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Abstract

A series of supported CrOs/Fe2O3 catalysts were investigated for the high temperature water-gas shift
(WGS) and reverse-WGS reactions and extensively characterized using in situ and operando IR, Raman
and XAS spectroscopy during the high temperature WGS/RWGS reactions. The in situ spectroscopy
examinations reveal that the initial oxidized catalysts contain surface dioxo (0=).Cr*%0, species and a
bulk Fe,Os; phase containing some Cr* substituted into the iron oxide bulk lattice.
Operando spectroscopy studies during the high temperature WGS/RWGS reactions show that the
catalyst transforms during reaction. The crystalline Fe.Oz bulk phase becomes FesO4 and surface dioxo
(0=)Cr*®0;, species are reduced and mostly dissolve into the iron oxide bulk lattice. Consequently, the
chromium-iron oxide catalyst surface is dominated by FeOx sites, but some minor reduced surface
chromia sites are also retained. The FesxCrxOs solid solution stabilizes the iron oxide phase from
reducing to metallic Fe® and imparts an enhanced surface area to the catalyst. Isotopic exchange studies
with C¥0,/H; — C!80/H; isotopic switch directly show that the RWGS reaction proceeds via the
redox mechanism and only O* from the surface region of the chromium-iron oxide catalysts are
involved in the RWGS reaction. The number of redox O* sites were quantitatively determined with the
isotope exchange measurements under appropriate WGS conditions and demonstrated that previous
methods have undercounted the number of sites by nearly an order of magnitude. The TOF values
suggest that only the redox O* sites affiliated with iron oxide are catalytic active sites for WGS/RWGS,
though a carbonate oxygen exchange mechanism was demonstrated to exist, and that chromia is only a



textural promoter that increases the number of catalytic active sites without any chemical promotion
effect.

1. Introduction

Mixtures of carbon monoxide and hydrogen, “syngas” or “water-gas”, are encountered in many
crucial industrial processes including the manufacturing of ammonia (Haber-Bosch Process), methanol,
hydrogen (Steam Methane Reforming (SMR), Water-Gas Shift (WGS)), and hydrocarbons (Fischer-
Tropsch (FT)).1* Water-gas was used as a source of hydrogen for the Haber-Bosch process by
converting H20 to Hz and CO to CO> since CO was a catalyst poison and needed to be removed from
the water-gas stream. In 1914, Bosch and Wild implemented an iron-chromium oxide catalyst that
converted CO into CO-, an easily separable chemical, at 400-500°C.> This first popularized the use of
the WGS reaction, Eq. 1, though the reaction was discovered more than a century earlier. Nearly the
same iron-chromium oxide based catalyst is still used today industrially, but with the addition of small
amounts of copper.

H:O+CO - H2+CO2 (1)

Catalysts for the WGS reaction are divided into several groups. Iron and chromium oxide based
catalysts are used for the high temperature WGS (HTS) at 350-450°C and copper-zinc-aluminum oxide
based catalysts are used for the low temperature WGS LTS) at 190-250°C. Additionally, there has been
research into medium temperature shift (MTS) catalysts and sulfur tolerant “sour gas” shift catalysts.
There have been many recent advancements in our understanding of the LTS catalysts,>® but HTS
catalysts remain poorly understood and nearly unchanged in composition for industrial use. The water-
gas shift reaction has been studied for over a century and several good reviews of the literature already
exist. Newsome reviewed the catalysis literature up to 1980,* Rhodes et al. reviewed the literature up to
1995, Ladebeck and Wagner provided a review up to 2003 with an emphasis on fuel cell applications,’
Ratnasamy and Wagner reviewed recent developments up to 2009,? and Zhu and Wachs focused on
iron-based catalyst research up to 2016.8 In recent years, there has also been an interest in developing
Cr-free iron oxide based HTS catalysts because of the toxicity of hexavalent chromium, but successful
substitutes have still not be achieved.® This literature review will primarily focus on new
characterization studies performed in the last two decades that provide new insights to the HTS
chromium-iron oxide catalysts, but will also explore older, relevant publications if they contain
additional insights.

1.1 Ambient and Ex Situ Characterization

It is well known that ambient and ex situ or post reaction characterization suffers from some
fundamental problems, such as sample hydration, oxidation and hydrocarbon adsorption, which limit the
usefulness of such data. It is now also well established that catalyst surfaces are dynamic under reaction
conditions, a trait that cannot be fully appreciated and understood without in situ and operando
spectroscopy analysis.'® Ambient and ex situ characterization of the iron-chromium oxide HTS catalyst
have been performed with many techniques including X-ray Diffraction (XRD), IR Spectroscopy,
Electron Microscopy, X-ray Absorption Spectroscopy (XAS), X-ray Photoelectron Spectroscopy (XPS),
and Mossbauer Spectroscopy.tt®® Results of these studies have reached the following conclusions: 1)
the fresh catalyst is a FeOz phase, typically either alpha or gamma depending on synthesis and
calcination conditions, 2) both Cr®* and Cr®" exist in the fresh catalyst, 3) Cr¥* is substituted
preferentially into the iron oxide lattice octahedral sites (On), but not tetrahedral sites (Tq), 4) there is



some surface segregation of chromium, 5) the reduced catalyst contains Fe3Os4 (magnetite), and 6)
discrete Cr203 particles are present above ~14 wt% Cr203/Fe20s.

1.2 In Situ and Operando Spectroscopy Characterization

There have been extensive studies on iron oxides, especially in situ IR studies, due to the additional
interest from the Fischer-Tropsch community.®®*’ Boudjemaa et al. performed in situ IR spectroscopy
on unpromoted Fe;Os during the WGS at 450°C*" and did not detect any surface reaction intermediates
at this high temperature. Relevant surface intermediates such as formates and carbonates, however, are
not expected to exist at this high temperature.®4? Busca and Lorenzelli examined the IR spectrum of a
dehydrated FeCrOjs catalyst and noted that a Cr®*=0 band is present, but could not identify its origin.*®
In situ Mdssbauer spectroscopy of iron oxide catalysts under gas mixtures with different oxyreduction
potentials revealed that nonstoichiometric FesO4 was formed and that the stoichiometry depended on the
oxyreduction potential of the gas mixture.*** Furthermore, the oxygen vacancy in the iron oxide was
found to correlate with catalyst activity up to 350°C. In situ XRD measurements by Zanchet et al.
confirmed the transformation of Fe,O3 to FesO4 during the HTS at 350°C and above.®! Kendelwicz et al.
performed in situ Ambient Pressure-XPS (AP-XPS) studies of room temperature water adsorption
(partial pressures of 10° to 2 torr) on FesO4 and combined the results with density functional theory
(DFT) calculations.®? It was found that at the lower partial pressures, < 10~*— 107> Torr, water does not
dissociatively adsorb on the surface, except on defect sites, and progressive dissociation into surface
hydroxyl species takes place between 10~* and 1072 Torr.

Only one operando spectroscopy characterization experiment has been performed on the HTS
catalysts of iron oxide and chromium-iron oxides. The rather unique study by Patlolla et al. combines
three spectroscopic techniques (XAS, XRD, and Raman spectroscopy) with simultaneous online mass
spectrometry (MS) for product analysis.>® The quality of the Raman spectroscopy probe was insufficient
for collection of data at high temperatures, thus, only allowing the Raman data to be collected in situ
before the HTS reaction and at room temperature ex-situ after cooling in the WGS mixture. In situ
Raman spectroscopy indicated the presence of hydrated CrO4% oxoanions before reaction and
demonstrated their disappearance, interpreted as reduction, after reaction. Before reaction, both catalysts
were a mixture of y/a-Fe2Os at elevated temperatures and only y-Fe,Oz after cooling to room
temperature. The corresponding operando XRD measurements confirmed that the catalysts were y-
Fe2O3 before reaction, FesOs during the reaction, and returned to y-Fe2Oz upon cooling to room
temperature. The operando XAS Fe-K edge data demonstrated that the catalysts were in the Fe3*
oxidation state before reaction and were partially reduced during the HTS reaction, which is consistently
with Fe304 formation.

