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Experimental
1.1. Materials

Metal precursors Rh(acac); (Sigma-Aldrich, 97%), [(CsHs)3P]sRh(CO)H (Sigma Aldrich, 97%),
Rh(NO:3); -xH,O (Sigma Aldrich, 36% Rh basis), Ce(NO3)3 -6H,O (Sigma Aldrich, 99% trace metal
basis), Mg(NOs), -6H»0, ( Alfa Aesar, 98%), ZrO(NO3), -xH>O (Sigma-Aldrich, 99%), Cerium(III) 2-
ethylhexanoate, (Alfa Aesar, 49% in 2-ethylhexanoic acid, Ce 12%), Xylene (Sigma Aldrich, 99%) were
used as received. Potassium hydroxide (KOH) and ethanol were purchased from EMPLURA®. Gas
mixtures such as 99.99% ethylene, 99.99% CO, 99.99% H,, 99.9% N, 10% CO/Ar, 20% O»/Ar, 10%
H»/Ar and pure Ar (99.999%) bottles were purchased from Air Liquide.

1.2 Catalyst synthesis

(a) Preparation of ceria support: The ceria support was prepared by two different methods (a)
calcination of cerium nitrate hexahydrate precursor at 623 K (ramp rate 2 K/min) under static air for 5
h and (b) precipitation of cerium nitrate hexahydrate under basic condition (1M KOH, pH=10) followed
by calcination at 623 K (ramp rate 2 K/min) under static air for 5 h.

(b) Preparation of Rh catalysts by wet impregnation: Rh catalysts were synthesized over ceria
support by wet impregnation (WI) and precipitation (PP) methods similar to our previous work.!' For
the wet impregnation method, acetylacetonate precursors of the metals were first dissolved in acetone
and then dispersed over ceria (synthesis procedure explained in (a)). The solution was sonicated for 5
min and evaporated to dryness under vacuum in a rotary evaporator. The impregnates were further dried
in an oven overnight at 353 K in static air. The solids were afterwards ground, mixed with mortar and

pestle, and finally calcined at 1073 K under static air.

(c) Preparation of Rh catalysts by precipitation: For catalysts synthesized via precipitation, Rh
(NO3)3 and Ce(NO3)2/ZrO(NOs)/Mg(NOs), salts were first dissolved in water and the pH value of the
solution was increased to 10 by adding 1 M KOH solution over a period of 3 h under continuous stirring.
At pH 10, the solutions were further kept stirring for another 30 min to achieve a stable pH. The slurry
was then transferred into a closed glass vessel and kept at 353 K overnight. The solid fractions were
centrifuged and washed with distilled water (3 times) followed by ethanol (3 times). The solid was
further dried at 353 K for 12 h and ground to fine powder with mortar and pestle. The solid was then
calcined at 623 K (ramp rate 2 K/min) under static air for 5 h under static air. For ZrO, and MgO

supported catalysts, the calcination temperature was 773 K.

(d) Preparation of Rh catalysts by flame spray pyrolysis (FSP): Double flame spray pyrolysis (DFSP)
was used in a double-nozzle FSP setup (Figure S8b). The nozzles were separated by 10 cm with an
angle of 120°. Appropriate amounts of Rh(acac)s (1wt% Rh) and Cerium(III) 2-ethylhexanoate (49% in

2-ethylhexanoic acid) were dispersed in xylene and sonicated for 30 minutes. The solution was sprayed
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over the two nozzles at a rate of 5 mL/min using two syringe pumps. Each flame was ignited by a pre-
mixed CHy flame (1.6 L/min of O, and 750 mL/min of CHy). Pure oxygen was used as dispersion gas
(5 L/min) at a 0.3 MPa pressure drop. All the gas flows were controlled by mass flow controllers. The
particles were collected on glass fiber filters (24 cm diameter, Whatman GF6) in a water-cooled round
holder connected to a vacuum pump. The solid was further calcined at 623 K in air (ramp rate of 2

K/min) for 5 h.

