 2),
and predictably, there was a drop in the surface area and pore
volume when beta was impregnated with Zn. Furthermore, an
acidity characterization was carried out via FTIR using
pyridine as a probe molecule in order to identify the effect
of Zn on the zeolite acidity. The results are presented in Figure
S7 and Table 2. As could be expected, the incorporation of Zn
in the beta zeolite led to a decrease in the number of Brønsted
acid sites and an increase in the quantity of Lewis acid
sites.65,66

XPS analysis of both fresh and spent Zn-beta revealed no
major changes in the state of Zn, as can be observed in Figure
S5. The spectra were commensurate with that of the standard
ZnO state of Zn. A HAADF-STEM analysis of fresh Zn-beta
showed a homogeneous distribution of Zn in the zeolite

Figure 2. Catalytic performance of the multifunctional InCo + Zn-
beta in a fixed-bed system. (a) Hydrocarbon distribution reported at
∼5 h time on stream and overall CO2 conversion and CO selectivity
on a carbon mole basis. (b) Isoparaffin STY comparison of the two
catalyst bed configurations.
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(Figure S6). The mapping of the spent Zn-beta after 22 h of
reaction in the dual-bed configuration at 300 °C revealed no
appreciable sintering of the Zn particles, with similar mapping
profiles in both cases. Hence, catalyst deactivation can
predominantly be attributed to coke formation.
Therefore, in order to characterize the nature of the coke

deposited on the zeolite in the dual-bed configuration, a TG-
MS analysis was carried out on the spent zeolites after 22 h of
reaction (Figure S4). From the normalized temperature-
programmed oxidation (TPO) profile curves (dCO2/dt), it
was observed that using the Zn-beta catalyst led to the
formation of a more saturated coke, the combustion rate of
which reaches a maximum value at 470 °C. On the other hand,
the combustion of the coke formed using zeolite beta occurs
faster than that for the Zn-beta, with a maximum combustion
rate at 427 °C, thus indicating a lighter and less evolved nature
of the formed coke. In addition, the curves also indicate a
significantly higher amount of coke being formed with the Zn-
beta catalyst (47.3 μgCO2

gcat
−1 vs 3.7 μgCO2

gcat
−1 for zeolite

beta). These observations are in agreement with the heavier
products formed using the Zn-beta catalyst (Figure 2), which
have a pivotal role acting as intermediates and coke precursors
in the conversion of methanol. The presence of high yields of
hydrocarbons through the whole reaction is another key factor
for enhanced coke formation using the Zn-beta catalyst in
comparison to the beta catalyst. In the case of the plain beta
(Figure 1) the yields of hydrocarbons present a pronounced
decrease after ∼4 h on stream, hence also partially preventing
further formation and growth of coke structures over time.
To get further insight into the status of Zn under the

reaction conditions, we monitored by operando X-ray
absorption spectroscopy (XAS, at the SAMBA beamline41 of

the SOLEIL synchrotron) the dehydration from room
temperature (RT) to 300 °C of the InCo + beta (mixed
bed) and InCo + Zn-beta (dual bed) catalysts, followed by
their subsequent evolution during CO2 hydrogenation reaction
for a total of 20 h. To enable such a high-pressure study, a
plug-flow reactor was specifically designed (cf. Figure S9 in the
Supporting Information). The aim of this study was 3-fold: (i)
to perform a structural and operando characterization of the
InCo catalyst as a follow-up of our previous ex situ
investigations,35,71 (ii) to pinpoint any difference in the
structure of the InCo catalyst between the dual-bed and the
mixed-bed configuration, and (iii) to characterize the local
structural order around Zn atoms in the Zn-beta catalyst.
Hence, Co K edge spectra were recorded for InCo + beta
(mixed bed) and InCo + Zn-beta (dual bed) catalysts and the
experiment was repeated for the InCo + Zn-beta catalyst for
the acquisition of the Zn K edge spectra. The results and the
corresponding discussion for the Co K edge spectra can be
found in the Supporting Information.
XAS at the Zn K edge was used to investigate the nature and

coordination properties of Zn species in the Zn-beta catalyst
under the relevant operating conditions. Figure 3 shows the
XANES and FT-EXAFS spectra for a Zn-beta catalyst in its
hydrated state (RT, in air and He), after complete dehydration
at 300 °C using a He pressure of 50 bar and after 20 h of CO2
hydrogenation (T = 300 °C, P = 50 bar, CO2:H2 = 1:4). With
the as-synthesized Zn-beta catalyst (in air), its XANES
spectrum shows a shape similar to those recorded for a
Zn(NO3)2·6H2O solid or its solution as a [Zn(H2O)6]