1.3 Catalytic Active Site and Reaction Mechanism

Research concerning the nature and strength of oxygen bonds of metal oxides and its correlation to
catalytic activity has been a topic of interest for many decades.®*®® The adsorption and relaxation
kinetics of CO/CO and H2/H>O gas mixtures indicated that surface oxygen sites and vacancies were the
adsorption sites for the WGS reactants and products and comprised of ~10-20% of the BET surface area
under the conditions studied (pressures < 40kPa or ~0.4atm and temperatures of ~340-400°C).12:57:58.61-65
Recently, the idea of counting sites was revisited by Zhu and Wachs who used the C®0y/H, &
C!®0,/H; isotope exchange to count the number of participating oxygen sites during reaction at more
industrially relevant conditions (pressures of 1 atm and temperatures of ~330-400°C) followed by post-
isotope exchange H-TPR to probe the total amount of exchanged oxygen. Their results indicated that
the entire surface layer of the catalyst is participating in the reaction and that previous oxygen site



counting methods were significantly undercounting the number of participating sites by almost an order
of magnitude and, consequently, reporting turnover frequencies an order of magnitude or greater.%®

The reaction mechanism has been debated for many decades with Kkinetic equations based on a
regenerative or associative mechanism having some quantitative differences, albeit small differences,
from the overall reaction kinetics.2*2°86167 Fyrthermore, experimental proof exists for both
mechanisms. Equilibrium and kinetic measurements of individual reactants/products or with CO2/CO
and H>O/H> gas mixtures has indicated that the regenerative mechanism is the primary pathway for the
HT-WGS reaction,12°557:616264.6567-69 \jany of these same experiments, however, suggest that a second
pathway may also exist due to the discrepancies between model and experimental rates mentioned
above.12°"6L70 Research has suggested both surface formate and carbonate species, with experimental
evidence for carbonates coming from isotope exchanges.®”"%-"¢

Paradigm shifts in the fundamental understanding of heterogeneous catalysts have occurred since
research on the chromium-iron oxide catalyst began over a century ago and it is now accepted that
catalysts are dynamic during reaction and heterogeneous catalytic reactions only take place on the
surface of solid catalysts. The absence of extensive fundamental in situ and operando spectroscopic
studies of the surface of the Cr.O3/Fe>Os catalyst under appropriate HT-WGS conditions in the catalysis
literature has hindered the development of molecular level insights about the catalytic active sites,
surface reaction intermediates and the reaction mechanism. To address the surface properties of
chromia-iron oxide catalysts during HT-WGS, a series of supported CrOs/Fe>O3 catalysts were prepared
and extensively characterized using operando Raman, IR, XAS and in situ AP-XPS spectroscopy.
Potential surface reaction intermediates were examined with in situ IR spectroscopy during adsorption
of probe molecules (CO, CO,, HCOOH, and CH3OH) and also monitored during the WGS reaction with
operando IR spectroscopy. The redox characteristics of the chromium-iron oxide catalysts were
determined by redox studies during in situ Raman and operando IR spectroscopy. The new fundamental
insights allow development of structure-reactivity relationships for the high temperature WGS by
supported CrOs/Fe O3 catalysts under realistic WGS conditions.

2. Experimental
2.1 Catalyst Synthesis and Preparation

The supported CrOs/Fe O3 catalysts were prepared by incipient wetness impregnation of aqueous
solutions of chromium (111) nitrate (Cr(NO3)3*9H20, Alfa Aesar, 98.5%) and distilled water on an iron
oxide support (y-Fe20s3, Alfa Aesar, 99+%), using an incipient-wetness point of ~0.4 mL/g of Fe>Os
under ambient conditions. Samples were prepared with chromium oxide loadings of 1, 2, 3, 5, 7, and 9
wt% CrOs. The samples were allowed to dry overnight under ambient conditions, followed by a second
drying step exposed to ambient air at 100°C for 4 hours in a programmable furnace (Thermolyne, Model
48000). Finally, the samples were subjected to calcination by ramping the temperature at 5°C/min under
flowing air (Airgas, Zero grade) to 350°C for 2 hours. The final synthesized catalysts are denoted as X%
CrO3/Fe203, where x = wt% of chromium oxide.

2.2 BET Specific Surface Area

The BET surface area of the catalyst samples was measured by nitrogen adsorption-desorption in
flowing N2 at -196 °C with a Quantasorb surface area analyzer (Quantachrome Corporation, Model OS-
9). A sample quantity of ~0.3 g was typically employed for the measurement, and the sample was
outgassed at 250 °C before N2 adsorption (Quantachrome Corporation, Model QT-3).

2.3 In Situ FTIR Spectroscopy and Probe Molecules/Reactions

All FTIR studies on supported catalysts in 82.3 were performed at the University of Caen, France.
For FTIR spectroscopy studies, the powdered catalyst samples were pressed into disks of ~10 mg/cm?
and activated in situ in the IR quartz cell equipped with KBr windows and attached to a high vacuum



system.”” Activation consisted of heating the catalyst at a rate of 10°C/min under 13 kPa of Oz from
room temperature (RT) to 350°C. The sample was held at 350°C for 45-60 mins followed by cell
evacuation at the same temperature for 30 mins. The sample disk was moved from the furnace part of
the cell to the optical section. Spectra were recorded at RT with a Nicolet Magna 550 FTIR spectrometer
using 4 cm™! resolution and 128 scans. They were treated by the Nicolet OMNIC™ software. For the
mixed metal oxide catalysts, Diffuse Reflectance FTIR (DRIFTS) was performed at Lehigh University
in a Thermo Nicolet 8700 spectrometer equipped with a commercial Harrick High Temperature
Reaction Chamber and Praying Mantis DRIFTS mirrors. The standard activation procedure is described
below in §2.4.

2.3.1 Carbon Monoxide and Carbon Dioxide Probe Molecules

After catalyst activation in oxidizing conditions (10% O/Ar (Airgas, certified, 10.00% O2/Ar balance)),
liquid nitrogen was added to a jacket surrounding the reaction cell, except for optical windows, in order
to cool the sample to -196°C (100K). For CO- adsorption, the jacket was, instead, filled with solid CO>
to reach -78°C (195K). A glass bulb containing CO or CO> gas was attached to the vacuum system and
incrementally dosed based on pressure gauges and a calibrated volume. The gas was introduced so the
total partial pressure of CO or CO; in the cell was increased incrementally from 1 Torr to 100 Torr, with
an IR spectrum taken at each increment. After 100 Torr was reached, an equilibrium partial pressure of
CO or CO2 between the glass bulb and cell was achieved, followed by the collection of another IR
spectrum. After CO or COz equilibration, the cell was evacuated to see if any species remained on the
surface. If species remained on the surface of the catalyst then the temperature was increased, first to
room temperature by allowing the liquid nitrogen or solid CO; to evaporate, then at 10°C/min until the
surface species desorbed. Spectra were collected every 25 or 50°C.

2.3.2 Formic Acid and Methanol Probe Molecules

After catalyst activation in oxidizing conditions (10% O/Ar (Airgas, certified, 10.00% O./Ar
balance)), a glass bulb containing HCOOH or CH3OH was attached to the vacuum system and
incrementally dosed based on pressure gauges. The gas was introduced so the total partial pressure of
HCOOH or CH3OH in the cell was increased incrementally from 1 Torr to 100 Torr, with an IR
spectrum taken at each increment. After 100 Torr was reached, an equilibrium partial pressure of
HCOOH or CH3OH was allowed into the cell, followed by the collection of another IR spectrum. After
HCOOH or CH3OH equilibration, the cell was evacuated to eliminate any physisorbed species on the
surface. The catalyst temperature was ramped at 10°C/min until the chemisorbed species desorbed.
Spectra were collected every 25 or 50°C.