(e) Rh catalyst prepared via pyrolysis: Appropriate amount of [(CsHs);P]sRh(CO)H (1 wt% Rh) is
dissolved in acetone and dispersed over ceria powder (1g) synthesized by precipitation method. The
solution was evaporated to dryness under vacuum in a rotary evaporator. The solid was further dried in
an oven at 353 K overnight. The resulting solid was ground to fine powder with mortar and pestle and

pyrolyzed at 973 K under Ar (flow of 100 mL/min) for 1 h with a ramp rate of 10 K/min.
1.3. Characterization of the catalysts

1.3.1. Powder X-ray diffraction (XRD): PANalytical X'Pert Pro instrument was used to measure the
powder X-ray diffraction patterns of the catalysts using a Bragg-Brentano geometry with Cu—Ka
radiation (1.54060 A) and a Ni filter. Si wafer holder was used to mount the catalysts. The
diffractograms were collected from 20° to 80° (20) for a total time of 8 h at room temperature (step size
of 0.017°, 0.53 s acquisition time, 5 scans). The JCPD (Joint Committee of Powder Diffraction)

standards database was used to compare the reflection patterns.

1.3.2. High-angle annular dark field scanning transmission electron microscopy (HAADF-STEM):
HAADF-STEM images were acquired using an aberration (probe) corrected Themis 300 (Thermo
Fischer Scientific) microscope operated at 300 kV (convergence angle: 30 mrad, collection angle: 77-
200 mrad). Finely ground powder samples were dry-cast on standard lacey carbon grid with Cu mesh.
The excess powder was removed with a dust-off gun. Energy dispersive X-ray (EDX) maps were

acquired with Super-X EDX detector.

1.3.3. X-ray absorption spectroscopy: X-ray absorption spectra at the Rh K-edge (23220 eV) were
collected at the P65 beamline of the Deutsches Elektronen-Synchrotron (DESY), Hamburg, Germany?
and at the CATACT beamline of the KIT Light Source, Karlsruhe, Germany.? To scan the incident
energy, a Si (311) double crystal monochromator (DCM) was used. For measuring the reference samples,
pellets diluted with cellulose were used, and the measurements were conducted in transmission. For ex-
situ measurements, the catalysts were kept inside a quartz capillary micro reactor without dilution and
the measurements were conducted in fluorescence mode as reported in our previous work.! The
processing of the XAS results (data reduction and fitting) was carried out using the Demeter software
package.* Data treatment (alignment, normalization) has been performed using the Athena code (version

0.9.26. A model based on standard crystallographic data was used to fit the experimental data. For all



fits, k value up to 12 A"! and radial distance (R) between 1-3.5 A were considered. S was derived from
the corresponding metallic Rh foil reference spectra to determine the coordination number. The EXAFS

equation® used for deriving the free parameters is given by

x(k) = 8¢ 2 N; ];ig? e_% e~2k*0f sin(2kR; + 6,(k))
i i
where SZ represents amplitude reduction factor (estimated from the fit of Ru foil), N is the degeneracy
of the scattering path (fitted), f(k) is the scattering function (calculated using FEFF 6°), k is the
wavenumber, R is the distance between absorber and scatterer (fitted), A is the mean free path of the
photoelectron (calculated using FEFF 6), 6 is the mean square radial displacement, also known as the
Debye-Waller factor (fitted), 6 is the phase shift of the couple absorber/scatterer, (calculated using FEFF

6) and i represents a particular number of shell. R-factor that is frequently used while reporting quality

of fit; represents goodness of the fit.

For in-situ XAS measurements, catalyst sieved fraction (100-200 um) was used and filled in a quartz
capillary micro reactor (2 mm outer diameter, 0.02 mm wall thickness). Gas mixtures (99.99% ethylene,
99.99% CO and 99.99% H») were fed through the capillary with a flow of 30 mL/min with the help of
mass flow controllers. For temperature programmed reduction experiments, the samples were heated to
the required temperature with a gas blower (Leister LE mini kit at DESY). For the high-pressure
experiments at 10 bar, same set up was used with an additional back pressure regulator. Online analysis
of the gas mixtures was carried out qualitatively with a mass spectrometer (Pfeiffer Vacuum OmniStar
GSD-320). Mass fragments of 2 (H,), 27 and 28 (ethylene), 28 and 16 (CO), 31 and 32 (CH3OH), 45
and 46 (C;HsOH) and 57 and 58 (C3;He¢O) were monitored. Linear combination fitting (LCF) was
conducted to derive the fraction of oxidic and reduced species during temperature-dependent XAS
studies. The fitting was performed by using the first and the last spectra from the respective dataset as

internal references within the energy range of 23200-23250 eV.