2+

complex (Figure S22).72,73 The most characteristic feature is
the white line at 9668 eV typical of Zn2+ cations in a quasi-
octahedral coordination. However, a first-shell quantitative

Table 2. Acidic and Textural Properties of the Unmodified and Modified Zeolites

sample
Zn loadinga

(wt %) SBET
b (m2 g−1) Smeso

c (m2 g−1) Smicro
c (m2 g−1) Vtotal

c (cm3 g−1) Vmicro
c (cm3 g−1) CBAS

d (μmol g−1) CLAS
d (μmol g−1)

beta 756 256 500 0.42 0.20 232 246
Zn-beta 4.43 518 157 361 0.29 0.15 97 384

aBy ICP-OES. bBy N2 adsorption using the BET method. cBy N2 adsorption using the t-plot method. dBy FT-IR using pyridine as a probe
molecule.

Figure 3. Evolution of the operando Zn K edge (a) XANES, (b) EXAFS, (c) FT-EXAFS spectra of the InCo + Zn-beta (dual bed) catalyst starting
from the as-synthesized state (T = 25 °C, P = 1 bar, air), after dehydration under He (T = 25−300 °C, P = 1−50 bar, pure He), and after 20 h of
CO2 hydrogenation (T = 300 °C, P = 50 bar, CO2:H2 = 1:4).
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analysis of the EXAFS data finds 5.2 ± 0.3 oxygen atoms
bonded to Zn at a 2.005 ± 0.006 Å distance (Figure S23 and
Table S2), which explains the weaker intensity of the white line
in comparison to Zn standards having a well-defined
octahedral geometry. Furthermore, the FT-EXAFS spectra do
not show any strong peaks in the range of ∼2−6 Å that are
typical of a crystalline ZnO phase (Figure 3 and Figure S21).
This fact already suggests that the initial structure of the Zn-
beta catalyst could involve either isolated Zn2+ cations bonded
to the BEA framework and/or small ZnO clusters with
considerable structural disorder.
Switching the atmosphere to pure He further decreases the

intensity of the white line and the intensity of the first-shell
EXAFS peak, which is quantified subsequently by a lower
number of oxygen atoms (3.6 ± 0.2). Increasing the
temperature to 300 °C and raising the He pressure to 50 bar
further decreases this coordination number to 2.66 ± 0.09 at a
slightly shorter bond distance of 1.959 ± 0.004 Å (Figure S23
and Table S2). Those results were previously interpreted by
Iglesia et al. with a Zn/H-ZSM5 catalyst as the mark of a
dehydration process, reflecting a weak adsorption of water
onto Zn species.74 The absorption threshold defined as the
first maximum of the derivative also decreases from 9663.3 eV
in the hydrated state to 9662.5 eV in the activated state. The
locations of the absorption edges for all experimental
conditions are very close to those of bulk ZnO, indicating
that Zn remains predominantly in its +II state (cf. E0 = 9661.8
eV for ZnO and E0 = 9658.9 eV for Zn0). During dehydration,
the most striking changes actually lie in the overall shape of the
XANES spectrum. Indeed, the decrease in the white-line
intensity during heating is also accompanied by a clear split
into two post-edge peaks positioned at 9664.7 and 9668.7 eV
(inset of Figure 3), suggesting marked coordination changes
for the Zn species. Those two features appear completely
distinct from the main resonances of bulk ZnO in terms of
energy positions and intensities (Figure S22). Submitting the
catalyst to CO2 hydrogenation conditions has a negligible
effect on the resulting XANES and EXAFS spectra (Figure 3,
Figure S23, and Table S2). This implies that there are no
significant structural changes of the Zn species on going from
the dehydrated state to the state under the reaction conditions.
In the following part, we will attempt to progress in the