2.4 In Situ Raman Spectroscopy

The Raman spectra of the chromiun-iron oxide catalysts were obtained with a high resolution,
dispersive Raman spectrometer system (Horiba-Jobin Yvon LabRam HR) equipped with three laser
excitations (532, 442, and 325 nm). The visible laser at 442 nm (violet) and the UV laser at 325 nm (not
visible) were generated by a He-Cd laser (Kimmon, model 1IK57511-G). The lasers were focused on the
samples with a confocal microscope equipped with a 50X long working distance objective (Olympus
BX-30- LWD) for the visible lasers and 15X objective (OFR LMU- 15X-NUV) for the UV laser. The
LabRam HR spectrometer was optimized for the best spectral resolution by employing a 900 groves/mm
grating (Horiba-Jobin Yvon 51093140HR) for the visible lasers and a 2400 grooves/mm grating
(Horiba-Jobin Yvon HR) for the UV laser. The resolution for both gratings is ~1 cm™. The Rayleigh
scattered light was rejected with holographic notch filters (Kaiser Super Notch). The notch filter window
cutoffs were ~100 cm™ ~300 cm™ with the visible lasers and UV laser, respectively. The scattered light,
after removing the Rayleigh scattering, was directed into a UV-sensitive liquid N2 cooled CCD detector



(Horiba-Jobin Yvon CCD-3000V). The calibration of each laser line was performed with an Hg lamp by
adjusting the groove gratings to match the zero position and minimize the error of the linearity across
the full Raman spectrum range. The Hg lines chosen to represent the 532, 442, and 325 nm lasers were
546.07, 441.6, and 365.02 nm, respectively. Additionally, wavenumber calibration of the Raman
spectrograph was checked using the silicon line at 520.7 cm™.

The catalyst samples, typically consisting of between 5 and 10 mg of loose powder, were placed in an
environmentally controlled high-temperature cell reactor (Harrick High Temperature Reaction
Chamber) containing a quartz window and O-ring seals that were cooled with flowing cooling water.
The sample temperature was controlled by a temperature controller (Harrick ATC/low voltage
temperature control unit), providing linear heating rates of over 50°C/min through a K-type
thermocouple. The catalyst bed, however, was fitted with a second K-type thermocouple for cascade
control. Typical reactor cell conditions were room temperature (RT) - 400°C, 10-20°C/min heating and
cooling rates, atmospheric pressure, and ~40 sccm gas flowrates metered by mass flow controllers
(Brooks, Model 5850E series).

The protocol for obtaining in situ Raman spectra under an oxidizing (O2/Ar) environment was as
follows. The sample was initially heated at a rate of 10 °C/min in the in situ cell to 350°C and held for
45-60 min under flowing 10% O/Ar (Airgas, certified, 10.00% O/Ar balance). For the acquisition of
the Raman spectra, only the laser angles parallel to the incident beam were allowed to hit the catalyst
sample, where the accumulation was collected at 10 s/scan for 7 scans with a 200 micrometer size hole.
The Raman spectra were collected with the 442 nm laser, due to known CrOx resonance enhancement,’®
at 350 °C and also at RT after dehydration under the oxidizing conditions.

2.5 Operando Raman Spectroscopy and In Situ Redox Cycles

The reverse-WGS (RWGS) was performed using the same Harrick High Temperature Reaction
Chamber and all Raman spectra were collected with a 442 nm laser. The gaseous outlet from the flow-
through fixed-bed reactor was heated to 120°C and connected to an online mass spectrometer (Varian,
1200L quadrupole). The online MS spectra were collected every 0.5s and m/e values 15-75
simultaneously monitored. The m/z values used to detect the reactants and products were m/z = 28 (CO),
m/z = 44 (CO,), and m/z = 18 (H20), with the CO signal corrected for CO, cracking in the MS. The
Raman spectra were collected under reaction conditions with the simultaneous MS analysis of the
reaction product stream to constitute the operando spectroscopy experimental mode.

The catalysts underwent the same dehydration procedure as described in section 2.3. After
dehydration, the catalysts were heated to 400°C at 10°C/min, still under the O2/Ar environment. At
400°C and after a short inert flush (15 mins), a reverse-WGS feed of X% Ha/Y% CO2/Ar flowing at 42
cc/min total was introduced into the reactor cell. Experiments were repeated with the same total flow
rate but with H2:CO: ratios ranging from 0.5 to 4. Spectra accumulation consisted of 120 s/scan for 5
scans. Spectra were collected every 5 minutes for the first 10 minutes, then once every 20" subsequent
minute. The samples were run for a minimum of 60 minutes.

To determine the redox capabilities of the samples, the catalyst were allowed to reach steady state
during RWGS (typically 60-120 mins) before an inert flush was performed for 5 mins at 400°C. After
the flush, a mixture of either 33% CO2/He or 2.5% H>O/He (bubbled) was sent through the reactor for
30 mins. Another inert flush was performed for 5 mins before finally introducing a 10% OJ/Ar gas
mixture into the reactor at 400°C for another 60 mins to perform the final re-oxidation. Raman spectra
were collected after each step.

2.6 Operando X-ray Absorption Spectroscopy (XAS)
The X-ray Absorption Spectroscopy (XAS) experiments were performed at Brookhaven National
Laboratory (BNL) National Synchrotron Light Source (NSLS) beamline X19A. The Cr and Fe K-edge



XAS data were obtained in fluorescence mode, using a PIPS detector. The monochromator Si(111)
crystals were detuned 30% to minimize harmonics. The powder samples were loaded in a 1.0 mm o.d.
(0.9 mm i.d.) quartz capillary, known also as Clausen cell. An Omega thermocouple was inserted into
the capillary and placed adjacent to and contacting the catalyst bed. The catalyst sample was heated by
using a resistive heater placed under the catalyst bed. Temperature was controlled using an Eurotherm
temperature controller, and gas flow into the cell was controlled by Brooks mass flow controllers. The
catalyst was activated by flowing 10% O2/He at 30 cc/min flow rate and ramping the temperature to
350°C at 10°C/min heating rate, followed by annealing at 350°C for 45-60 mins. For the WGS reaction,
the temperature was raised to 400°C and the WGS reaction mixture introduced into the cell by directing
CO mixed with helium through a water bubbler before entering the reactor (resulting in ~3% H>O and
H>0:CO ratio of 2:1). The data were then collected at 400°C during the WGS reaction mixture flow.
Simultaneous online product analysis was done using a 0-100 amu quadrupole mass spectrometer (SRS).
The WGS reaction was performed for ~90 mins or until the reaction appeared to reach steady state
conversion. After reaction, the catalyst was typically cooled to 350°C under flowing 10% O2/He and
held for ~ 30 mins before cooling to room temperature under the same atmosphere. Data were collected
at 350°C and at room temperature. The Fe K-edge EXAFS data were corrected for self-absorption by
comparing the data measured in the Clausen cell in ambient conditions and using tape samples measured
in transmission mode and free from self-absorption distortion. This comparison allowed us to obtain the
scaling factor that was later applied to all operando XAS spectra to correct for self-absorption effects.”