1.3.4 X-Ray Photoelectron Spectroscopy (XPS): X-Ray Photoelectron Spectra were measured with a
SPECS Phoibos 150 analyser using a non-monochromatic XR-50 Mg Ka X-ray source, an angle of 45°
between analyser and sampler, illuminating an area with a Full width half maximum (FWHM) of 2 mm
(circular spot). Effects from sample charging were minimized with a flood gun. The energy scale was
calibrated with an Ag reference. High resolution spectra were taken with a pass energy of the analyser
of 20 eV. Data processing was conducted using CasaXPS software. The energy scale of all spectra was
referenced to the 1s peak of graphitic carbon (284.8 V). FWHM of Rh*" species fixed at 2.1 £0.1 eV
and FWHM of Rh? species fixed at 1.7 = 0.2 eV. Area ratio of 3:2 for 5/2 and 3/2 peaks, shifted by a
fixed delta of 4.75 eV. After Shirley background subtraction the spectra were fitted. For the

deconvolution of the individual oxidation states in the Rh 3d spectra, initial constraints were chosen in



accordance with the literature.”®!° The constraints were optimized until the best agreement of the

fitting function was achieved for all samples of this study.

1.3.4. In-situ diffuse reflectance infra-red spectroscopy: In-situ DRIFTS experiments were conducted
on a VERTEX 70 FTIR spectrometer from Bruker. A Harrick Praying Mantis optics and the Harrick
high temperature cell with a flat CaF, window were used. A sieve fraction of 100-200 um of the catalyst
was used for the measurements. All the catalysts were pre-treated by purging with He or Ar and heating
to 573 K for 1 h to remove any impurity adsorbates from the catalyst surface. The resulting spectra were
collected in reflectance mode between 1000-4000 cm™ under the reaction mixture. A 4 cm™ spectral
resolution was used for all measurements. Spectra were collected at various temperature, and the
working setpoint of the heater was selected based on a calibration performed via a thermal imaging IR
camera (ImagelR 8300 from Infratec) as shown in the supporting information, figure S21. The spectra

are reported in logarithm log(1/R) or in Kubelka-Munk units by converting with the following formula

(1 - Roo)2

F(Reo) =—51

where R. stands for reflectance of the sample (measured relative to the sample under Ar at the respective

temperature as a background scan).

For the background spectra, 200 scans were collected and averaged under Ar flow and for the samples
150 scans were collected per measurement. The measurements were performed continuously over a
range of 0.5-1 h. The gas mixture at the outlet of the in-situ cell was qualitatively analyzed by an online

mass spectrometer (Pfeiffer Vacuum OmniStar GSD-320).

1.3.5. Quantification of metal content: Quantitative analysis of the metal content of the catalysts was
performed by ICP-OES measurements (Agilent 720/725-ES instrument). For this, 30-40 mg of the
samples were digested in a mixture of sulfuric and nitric acid (1:1) in a microwave digestion system at

453 K for 45 min.

1.3.6. N:>-physisorption: All the nitrogen physisorption isotherms were recorded at 77 K using a
Rubotherm BELSORP-mini Il instrument. The specific surface areas were determined by the Brunauer—
Emmett-Teller (BET) method. Catalysts were degassed at 423 K for 2 h under vacuum prior to the

measurement.

1.3.7. H-Temperature Program Reduction (TPR): The TPR measurements were carried out in a
quartz reactor. 150-200 mg of catalyst powder were loaded and heated under Ar up to 573 K (ramp rate
10 K/min) for 1 hour to remove any impurity adsorbate from the catalyst surface. Afterward, the reactor
is cooled down to 313 K and 10% H/Ar was introduced as gas mixture. The outlet of the reactor is
connected to a thermal conductivity detector (TCD) to monitor the H> consumption. A H,O trap is

placed before the detector, which is cooled with liquid nitrogen during the measurement.
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Figure S1. Plot of BET specific surface area derived from N> physisorption isotherms of Rh

catalysts synthesized via various methods versus the metal content obtained from ICP-OES

analysis. WI, FSP and PP stands for wetness impregnation, flame spray pyrolysis and

precipitation respectively.