structural analysis of the Zn active sites. Prior to a detailed
discussion of the analysis, it is worthwhile to present a short
state of the art of XAS characterization of Zn-modified
zeolites.73−80 Zn-modified zeolites have been prepared by
various methods, including chemical vapor deposition of
dimethylzinc/zinc vapor (CVD), incipient wetness impregna-
tion (IWI), and ion exchange methods (IE). Most of the XAS
studies have been dedicated to ZSM-5 as a host with few
reports dealing with beta zeolite. The common wisdom is that
in materials with low Zn content and low Si/Al ratio,
monomeric Zn2+ cations are stabilized on cation-exchange
sites via coordination to oxygen atoms in the proximity of two
framework aluminum atoms (Zn/Al = 0.5). With higher Zn
loadings and an intermediate Si/Al ratio, Zn−OH species
would form instead (one Zn−OH species interacting with one
cation-exchange site, Zn/Al = 1).73 Possibly, applying high
temperature to the sample may trigger the condensation of two
nearby Zn−OH species to form oxygen-bridged Zn−O−Zn
species. There is also one interesting outlier that establishes the
stabilization of an unusual +I oxidation state as [Zn2]

2+ dimeric
species immobilized into the pore system of ZSM-5 (Si/Al =

11.9).77 Finally, the research teams from the Boreskov Institute
of Catalysis and the Eindhoven University of Technology have
highlighted the key role of multinuclear ZnnOm clusters from
overexchanged zeolites (Zn/Al ≫ 1) in dehydrogenation and
aromatization reactions.75,76 Evidently, a mixture of all those
Zn species is also possible, depending on the distribution of Al
sites in the zeolite, the Zn loading, and the preparation
method.81−83

Considering the ensemble of those XAS studies, it appears
that the essence of the structural analysis of the Zn local
structure relies on EXAFS spectroscopy. In particular, the
evidence of an isolated Zn2+ ion stabilized on the zeolite
framework is usually based on the absence of a strong Zn−Zn
contribution in the 2−4 Å region. The fact that a ZnO cluster
with substantial disorder would also generate the same type of
EXAFS spectrum is sometimes either overlooked or dis-
carded.84,85 In other words, the absence of a Zn−Zn peak is a
necessary but not a sufficient condition to evidence isolated
Zn2+ sites. In addition, the Zn2+ mononuclear sites are
supposedly well-defined species, so that one may expect at
least one Zn−Al contribution to be taken into account in the
EXAFS fitting procedure. As far as we know, this has only been
done by the Torino research team using a DFT-assisted
EXAFS fitting procedure.73 Another puzzling experimental fact
revolves around the XANES spectroscopy data. For all
published studies, the XANES fingerprint corresponding to
the dehydrated state is quasi-identical with the same postedge
features observed as in Figure 3, irrespective of the Zn loading,
the Zn/Al ratio, the zeolite framework and the preparation
methods. The only variations are related to slight differences in
the relative intensities of the two peaks positioned at 9664.7
and 9668.7 eV. Here there is a contradiction to solve, since it
does not seem reasonable that all Zn structures ranging from
mononuclear Zn species up to small ZnO clusters would
provide the same XANES spectrum.
We approached this problem by using a method that

combines DFT calculations with the recent implementation of
evolutionary algorithms coupled with reverse Monte Carlo
code for the fitting of EXAFS data, together with ab initio
calculations of the theoretical XANES spectra. The geometry
optimization performed at the DFT level (periodic calculation
with the CASTEP code86) was applied to an exhaustive list of
structural models representing Zn sites in our Zn-beta catalyst
(IWI, Zn/Al = 1.07, Si/Al = 22, Zn loading 4.43 wt %). A total
of 39 candidate structures with their corresponding labels are
described in detail in the Supporting Information. In summary,
we have considered monomeric Zn2+ cations exchanged on
four-, five-, and six-membered rings of the BEA framework
having either one or two Al substitutions. Several combinations
of T sites holding the aluminum substitution were investigated
following Loewenstein’s rule.87 With only one aluminum
substitution, the charge compensation was implemented by
adding a hydroxyl ligand bound to the Zn2+ cations. Dimeric
and trimeric Zn oxide species were also relaxed together with a
set of Zn oxide clusters carved into the hexagonal ZnO
structure and placed within the 12-ring pore channel of the
BEA framework. For the sake of completeness, we also
included Zn2+ species anchored via hydroxyl groups from
crystalline defects (e.g. silicon vacancies located on T sites). All
optimized geometries are provided as CIF files in the
Supporting Information.
In a subsequent step, the RMC/EA simulations were applied