2.7 In situ Ambient Pressure X-ray Photoelectron Spectroscopy (AP-XPS)

AP-XPS studies were performed by Franklin Tao’s group by using lab-based ambient pressure X-ray
photoelectron spectrometer.29-82 Monochromator Al K o (Microfocus 600) made by Specs Surface Nano
Analysis GmbH was used as the X-ray source. Energy analyzer is Phobios 150. The sample was
introduced to the reaction cell of this system. The CO and water vapor were mixed before introduction
to the reaction cell. The introduction of H2O (1 Torr) and CO (0.5 Torr) was confirmed with mass
spectrometer installed on lens 1. Photoemission features of Fe 2p and Cr 2p were collected during WGS
reaction as a function of temperature. Catalytic activity was confirmed by formation of H; and CO;
reaction products with the online mass spectrometer.

2.8 C%02/C80z2 Isotope Exchange during RWGS

The C%0,/C*80; isotope exchange experiments were carried out in the Altamira Instruments system
(AMI 200) reactor connected to Dymaxion Dycor mass spectrometer (DME200MS). About 20mg of
catalyst was loaded into a quartz U-tube, and was dehydrated with 10% O2/Ar at 400°C. After
dehydration, the iron-chromium oxide catalyst was first allowed to equilibrate under C*°0./H; reverse
WGS reaction conditions (10ml/min C*0,, 10ml/min Hy) at 330°C for 1 hour, then the catalyst was
flushed by inert gas (20ml/min He) for 10 min followed by switch to isotopic reverse WGS reaction
conditions (10ml/min C*0,, 10ml/min Hy). The C'%0,/C*0, isotope exchange was monitored with the
online mass spectrometer by recording the evolution of Hy'°0, H»'®0, C'®0,, C¥*0®0 and C'0;
species (m/z=17, 19, 44, 46, 48). All mass spec signals were normalized to the same maximum and
minimum intensity to observe their transient behavior.

3. Results

3.1 Characterization before WGS/RWGS Reactions



A suite of in situ spectroscopy techniques, IR, Raman, XANES, and XPS were used to characterize
the molecular structure of the supported CrOs/Fe.O3 catalyst before reaction. In all experiments, the
catalyst was pretreated at 350°C in an oxidizing environment, which is considered to be the before
reaction state. All techniques (Supplemental information, §S2.1 and Figures S1-S4) indicate that the
initial iron oxide phase is Fe2O3 (Raman: y-Fe,O3 bands present, IR: Fe,O3 bands present, XANES: Fe K-
edge spectra match Fe;Os reference compound, XPS: Fe 2p region exhibits characteristic peaks,
shoulders, and satellite peaks of Fe®* from Fe,O3). Additionally, in situ IR spectra (Figure S1) revealed
strong bands at 1008 cm™ along with a shoulder at 993 cm™. The corresponding in situ Raman
spectroscopy (Figure S2) exhibits a bans at 997 cm™. The band at ~1008 cm™ is assigned to
Vas(Cr(=0)2) and the band at ~993-997 cm™ is assigned to vs(Cr(=0),) vibrations of a surface dioxo
(0=)2CrO; species.’®8385 The Cr-free Fe,O3 sample exhibits many surface hydroxyl vibrations and the
titration of these hydroxyls with increasing chromia loading reveals that the surface (O=).CrO. species
anchor by reacting with surface Fe-OH species. The surface hydroxyl titration suggests that ~3%
CrO3/Fe20s is the surface CrOx monolayer coverage, but the reappearance of some surface hydroxyls
upon further addition of chromia above monolayer coverage suggests that the iron oxide surface is re-
exposed (either from clustering of chromia on the surface or its dissolution into the bulk). The in situ
Raman spectrum (Figure S2) also possess a band at 842 cm™ from the v(Cr-O-Fe) bridging bond
between the surface dioxo species and Fe2Os support.”® A small, unlabeled band at 571 cm™ is present
for the 9% CrOs/Fe O3 catalyst, and may indicate the presence of a minor amount of Cr0s3
nanoparticles (expected sharp band at 550 cm™).”® In situ XANES Cr K-edge spectra (Figure S3) reveal
that the monolayer catalyst (3% CrOs/Fe;O3) almost exclusively possesses Cr®*O4 from the intense
XANES pre-edge peak, while the 9% CrOs/Fe,Os catalyst possesses a mixture of Cré*O4 and Cr¥*Qs
based on reference compounds (see supporting information Figure S5 for reference compounds). The Cr
2p region of the in situ XPS spectra (Figure S4) exhibits a peak at ~578.7 + 0.2 eV from Cr®* 2psp
electrons®®” and two major Cr3* 2ps2 peaks at 576.6 and 575.6 eV similar to that of Cr.03.8” All in situ
spectra and a detailed analysis of each band/peak is given in the supplemental section S2.1 and Figures
S1- S4.

3.2 Probe Molecules and Reactions
3.2.1 In Situ IR for Adsorption of CO2, CO, and HCOOH

Adsorption of the WGS reactants/products CO, and CO was investigated at low temperatures in an
IR spectroscopy system while adsorption of formic acid (HCOOH) was investigated at elevated
temperatures and the results are given in Figure S6, S7, and S8 of the supplementary information,
respectively. The adsorption of CO2 on the Fe»Os support (Figure S6) initially exhibits bands
characteristic of carboxylates, bicarbonates, bidentate carbonates, and bridged carbonates, but as the
catalyst warms to room temperature bands from a minor amount of surface formates (HCOO*) appear.
The supported 3% CrOs/Fe>O3 catalyst does not exhibit any major bands from carbonates and as the
catalyst warms strong bands from surface formates appear which interact with surface dioxo (0=)2.CrO»
species. The IR spectra for carbon monoxide adsorption are presented in Figure S7 and reveal that CO
primarily bonds weakly with surface hydroxyls indicating the presence of weak Brgnsted sites (slightly
more acidic than on silica).®®*% Additionally, a small amount of CO reactively adsorbs forming
carboxylate and carbonate species, as seen for CO> adsorption, but the coordination of each is unknown
due to poor definition of the IR bands. Corresponding in situ IR spectra for CO, and CO adsorption on
the bulk Cr203s*Fe.O3 mixed metal oxide catalysts were not undertaken.

Given that surface formate is the most proposed surface reaction intermediate during the WGS
reaction,>* in situ adsorption of HCOOH was investigated in a temperature programmed IR



spectroscopy system to determine the coordination and thermal stability of surface formate species and
the spectra are shown in Figure S8 (difference spectra). The Fe.O3 catalyst exhibits several adsorbed
species at 100°C: physisorbed HCOOH, two bidentate formates (bidentate-I and -11), and a monodentate
formate with bands summarized in Table S1.33%9% All surface formates decompose by 250°C. The
supported 3% CrOs/Fe>O3 (monolayer coverage) catalyst exhibits only one major surface bidentate
formate species and a minor amount of surface monodentate formate. The bidentate formate is thermally
stable on the catalyst surface until 325°C, while the monodentate formate desorbs by 250°C. The
supported 9% CrO3/Fe.03 catalyst exhibits some bands from all four formates observed on the Fe;Os
catalyst. The bidentate-l and -IlI formates decompose by 300°C, while the monodentate formate
decomposes by 250°C. The negative band at 1008-1014 cm™ on all Cr containing catalysts indicates that
adsorbed formates interact with the surface (O=).CrO. species. Catalysts containing the Cr oxide
promoter exhibited higher thermal stability of surface formates than pure Fe2Os and also preferred a
bidentate formate coordination, which is the major species for the monolayer catalyst.

3.3 Characterization during and after the WGS/RWGS Reactions
3.3.1 BET Surface Area

The BET surface areas of the freshly calcined and used catalysts are indicated in Table 1. The
addition of chromia to the catalysts only slightly decreases the initial surface area before reaction from
~88 to 82-84 m?/g. After the RWGS reaction, the surface area of the catalysts dramatically decreases.
While the surface area of the Cr-free Fe»Os catalyst decreases by an order of magnitude, the addition of
chromia to iron oxide stabilizes the surface area of the supported CrOs/Fe;O3 catalysts (factors of 1.36x
and 2.44x for 3% and 9% CrOas/Fe203, respectively).