Table 1. The value of BET specific surface area derived from N> physisorption isotherms of
Rh catalysts synthesized via various methods and the metal content obtained from ICP-OES

analysis.
Catalyst Metal content (wt%) | Specific Surface Area (BET), m%/g

Rh/CeO; (WI) 0.88 56
Rh/MgO (PP) 1.48 92
Rh/CeO: (FSP) 1.05 133
Rh/ZrO; (PP) 1.23 201
RhP/CeO, 0.9 25
Rh/CeO.(PP) 1.1 93
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Figure S2. Powder XRD patterns of the Rh/CeO; catalysts (various concentrations) prepared
via precipitation (PP) method and calcined at 623 K. For comparison, CeO> synthesized via

same method is also shown.
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Figure S3. Powder XRD patterns of the Rh/CeO; catalysts prepared via flame spray pyrolysis
(FSP) method and calcined at 623 K. For comparison, CeO> synthesized via same method is

also shown at the bottom.
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Figure S4. Powder XRD patterns of the Rh/CeO; (0.9 wt%) catalyst and CeO> support
prepared via wet impregnation (WI) method and calcined at 1073 K.
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Figure S5. Powder XRD patterns of the Rh/ZrO: (1.2 wt%) catalyst and the bare ZrO> support
prepared via precipitation method and calcined at 773 K. The reflection pattern corresponds to

the tetragonal ZrO: phase.

11



RhP/CeO, (pyrolysis)

Intensity (a.u.)

- 0.9 wt% RhP/CeO,

1 T 1 T T Ceo2
20 30 40 5 60 70 80

2 0 (deg)

Figure S6. Powder XRD patterns of the RhP/CeO> catalyst prepared via anchoring molecular
Rh complex [(CeHs)3P]3Rh(CO)H over CeO: followed by pyrolysis at 973 K under Ar flow.

For comparison, CeO; support pyrolyzed at same temperature is also shown.
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Figure S7. Powder XRD patterns of the Rh/MgO (1.5 wt%) catalyst prepared via the
precipitation method and calcined at 773 K. The MgO support prepared via the same method

is also shown. The asterisk (*) represents the contribution from the Mg(OH): phase.
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Figure S8. (a) HAADF-STEM images of Rh/CeO> catalyst synthesized via the flame spray
pyrolysis (FSP) method and the corresponding EDX maps, (b) schematics and set up of
Rh/CeO: catalyst synthesized via FSP method. Colour codes are rhodium : red, cerium : green

and oxygen : blue respectively.

14



; ‘ l

Figure S9. HAADF-STEM images of Rh/CeQ» catalyst synthesized via wetness impregnation

(WI) method and the corresponding EDX maps are shown. Colour codes are rhodium : red,

cerium : green and oxygen : blue respectively.
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Figure S10. HAADF-STEM images of Rh/CeO; catalyst synthesized via the precipitation
method and the corresponding EDX maps are shown. Colour codes are rhodium: red, cerium :

green and oxygen : blue respectively.
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Figure S11. (a) Fourier transformed k3-weighted EXAFS spectra and (b) XANES spectra at
the Rh K-edge of the Rh catalysts supported over CeO; with various methods such as
precipitation (PP), flame spray pyrolysis (FSP), and wet impregnation (WI). Rh203 and Rh foil

are also shown as references for comparison.
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Table S2. Structural parameters derived from EXAFS fitting. The k and radial distance (R)
values considered for the fit were 3-11 A™! and 1.0-2.1 A respectively. Amplitude reduction
factor, S2 was derived from the fit of the metallic Rh foil. The value of

S2 was set to be 0.9. Crystallographic data of Rh,O3 (Coey 1970) was taken for the fit.

Catalyst | Energy | Scattering CN Radial Debye Waller r-
shift, path distance, factor, 62(A2?) | factor
Eo (eV) R (A)
Rh/CeO; | -5.0+ 1.6 Rh-O 4.5 2.030+0.012 0.0026 0.017
(PP) + +
0.6 0.0015
Rb/ZrOy | -52+3.8 Rh-O 4.2 2.025 +0.026 0.0010 0.045
+ +
1.3 0.0031
Rh/MgO | -4.1£3.6 Rh-O 4.5 2.051+0.010 0.0019 0.049
+ +
1.2 0.0025
Rh/CeO; | -1.7£1.9 Rh-O 43 2.030+0.015 0.0023 0.021
(FSP) + +
0.7 0.0020
Rh/CeO, | -4.4£22 Rh-O 3.9 2.031 + 0.009 0.0021 0.050
(WI) + +
0.7 0.0018

CN stands for coordination number and r-factor is goodness of fit.
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Figure S12. X-ray photoelectron spectra (XPS) of Rh catalysts in Rh 3d region synthesized via
various methods over different support (CeO2, MgO and ZrO,). The table below shows

different species, assignments and the corresponding percentage area.

Table S3. Component of Rh species, assignments and percentage are shown below.