to the analysis of the Zn K edge EXAFS spectra of the Zn-beta
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catalyst dehydrated at 300 °C.48 The RMC simulation boxes
were supercells dimensioned to include between 100 and 200
Zn atoms depending on the initial structural models. The
maximum allowed atomic displacement was tuned down to 0.2
Å in order to closely preserve the original structure while
leaving some flexibility to model the static and dynamic
disorder. Single and multiple scattering paths were included up
to half-path lengths of 6.5 Å. A comparison between the
experimental and calculated EXAFS spectra was performed
using the Morlet wavelet transform in the k-space range from
3.5 to 12.2 Å and in the R-space range from 0.7 to 6 Å. The fit
for all structural models is shown in Figure S24, and a selection
of best fits is shown in Figure 4a,b. The first important

observation is that all structures where the Zn2+ cations are
isolated on four- and six-membered rings of the BEA
framework are clearly rejected by the RMC/EA simulations.
The case of the five-membered-ring structures is not as clear,
since the fitting results all seem acceptable. A closer look at the
overall results indicates that the best fit corresponds to
structural models having a coordination number of about 3
oxygen atoms in the first shell. Accordingly, the integration of
the radial distribution function (RDF) between 1 and 2.2 Å
provide a coordination number of between 2.8 and 3 oxygen
atoms for the best structural models (Figure S25), and rough
Gaussian fits of the first Zn−O pair yield mean square relative
displacement parameters between 0.007 and 0.009 Å2 (all in

Figure 4. (a) DFT-optimized geometries for potential local environments of the Zn active sites for the best structural models selected by RMC/EA
simulations. The atom color code as follows: Zn, blue; H, white; O, red; Al, pink; Si, yellow. (b) Experimental (open circles) and calculated by
RMC/EA (solid line) Zn K-edge FT-EXAFS spectra for the Zn-beta (dual bed) catalyst after dehydration under He (T = 300 °C, P = 50 bar). (c)
Theoretical XANES spectra calculated for the best structural models selected by RMC/EA simulations. The main postedge peaks positioned at
9664.7 and 9668.7 eV of the experimental spectrum are marked by two vertical dotted lines. Calculated spectra were energy-shifted so that the first
transition is aligned with the peak at 9664.7 eV.
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good agreement with the previous first-shell analysis; Table
S2). Next, small peaks in the FT-EXAFS spectra are due to a
superposition of contributions from more distant atoms and
multiple scattering effects. Examination of the corresponding
RDF shows huge differences between the best structural
models if we consider only the 2−4 Å range. The RDFs above
2 Å are nothing alike, which is absolutely expected, since
among the five structural models selected by RMC/EA
simulations (Figure S25) two of them are Zn2+ cations that
are tricoordinated to framework oxygen atoms and three of
them are ZnmOm (m = 3, 6, 9) clusters located in the 12-ring
pore channel of the beta zeolite. In conclusion, these results
serve as a compelling reminder that the same EXAFS data can
be interpreted with both isolated Zn2+ cations and disordered
ZnO clusters. It proves that the information present in the
EXAFS spectra of Zn-modified zeolites is relatively limited and
thus prevents the unequivocal establishment of this distinction,
except when a clear and strong Zn−Zn scattering path occurs
when large ZnO crystallites are distributed in the sample.
On the other hand, XANES spectroscopy is much more

sensitive to the three-dimensional geometry around the
absorption site than EXAFS spectroscopy. First, the chemical
nature of atoms bound to the absorber affects the XANES
spectrum in some specific cases. Additionally, since the values
of the electron inelastic mean free path at energies close to the
absorption energy threshold are relatively important (>7 Å),
multiple scattering contributions can no longer be neglected,
so that both the bond lengths and the bond angles influence
the final spectral shape. Finally, the intensity of the transitions
in the XANES spectrum is less attenuated by local disorder,
meaning that the atoms in the long-range coordination shells
retain a significant contribution. The latter is a clear advantage
over EXAFS spectroscopy in the study of highly disordered
systems.46 So far, a qualitative interpretation of the
pronounced splitting of the white line after dehydration was
attributed to a coordination of Zn either in a tetrahedral or in a
square-pyramidal symmetry. This explanation was based on a
comparison with the general shape of XANES spectra
published for a variety of Zn complexes.88−90 In the following,
we strived to produce a quantitative analysis of the XANES
data starting from the same structural models used as input for
the RMC/EA simulations. Those calculations were conducted
with the FDMNES code, which features monoelectronic
calculations carried out in real space using clusters built
around each nonequivalent absorbing atom (details provided
in the Supporting Information).51 The accuracy of our
calculation parameters was first benchmarked with reference
Zn compounds whose crystalline structures are well-known
(Zn, ZnO, ZnS, ZnCO3, Zn(NO3)2·6H2O, ZnSO4·7H2O): an
excellent agreement between theory and experiment is
visualized in Figure S26. There are slight observable energy
shifts and variations in intensity for some transitions, but most
of the spectral features are well reproduced. This validates our
ability to simulate the spectrum of an unknown compound if
the input structure is a good approximation of the reality. All
results are represented on Figure S27. As expected, the
computed XANES spectra show a remarkable sensitivity
toward the local environment of Zn, since very distinct
spectral characteristics are observed between each different
group of Zn structural models. Within one structural family,
the general spectral shape can look similar: for instance, within
all Zn−OH structural models or when Zn is occupying any T-
site position in the BEA framework. Nevertheless, we observe