3.3.2 Operando Raman Spectroscopy

To investigate the phase changes of the catalysts during reaction, Raman spectroscopy measurements
were performed at 400°C with simultaneous gas phase monitoring using an online MS (operando
spectroscopy methodology). The results during the RWGS with H2:CO- ratios ranging from 0.5 to 4 are
presented in Figures S9, S10, and S11 of the supplementary information for Fe2O3, 3% CrOz/Fe203, and
9% CrOs/Fe203 catalysts, respectively. The operando Raman spectra of the Fe>Oz catalyst (Figure S9)
indicate that the catalyst transitions from a Fe>Os phase to FesO4 during the reaction, at all H2:CO; ratios
tested, while the corresponding MS signal shows steady-state production of CO and H.O after 60
minutes, confirming the equilibrated state of the catalyst. The operando Raman spectra of the supported
3% and 9% CrOz/Fe.O3 catalysts are shown in Figures S10 and S11, and indicate the same bulk iron
oxide transformation. Furthermore, Raman bands for the surface (O=).CrO. species are initially present
at 835 [v(Cr-O-Fe)] and 996 cm™ [vs(Cr(=0),)], but disappear during the RWGS reaction suggesting
that the surface chromia sites have altered and most likely became reduced. The same results are also
observed for all examined H2:CO: ratios. These findings reveal that FesOs is also the main bulk iron

Table 1: BET surface areas of the supported CrOs/Fe>O3 catalysts before and after the reverse-
WGS (RWGS) reaction.

Catalyst Before RWGS (m%/g) After RWGS (m?/g)
FeyOs 88.2 8.4
3% CrOs/Fe 0; 81.5 11

9% CrOs/I'e;03 83.9 20.5



oxide phase present for all chromium-iron oxide catalysts during the RWGS reaction. A more detailed
analysis of the data is given in the supplemental section S2.3.

3.3.3 Operando X-ray Absorption Spectroscopy (XAS)

The dynamics of the Fe and Cr bonding environments (Fe-X and Cr-X) and oxidation states during
the WGS reaction were probed by XAS studies at 400°C (labeled WGS S.S.) with simultaneous
monitoring of the gas phase using a RGA mass spec (operando spectroscopy methodology). The
spectral results during WGS (H20:CO = 2) for Fe>Os (Figure S12 in supplementary information),
supported 3% CrO3s/Fe,O3 (Figure 1), and supported 9% CrOs/Fe;Os (Figure S13 in supplementary
information) are presented in the respective figures.

The Fe K-Edge XANES spectra of iron oxide before, during, and after the WGS reaction are
presented in Figure S12A of the supplementary information. The XANES spectrum before reaction
(ambient and 350°C Ox) is consistent with Fe2Os bulk phase (a, vy, or their mixture) from the pre-edge
feature and edge position (reference compounds given in Figure S14 of supplementary information).%%%
After ~70 mins. of the WGS reaction (WGS S.S.), the XANES edge position significantly shifts to lower
energy and the sharp pre-edge feature is absent. These XANES features are consistent with a zero-valent
metallic iron as the dominant iron phase. Upon subsequent re-oxidation (350°C ReOx), the XANES
edge position is not fully recovered indicating an irreversible change to the bulk iron phase and a lower
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Figure 1: Operando XANES/EXAFS spectra of 3% CrOs/Fe,O3; at room temperature (ambient), before WGS
(350°C Ox), during WGS at 400°C (WGS S.S.), and re-oxidized after WGS (350°C ReOx). A) XANES Cr K-edge
spectra, B) XANES Fe K-edge spectra C) EXAFS Fe R-Space spectra, D) RGA data.



average oxidation state. The EXAFS data before reaction, Figure S12B of supplementary information,
similarly suggests the presence of a Fe>Os bulk phase. The spectrum during reaction indicates a large
fraction of zero-valent metallic iron exists, due to the appearance of a large Fe-Fe peak at ~1.8 A, and a
small fraction of an iron oxide phase, due to the low R peak at ~1.1 A in the Fe-O bond region. The lack
of high R peaks in the catalyst spectrum (high R peaks observed with the Fe® reference compound)
indicates an amorphous phase without long range order. After reaction, the EXAFS spectrum is not
completely recovered upon re-oxidation, exhibiting a shift in the Fe®'-Fe° peak (oct = octahedral
coordination) and a broad shoulder between 1.5-2.0 A. The corresponding MS signal (Figure S12C of
supplementary information) shows that steady state production of CO, and H> begins at ~70 minutes,
confirming that the WGS is occurring and that the XAS measurements were taken under steady state
reaction conditions.

The Cr and Fe K-Edge XANES spectra for the supported 3% CrOaz/Fe.O3 catalyst before, during and
after the WGS reaction are presented in Figures 1A & 1B. Before reaction, the Cr K-Edge XANES pre-
edge peak indicates that the catalyst possesses predominantly Cr*, which decreases in intensity upon
heating to 350°C for pretreatment (350°C Ox). During reaction (WGS S.S.), the sharp pre-edge peak is
lost, the edge shifts to lower energies, indicating the reduction of Cr®* to Cr®* (near edge peak at ~6011
eV from Cr®"). After re-oxidation, the catalyst contains an even larger fraction of Cr3*. A small bump at
the Cr8* pre-edge peak position during and after reaction may indicate that a small amount of Cr®* is
present. The Fe K-Edge XANES spectra before reaction (Figure 1B, ambient and 350°C Ox) are
consistent with an Fe>O3 bulk phase, while the spectrum during reaction shifts to lower energies by ~1.5
eV, which is consistent with an Fe3Os phase based on reference compounds (Figure S10 of
supplementary information). The Fe K-edge position is recovered upon a post-reaction re-oxidation
treatment indicating that the phase change is reversible. The EXAFS data before reaction, in Figure 1C,
similarly suggests an Fe2Os phase, while the spectrum during reaction shows an increase in the ~3.2 A
shoulder from Fe°-Fe®™ bonds (tetr = tetrahedral coordination), consistent with the cubic spinel
structure of an FesO4 phase. Post-reaction re-oxidation treatment recovers the original intensity of the
Fe2O3 peaks. The corresponding mass spec data in Figure 1D indicates that steady state production of
CO- and H2 begins at ~40 mins, confirming that the XAS measurements were taken under steady state
WGS reaction conditions. Results for the supported 9% CrOs/Fe2Os catalyst, given in Figure S13 are
qualitatively the same and provide the same conclusions.

3.3.5 In situ Ambient Pressure X-ray Photoelectron Spectroscopy (AP-XPS)

Evolution of the oxidation states of the catalyst atoms in the surface region (1-3 nm) during reaction
were probed by in situ AP-XPS experiments performed at 400°C. Results from a WGS feed with a
H>0:CO = 2 are given in Figure 2 and Figure S15 (supplementary information) for supported 3%
CrOs/Fe203 and 9% CrOs/Fe;0s3 catalysts, respectively. Initially, the Fe 2p region in Figure 2 (left, O
treatment at 350°C) is indicative of a Fe>O3 phase, as previously discussed in 83.1.5. During reaction,
the 719 eV satellite peak vanishes and the large Fe®* 2ps. peak at ~710.8 eV broadens. Likely, the
broadening of the photoemission feature at ~710.8 eV results from the appearance of a shoulder at 709-
708 eV during reaction, which indicates the presence of Fe?* in a FesO4 or FeO phase, which is typically
located at 708.4 eV.87 As shown in Figure 2, the photoemission feature of Cr 2p region (right, O2 350°C)
reveals a contribution from Cr®* (578.9 eV), with a fraction of 0.44, and Cr** (576.6 and 575.6 eV), with
a fraction of 0.56, during pretreatment at 350°C in O before reaction, as previously discussed in 83.1.5.
During reaction, the fraction of Cr®* peak at 578.9 eV decreases as low as 0.27. In addition, the position
of the main Cr3" peaks shifts to 577.4/576.4 eV from 0-45 mins and then to 577.0/575.9 eV at 90
minutes. These peak shifts suggest that the local chemical environment of Cr3* changes from Cr®* solely
coordinating with oxygen atoms to Cr3* binding to lattice oxygen atoms and surface OH groups at 45
minutes, and then to Cr®* in a chemical environment similar to FeCr.04 at 90 minutes.®” Results for the
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Figure 2: In situ NAP-XPS Fe 2p (left) and Cr 2p (right) spectra of 3% CrOs/Fe;O3 during the WGS reaction at
400°C, 1.0 torr H20 and 0.5 torr CO. Fe 2p Inset: Zoomed region containing 708.4 eV shoulder.