Sample Species Rh3ds/ Assignment  Area
(SP) Binding Energy (eV) (%)
1.1% Rh/CeO; Species 1 309.3 Rh™ 99
Species 11 307.4 Rh? 1

2% Rh/CeO» Species I 309.3 Rh'™ 98.6
Species 11 307.4 Rh? 1.4

4.4% Rh/CeO; Species | 309.3 Rh!™ 91.4
Species 11 307.8 Rh° 8.6

2% Rh/MgO Species I 309.2 Rh!"! 78.1
Species 11 307.2 Rh° 21.9

1.5% Rh/ZrO; Species | 308.1 Rh'™ 98.5
Species 11 307.2 Rh? 1.5

0.9% RhP/CeO> Species | 309.2 Rh'™ 63.5
Species 11 307.8 Rh? 36.5
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Figure S13. CO-DRIFT spectra (represented in logarithmic scale) at room temperature over
various Rh catalysts. (a) Rh/CeO: (PP), (b) Rh/ZrO», (¢) RhP/CeO,, (d) Rh/CeO: (FSP), (¢)
Rh/CeO2 (WI), and (f) 5 wt% Rh/CeO> (PP). PP: Precipitation, FSP: Flame Spray Pyrolysis,

WI: Wet impregnation.
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Table S4. CO absorption frequencies and their assignments over supported Rh catalysts. vs and

vas represent symmetrical and asymmetrical stretching frequencies.

CO absorption
frequency (cm™)
2095 (vs), 2027 (Vas)

2116-2120
2102-2096 (vs)
2032-2022 (Vas)

2080-2100

2097 (Vs)a 2028 (Vas)
2110 (vs), 2039 (Vas)
2100 (vs), 2039 (vas)
2102 (vs), 2036 (Vas)
2114
2120
2086 (vs), 2020 (Vas)
2090 (vs), 2034 (Vas)
2056

2087,2017

2105, 2032

21102088

20452015

2101, 2032

2154-2135

2125
2112 (vs), 2030 (Vas)

2154-2158

2100-2090 (vs)
2035-2020 (Vas)
2035
2042-2076
2000-2020
1900-1920

Assignment

Geminal CO adsorbed to a Rh single
atom
Linear CO adsorbed to Rh**
Geminal CO adsorbed to a Rh*
single atom
Linear CO adsorbed to Rh*
Geminal CO adsorbed to a Rh single
atom
Geminal CO adsorbed to a Rh**
single atom
Geminal CO adsorbed to a Rh*
single atom
Geminal CO adsorbed to a Rh*
single atom
Linear CO adsorbed to Rh**

CO adsorbed to Rh(O)
Geminal CO adsorbed to a Rh*
single atom
Geminal CO adsorbed to a Rh"
single atom
Linear CO adsorbed over Rh
(desorption of CO from Rh(CO),)
Geminal CO adsorbed to a Rh single
atom
Geminal CO adsorbed to a Rh single
atom
Geminal CO adsorbed to a Rh single
atom
Geminal CO adsorbed to a Rh single
atom
Linear CO adsorbed to a Rh*" single
atom
Linear CO adsorbed to Rh**
Geminal CO adsorbed to a Rh*
single atom
Linear CO adsorbed to a Rh*" single
atom
Geminal CO adsorbed to a Rh single
atom
CO adsorbed to Rh-H
Linear CO adsorbed to Rh®
Bridged CO adsorbed to a Rh*
Bridged CO adsorbed to a Rh’
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Support
AlLOs

Al O3
AlLO3

AlLOs
TiO;

Phosphotungstic
acid
Phosphotungstic
acid
Zn0O
CeO2
CeO2
CeO2
CeO2
CeO2
7103
CoO
WOx
Zeolite beta

Zeolite MFI

Zeolite MFI
Zeolite MFI

Zeolite Y
Si0;
Si0;

Al,O3

Al,O3
AlO3

Reference
Ref'!

Refi213
Ref'?

Ref12713
Refl4, 15

Ref!®
Ref!®
Ref!’
Ref!
Ref!®
Refl 18
Ref!
Ref!®
Ref?’
Ref?!
Ref?
Ref??

Ref?

Ref?*
Ref?*

Ref25-26
Ref?’
Ref?’

Refi2-28

Ref!?
Ref'?