also large differences among spectra within the same group
when the position of Al substitutions in the four-, five-, and six-
membered rings induced noticeable variation in distances and
angles. In Figure 4c, we have regrouped the calculation
corresponding to the structural models preselected by RMC/
EA simulations. The best agreement is easily identified for a
Zn6O6 cluster located in the 12-ring pore channel (Zn6O6-1).
The latter spectrum matches perfectly the two postedge peaks
of the experimental spectrum and the overall spectral shape. In
contrast, the model with a Zn2+ cation immobilized on five-
membered rings (5-MR-2Al[T4-T7]) and the model with a
disordered Zn9O9 cluster (Zn9O9-1) are clearly excluded. The
models with a Zn−OH moiety (6-MR-1Al[T5]) or a
Zn3O3(Zn3O3-6-MR-2) cluster located on a 6-MR ring lie in
a gray area, because the postedge peaks appear at the correct
energies but their relative intensities are inverted. Those two
structural models cannot be excluded absolutely if we consider
that the experimental spectrum could represent a mixture of
Zn species. This could also explain some variation in intensity
for the postedge peaks observed in the literature. Eventually,
the theoretical results are strongly in favor of the formation of
Zn6O6 cluster in the 12-ring pore channel upon dehydration of
the Zn-beta catalyst, whose structure remains unaffected
during the CO2 hydrogenation reaction.
In summary, the Zn present in zeolite beta likely provides a

hydrogen activation function that possibly inhibits the
formation of deactivating polyaromatics, since the olefins
formed due to MTH are presumably being hydrogenated on
the Zn sites before they can cyclize/aromatize (Figure 5).

Since these hydrogenating Zn sites are in much closer
proximity to the acid sites of the zeolite in comparison to
the hydrogenating sites provided by the InCo catalyst in the
InCo + beta (mixed bed) configuration, it could be the likely
reason for the significant enhancement of the more valuable
C5−C7 isoparaffin fraction in hydrocarbons (vide supra) for the
InCo + Zn-beta (dual bed) in comparison to the InCo + beta
(mixed bed).33 The detailed structural characterization of Zn
inside zeolite beta provided here serves as a strong foundation
for further mechanistic investigation that is currently ongoing.

■ CONCLUSION
In conclusion, our results demonstrate that catalytic engineer-
ing can play a significant role in the thermocatalytic conversion
of CO2 with multifunctional catalysts. We have observed that
the product distribution is markedly different depending on the
catalyst configuration and zeolite modification. The bed

Figure 5. Schematic representation of the possible mechanistic role of
Zn-beta in the catalytic performance of InCo + Zn-beta in the dual-
bed configuration.
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configuration (mixed or dual) plays a pivotal role in the
catalytic performance, as the hydrogenation function of the
impregnated Zn helps to prolong the zeolite lifetime.
Moreover, with Zn modification, we were able to achieve a
selectivity of isoparaffins of up to ∼85% among hydrocarbons,
which is among the highest values reported so far. An operando
XAS analysis of the catalyst combination reveals that Co does
not undergo any changes regardless of the catalyst config-
uration (InCo + beta mixed bed or InCo + Zn-beta dual bed).
Furthermore, a combined XANES and EXAFS analysis
revealed that the structure of Zn inside zeolite beta is likely
in the form of clusters of Zn6O6. This is in contrast to
previously reported results where the morphology of Zn inside
the zeolite having characteristics similar to those of our sample
(in terms of Zn loading, Si/Al ratio, and/or Zn/Al ratio) was
reported to be monomeric Zn2+ cations typically on the basis
of an EXAFS analysis alone. We hope that these results can
help to overcome the multiple challenges associated with
thermocatalytic conversion of CO2 and support the transition
to a circular carbon economy.
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