supported 9% CrOs/Fe,03 catalyst, given in supplementary info Figure S15, are similar to the supported
3% CrOa3/Fe,03 catalyst. The catalysts, however, differ in the extent of reduction of Fe,O3 to the FesO4
or FeO phase (reduction of the 3% CrOs/Fe;O3 catalyst is much less than for the 9% CrOs/Fe;O3
catalyst, which has a much smaller 708.4 eV shoulder). In addition, in the atomic fraction of Cr®*
decreases to 0.21 during reaction for the supported 9% CrOs/Fe>O3 catalyst.

052

I

0, 350°C

3.3.5 In situ Raman Spectroscopy during Redox Cycles

After activating the supported 9% CrOs/Fe O3 catalyst in the RWGS reaction conditions, re-oxidation of
the catalyst with H.O or CO2 gases was investigated and the results are given in Figure 3. During the
RWGS reaction, the catalyst transforms into the Fe3O4 bulk phase (Raman bands at 279, 493, and 640
cm™) and the surface chromia species (Raman band at ~997 cm™) become reduced. After the RWGS, a
feed of 2.5% H2>O/He or 33% CO/He was fed into the reactor to determine if either molecule can re-
oxidize the bulk iron oxide phase and surface dioxo (0=).Cr®*O, species. Under the H-O feed at 400°C
(Figure 3A), a band from a-Fe,O3 (215 cm™) appears indicating that the bulk iron oxide phase was
partially re-oxidized, but the Raman band for the surface dioxo (O=).Crf*0, species (993 cm™),
however, is not present. Upon exposure of the catalyst to CO after the RWGS reaction at 400°C (Figure
3B), the surface dioxo (0=).Cr®"O, species (997 cm™) is again not present and bulk iron oxide bands
from both FesO4 (645 cm™) and a-Fe;03 (214 cm™) are present. The surface dioxo (0O=)2Cré*O; species
(997 cm™) are only partially recovered upon exposure to a 10% O/Ar feed. Although H,0 and CO; are
sufficiently oxidizing for oxidation of the bulk FesOs phase to Fe:Os, both H,O and CO: are not
sufficiently strong oxidizing agents for the re-oxidation of Cr*® present in WGS activated chromium-
iron oxide catalysts back to Cr*®.

3.3.6 C02/C*80: Isotope Exchange during RWGS

The C%0,/C'®0; isotope switching was performed with bulk Fe;Os and supported 3%, and 9%
CrOs/Fe203 catalysts during the RWGS reaction to gain insights into the oxygen exchange process
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Figure 3: In situ Raman spectroscopy before, during, and after the RWGS reaction with a supported 9%
CrOs/Fe,03 catalyst. A) 2.5% H,O/Ar oxidizing treatment after the RWGS reaction, B) 33% CO./Ar oxidizing
treatment after the RWGS reaction.

taking place during the reaction and the results are presented in Figure 4. The catalysts were initially
equilibrated under a typical RWGS feed, flushed with helium, and then exposed to an isotopic Hz+C80,
RWGS feed. For the bulk Cr-free iron oxide catalyst, after the C%0,/C'®0, isotope switch, the first
observable products were C**0, and H20, closely followed by the mixed oxygen C!00 isotope
(note that the transient CO isotope signals are not reliable because of CO; cracking in the MS). The
isotopic product H,*0 is formed last. The transient production and decay of C!*0, and C'®Q0 are
similar while only the production of the water H,'%0 isotope is similar. The complete decays of the
C!%0, and C®0™0 isotopes are rapid, < 2 mins after exchange, compared to H2®0, ~5 mins after
exchange.

The C%0,/C*0; isotope exchange experiment during RWGS reveals that the amount of °0O being
supplied by the lattice of the iron-chromium oxide catalyst (C'%0%0, H,'%0, C0, as well as
undetectable C*0) is finite and small since most of the oxygen exchange occurs within ~2 mins. The
number of %0* atoms participating during the C0,/C!*0, isotope exchange experiment were
quantified by integration of the signals of ®O-containing products (sum of 2*C!0,, C80'*0 and
H2'®0). The RWGS activity and turnover frequencies based on a surface O* as the most abundant
reactive intermediate (MARI) are presented in Table 2. The overall catalyst activity (H2.O mol/(g-s)) is
virtually the same with or without the addition of chromia to iron oxide, however, the number of
participating %0 atoms (Ns = O atoms/g) increases by 2.4. The corresponding TOF values
(TOF=activity/Ns) indicate that the specific TOF value for chromium-iron oxide catalyst is the same as
the Cr-free iron oxide catalyst up to the initial monolayer coverage (3% CrOs/Fe203), after which
additional chromium causes a decrease in the TOF by a factor of ~2.3. Thus, Cr is a textural promoter
that increases the number of catalytic active sites, but does not chemically promote the WGS reaction by
iron oxide. The slightly lower TOF for the 9% CrOas/Fe2O3 catalyst may indicate a slight retardation of
the specific activity in the presence of significant chromia.
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Figure 4: RWGS C%0,/C*0; isotope exchange with Fe,O3 and x% CrOs/Fe;Os supported catalysts. Top Row)
Normalized MS signals, Bottom Row) Zoomed in region.

4. Discussion
4.1 Catalyst Structures in Initial Oxidized Catalyst

4.1.1 Bulk Structures. The bulk iron oxide phase is initially present as Fe;Os for all chromium-iron
oxide catalysts. For the supported CrOs/Fe>Os catalysts, the iron oxide phase was present as y-Fe,O3
(see Figure S2). The absence of discrete Cr.Oz nanoparticles for most chromium oxide loadings greater
than monolayer coverage for the supported CrOs/Fe;O3 catalysts (see Figure S2) suggests Cr dissolution
into the Fe2O3 support. This is further supported by the significant amount of Cr3* present in the in situ
XANES and XPS (Figures S3 and S4) of the supported 9% CrOs/Fe>O3 catalyst, but not of the in situ
XANES for the monolayer supported 3% CrOz/Fe203 catalyst. In addition, just heating chromium-iron
oxide catalysts under oxidizing conditions increases the concentration of Cr*3 in the bulk Fe,Os lattice
(see Figure 1). Dissolution of chromium oxide into the iron oxide bulk lattice as Cr3* is known to
displace Fe?*/Fe3* from octahedral sites and expose the iron oxide surface.!>317" A diagram of the bulk

Table 2. RWGS activity, number of sites [Ns: n(**0)], density of sites, and turnover frequencies (TOFs).

RWGS Activity Ns: n(*°0) Density of Ns TOF
Catalyst 6 16 2 -3 -1
(x 10™ mol/s g) (x10° mollg) (O atoms/nm") (x10°s™)
3% CrO4/Fe,05 6.0 1.1 8 5.4

9% CrOa/Fe,04 5.6 2.4 17 2.3
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Scheme 1: Diagram of the surface and bulk molecule structures of the supported CrO3s/Fe,O3 catalyst
before and during the WGS reaction.

structure of the initial oxidized chromium-iron oxide catalyst is given in Scheme 1.

4.1.2 Surface Structures. The initial oxidized chromium-iron oxide catalysts possess a surface chromia
phase primarily present as dioxo (0=),Cré" O, surface species, but a small amount of surface mono-oxo
O=CrQ4 species are also present (see Figure S1). The separation of ~14 cm™ between the symmetric and
asymmetric vibrations of O=Cr=0 observed in the Raman and IR spectra, respectively, also matches the
vibrational rules for dioxo metal oxides 11317100101 The gsyrface chromia species on Fe;Os are
metastable since their total concentration decreases at elevated temperatures in oxidizing environments
(see Figure 1). There appears to be an equilibrium ratio of Cr®*/Cr®* in the surface region as indicated by
nearly identical atomic fractions observed in the in situ XPS (Figure S4). The surface chromia species
anchor to the surface of Fe;Os by titrating the iron oxide surface hydroxyls (see Figure S1). A diagram
of the major surface chromia species on iron oxide before reaction is given in Scheme 1.

4.2 Catalyst Structures during the WGS/RWGS Reactions

4.2.1 Bulk Structures. During the WGS/RWGS reactions, the thermodynamically stable FezO4 bulk
phase is present in all chromium-iron oxide catalysts (see Figures 1, S9-S13, S15), even under very
reducing conditions (Raman, H2:CO = 4 for RWGS). For the Cr-free iron oxide catalyst, the metallic
Fe® bulk phase predominates (EXAFS, see Figure S12). This over-reduction of iron oxide is well-known
in the literature, indicating the need for very careful catalyst activation.>>* The presence of Cr*3 in the
bulk iron oxide lattice retards the formation of metallic Fe® (EXAFS, see Figures 1, S12 and S13). The
dissolution of Cr*® into the iron oxide bulk lattice at elevated temperatures and WGS/RWGS reaction
conditions is indicated by the increased Cr*® signal (EXAFS, see Figure 1). Re-oxidation with O after
RWGS only partially reoxidizes the chromia to surface Cr*® (EXAFS and Raman, see Figures 1, 3, S13),
and is consistent with the trapping of Cr*3 in the iron oxide bulk lattice.1>!31" The Cr*3 sites in the iron
oxide bulk lattice during the WGS/RWGS reactions are responsible for stabilization of the FezO4 phase
(minimization of metallic Fe® phase) and the enhanced BET surface area (see Table 1). A diagram of the
bulk structures of the chromium-iron oxide catalysts during the WGS/RWGS reactions is given in
Scheme 1.

4.2.2 Surface Structures. The surface of chromium-iron oxide catalysts during WGS/RWGS contains
both exposed Cr and Fe sites. Although most of the chromia is dissolved as Cr*® in the FesO4 bulk lattice
during WGS/RWGS, a small amount of Cr*® also remains on the surface of the catalyst (see Figure 2).
The Raman band for the dioxo surface Cr*® species (997 cm™) reappears, but with a low intensity, after
the RWGS reaction by re-oxidation with O indicating the presence of some reduced Cr*3 species either
on the topmost surface or in the surface region (several nm depth) of the chromium-iron oxide catalyst
during the WGS/RWGS reactions. The minor amount of surface chromia species on the chromium-iron
oxide catalyst during the WGS/RWGS reactions suggests that the chromium-iron oxide surface is
dominated by the FesO4 surface features of Fe*? and Fe*® in octahedral and tetrahedral coordinations (in



situ XPS, Figures 2 and S15). A diagram of the surface structure of the chromium-iron oxide catalyst
during the WGS/RWGS reactions is depicted in Scheme 1.

4.3 Catalytic Active Sites during the WGS/RWGS Reactions

Although the surface of the chromium-iron oxide catalyst during the WGS/RWGS reactions contains
mostly Fe and a minor amount of Cr*%/Cr*3, only the surface FeOx sites are involved in the redox cycle.
The inability to re-oxidize the surface Cr*® sites with both H.O and CO, the oxidizing agents during the
WGS/RWGS reactions, suggests that surface Cr*® sites can’t participate in the WGS/RWGS reactions
(see Figure 3) while Cr*® is a spectator and may even retard the catalytic activity slightly, as indicated by
decreases in the TOF upon chromium addition (Table 2). This leaves only the surface FeOx as being the
catalytic active sites for the WGS/RWGS reactions since Fe is reoxidized by both H,O and CO; (see
Figure 3) and Cr-free iron oxide is also able to perform the WGS/RWGS reactions.

The HT-WGS catalysis literature is conflicted about the role of chromium in the chromium-iron
oxide catalysts. Traditionally, it was concluded that the only function of chromium is as a textural
promoter to increase the surface area of iron oxide, but the promotion mechanism was not
known 1247142125 Myltiple mechanisms, however, have been proposed for Cr stabilization of iron oxide
and its catalytic role: chromia forms discrete Cr.Os particles on FesO4 preventing agglomeration of iron
oxide,”"™ enrichment of Cr* in the surface region is more thermodynamically stable than iron oxide
and reduces ion diffusion and sintering effects,? dissolved Cr*3 occupies octahedral sites in the bulk
FesO4 lattice that prevent sintering by forcing bulk FeOs sites to occupy bulk FeOs sites, %2 the chromia
redox cycle of Cr*3 < Cr*® promotes the Fe*? <> Fe*3 redox cycle of the FesO4 phase.'® The proposal
that the Cr*® & Cr*® redox cycle promotes the Fe*2 <> Fe™ redox cycle of the FesOs phase is not
supported by the current findings since the chromia redox cycle doesn’t operate during the WGS/RWGS
reactions (see Figure 3). The current Raman studies also demonstrate that discrete Cr.Oz particles are
not present on FesO4 because of facile dissolution of Cr*® in the iron oxide bulk lattice (see Figures S2,
S9-S11), and negate this anti-agglomeration proposal. Analogously, a significant surface enriched
chromia phase is not present during reaction and, thus, surface chromia probably can’t be responsible for
preventing sintering of iron oxide. The only stabilization mechanism consistent with the experimental
findings is that dissolved Cr*3 occupies octahedral sites in the bulk FesO4 lattice which prevent sintering
by forcing bulk FeOs sites to occupy bulk FeOs sites. The current operando EXAFS findings (see
Figures 1, S12, and S13) also reveal that the Cr*3 species dissolved in the iron oxide bulk lattice
suppress formation of metallic Fe? that is more prone to sintering than iron oxides.

The isotope switch experiment (Figure 4) provides quantification of the number of exchangeable
active O* atoms participating in the RWGS reaction under realistic reaction conditions and using the
same reaction gas composition as for the in situ/operando spectroscopy experiments. Previous efforts
utilized adsorption and relaxation kinetics of CO/CO2 and H2/H20 gas mixtures to quantify the number
of O* atoms and concluded that they comprised of ~10-20% of the surface area under the conditions
studied (pressures < 40kPa or ~0.4atm and temperatures of ~340-400°C).12575861-65 |t has been
demonstrated that the FesO4 (111) surface possess % monolayer of oxygen atoms (14.2 atoms/nm?) and
Y, monolayer of iron atoms that can be saturated with hydroxyls (4.7 atoms/nm?), which gives an overall
density of 18.9 oxygen atoms/nm?2.1%31% Results of the current isotope exchange give an experimental
value ranging from 7-17 %0 atoms/nm?, indicating that nearly the entire surface layer can participate in
the HT-WGS reaction and that previous methods have significantly undercounted the number of sites by
nearly an order of magnitude. It is likely that undercounting in the literature is due to the use of high
vacuum systems that can alter the catalyst surface with multiple evacuations, low pressures during
counting steps (< 40kPa), and the use of only half of the WGS reactants/products (CO/CO2 or H2/H>O
mixtures) during counting, which does not simulate the oxyreduction potential of the full WGS mixture.



4.4 Surface Reaction Intermediates during the WGS/RWGS Reactions

There have been many surface reaction intermediates proposed for the WGS reaction with surface
carbonates and formates being the most popular. Although surface intermediates have been observed for
the low temperature WGS (Cu-Zn-Al) catalysts, there has been no direct evidence for surface reaction
intermediates during the high temperature WGS/RWGS reactions,>* only some indirect evidence of
carbonates from isotopic (*¥0, and C*®0,) temperature-programmed desorption experiments.>” This is
related to the short lifetime and low concentrations of the surface intermediates during high temperature
WGS/RWGS that prevents their observation. For example, the efficient exchange of O from C*0;
with the chromium-iron oxide catalyst to form C'°0, and C!*80*0, as observed during isotope exchange
(Figure 4), suggests that some exchange proceeds via surface carboxylate/carbonate intermediates, but
these intermediates can only be detected spectroscopically at sub-ambient temperatures where they have
a long lifetime (see Figure S6 and S7). Another possible reason for the lack of detection of surface
intermediates during high temperature WGS/RWGS is the loss of transparency of the catalysts with
respect to IR. Similarly, surface formate intermediates were observed on the iron and chromium-iron
oxide catalysts upon adsorption of CO. (see Figure S6), HCOOH (see Figure S8) and CH3OH (see
Figure S18), but at temperatures lower than those typically encountered for the high temperatures of
~400°C WGS/RWGS reactions since surface formates are not stable above 325 °C (see Figure S8). Even
performing the WGS reaction at lower temperatures of 200-325°C does not yield the IR spectra of
surface formate intermediates (see Figures S16 and S17). The lack of observation of surface reaction
intermediates during high temperature WGS/RWGS are clouded by the possible loss of the IR signal
from the chromium-iron oxide catalyst’s reduced state. The most abundant reactive intermediate is
actually the surface O* sites on the catalysts as shown by the isotope exchange analysis.

4.5 WGS/RWGS Reaction Mechanisms

Two reaction mechanisms have been proposed for the high temperature WGS/RWGS reactions:
associative mechanism involving a surface reaction intermediate and a redox mechanism involving
oxygen exchange between the gases and the iron oxide-based catalyst.1>* As already indicated, there is
no direct evidence for the associative mechanism since surface intermediates are not detectable on either
iron oxide or chromium-iron oxide catalysts during high temperature WGS/RWGS (see Figures S16 and
S17). The associative mechanism may be operating during high temperature WGS/RWGS, but at
present it hasn’t be directly proven.

There is direct evidence, however, that the redox mechanism is operating during the high temperature
RWGS reaction from transient C1%02/H2 > inert flush > C'®0,/H, experiments. The isotope switch
experiments demonstrate that the RWGS reaction is proceeding via the redox mechanism since the
isotope switch readily produces *80-containing reaction products (C'®0,, C*0'0 and H,*0) in the
C1802/H; reaction environment and the exchange is nearly complete within 2 mins. The short exchange
time indicates that a surface Mars-van Krevelen (MVK) reaction mechanism is taking place where only
the surface layer is exchanging oxygen atoms, rather than a bulk MVK mechanism where complete
exchange only occurs after an extended period of time. The formation of the C!0, and C!®0!0
products is not only from the RWGS since they can also form when only C*0; is exchanged with the
equilibrated 1°O-containing catalyst. This suggests that the CO exchange also takes place via short lived
surface carboxylates/carbonates, which is a parallel oxygen exchange pathway.>” Formation of H2'°O
before H,*0 in the presence of C80,/H; is consistent with a redox process taking place during RWGS.
Furthermore, the isotope switch experiment also provides quantification of the number of exchangeable
active O* atoms participating in the RWGS reaction under realistic reaction conditions.



4.6 Structure-Activity Relationships

The catalytic active sites during the WGS/RWGS are O* atoms affiliated with iron oxide sites in the
outermost surface layer. This conclusion is supported by the (i) low concentration of surface chromia
sites on the equilibrated chromium-iron oxide catalyst because of significant dissolution of Cr*3 into the
iron oxide bulk lattice (see Figures 1-3, S2-S4, S9-S13, S15), (ii) ability of Cr-free iron oxide to perform
HT-WGS/RWGS (see Figures 4, S9, S12), (iii) re-oxidation of Fe*? to Fe™ with CO, and H.O (see
Figure 3), (iv) inability to reoxidize Cr*3 back to Cr*® with CO, and H,O (see Figure 3), (v) inability to
extensively re-oxidize Cr*3 back to surface Cr*® even with O after WGS/RWGS due to its dissolution in
the iron oxide bulk lattice (see Figures 1, 3, S13, S19-S20), and (vi) lack of increase and even slight
decrease in TOF for Cr-promoted iron oxide catalysts (see Table 2). Thus, the only function of the
chromia promoter is to stabilize the FesO4 phase with a higher surface area (textural promoter), which is
in agreement with the current accepted mechanism in the literature.

5. Conclusions

A series of supported CrOs/Fe.Os catalysts prepared by incipient wetness impregnation were
investigated for the high temperature WGS reaction as a function of chromia loading and extensively
characterized. Characterization before reaction by in situ IR, Raman, XAS, and AP-XPS revealed that
the catalyst contains a 2-D surface phase consisting primarily of dioxo (0=).Cr®*O, species and a bulk
v-Fe,03 phase with some Cr3* substituted into the bulk lattice. The adsorption of probe molecules was
monitored using in situ IR spectroscopy and revealed various adsorbed carbonates and formates from
CO and CO: adsorption, and adsorbed formates from HCOOH adsorption directly. Surface formate
species were thermodynamically preferred and were demonstrated to be stable up to 250-325°C on the
catalyst surface.

Characterization during the high temperature WGS reaction by operando IR, Raman, XAS, and in
situ AP-XPS revealed that crystalline FesO4 phase is the active bulk phase and surface dioxo
(0=)2Cr*®0; species become reduced during reaction to Cr®* and migrate into the bulk iron oxide lattice
(FesxCrxOa). In situ AP-XPS data have revealedthat a minor amount of Cr*® species may remain on the
catalyst surface under reaction conditions. Corresponding in situ Raman and operando IR redox cycles
indicate that the trace surface Cr*® is a spectator species during the WGS reaction. Isotope exchange
experiments during the RWGS indicate a surface Mars-van Krevelen mechanism is occurring and the
catalytic active sites during the WGS/RWGS are surface O* atoms affiliated with iron oxide sites in the
surface region. The chromia promoter only increases the population of sites and it does not chemically
promote the reaction. Furthermore, quantification of the active O* atoms indicates that previous titration
methods have been undercounting the number of sites by nearly an order of magnitude. These new
insights have led to a modern fundamental understanding of the high temperature WGS catalyst.

Supporting Information Available: Results available include 1) in situ IR and Raman spectroscopy, in
situ XANES/EXAFS, and in situ XPS of the dehydrated catalyst, 2) XANES and EXAFS reference
compounds, 3) in situ IR spectroscopy during adsorption of probe molecules CO, CO2, HCOOH, and
CH3OH, 4) operando Raman spectroscopy during the water-gas shift reaction, 5) operando
XANES/EXAFS during the water-gas shift reaction, 6) in situ AP-XPS during the water-gas shift
reaction, 7) operando IR spectroscopy during the water-gas shift reaction, and 8) operando IR
spectroscopy during redox cycles. This material is available free of charge via the Internet
at http://pubs.acs.org.
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