1800
2057
1850
2070
1860
2068
1860
1850
2075

Bridged CO adsorbed to a Rh’
Linear CO adsorbed to Rh°
Bridged CO adsorbed to a Rh’
Linear CO adsorbed to Rh®
Bridged CO adsorbed to a Rh’
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Figure S14. CO-DRIFTS spectra collected at room temperature over various Rh catalysts by
flowing 1% CO/Ar (left) and followed by pure Ar (right) for 1 h. The gas flow was 30 mL/min.
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Figure S15. Overview of experimental set-up for in-situ XAS studies at P65, PETRAIII, DESY,
Hamburg, Germany. A back pressure regulator was installed at the gas outlet to regulate the
pressure. To ensure safety inside the experimental hutch, CO sensors were installed at various

locations.
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Figure S16. In-situ XANES spectra at the Rh K-edge of Rh/CeO; catalysts synthesized by
different methods((a)-(c)) and the fraction of component derived from linear combination
fitting ((e)-(h)) during hydroformylation of ethylene are shown. (g) represents the m/z value of
the fragmentation pattern of various compounds monitored via an online mass spectrometer.
PP, FSP and WI stands for precipitation, flame spray pyrolysis and wet impregnation

respectively.
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Figure S17. Fourier transformed k’-weighted EXAFS spectra after (a) hydroformylation
reaction of ethylene and (b) CO hydrogenation reaction. Dotted arrow lines are a guide to the

eye to show Rh-O and Rh-Rh shell without phase correction.
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Figure S18. Magnitude (open black circle) of the k*>-weighted EXAFS spectra and the
corresponding fit (continuous red line) of catalysts after hydroformylation of ethylene (left)
and CO hydrogenation reaction (right). The window considered for fit was between 2-3.1 A.

PP and FSP stand for precipitation and flame spray pyrolysis.
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Table SS. Structural parameters derived from EXAFS fitting. The k and radial distance (R)

values considered for the fit were 3-12 A™! and 2.0-3.0 A respectively. Amplitude reduction

factor, S2 was derived from the fit of the metallic Rh foil. The value of

S2 was set to be 0.9.

Catalyst | Reaction | Energy | Scattering | CN Radial Debye r-
shift, path distance, Waller factor
E, (eV) R (A) factor,

c*(A?)

Rh/CeO, | CO+CoH4tH, | -11.4 Rh-Rh 5.5 2.694+0.011 | 0.0094+0.0016 | 0.034
+1.6 +1.1

Rh/ZrO, | CO+CoHatH> -8.3 Rh-Rh 4.7 2.72440.011 | 0.0085+0.0016 | 0.051
+1.4 +0.9

Rh/MgO | CO+CHs+H, | -15.4 Rh-Rh 1.2+0.6 | 2.694+0.017 | 0.0027+0.0025 | 0.070
+4.5

RhP/CeO, | CO+C,H4+H: -7.3 Rh-Rh 6.0+£0.9 | 2.684+0.007 | 0.0056+0.0010 | 0.018
+1.1

Rh/CeO, | CO+C:H4+H: 9.1 Rh-Rh 6.3+£1.3 | 2.677+0.009 | 0.0073+£0.0014 | 0.019

(FSP) +1.4

Rh/Ce0O;, CO+H; -7.8 Rh-Rh 4.4 2711 + 0.0084+0.0020 | 0.024
+1.8 +1.1 0.013

Rh/ZrO» CO+H» -8.9 Rh-Rh 5.1 2.738+0.028 | 0.0140+0.0039 | 0.082
+2.5 +1.8

Rh/MgO CO+H» -13.3 Rh-Rh 1.1 2.703+0.021 | 0.0025+0.0031 | 0.088
+5.3 +0.6

RhP/CeO» CO+H; -1.9 Rh-Rh 6.0 2.697+0.009 | 0.0063+0.0013 | 0.015
+1.2 +1.1

Rh/CeO; CO+H» -8.6 Rh-Rh 4.9+0.8 | 2.706+0.007 | 0.0065+0.0011 | 0.010

(FSP) +1.1
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Figure S19. (a)-(c) In-situ XANES spectra at the Rh K-edge of Rh/CeO; catalysts with

different Rh loadings (1.1, 2.2 and 4.5 wt%) during CO hydrogenation reaction and (d)-(f)

corresponding fraction of Rh component (oxidized and reduced) derived from linear

combination fitting (LCF). (g) represents the m/z value of the fragmentation pattern of various

compounds monitored via an online mass spectrometer.
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(a) Hydroformylation reaction

CH,CH,CHO

CO + H, =™~

(b) Methanol synthesis

(c) Higher alcohol synthesis

H. //O II'
co ﬁ) c H—C

CH5CH,OH

Figure S20. Schematics of three different mechanistic pathways (a) Hydroformylation reaction,

(b) Methanol synthesis, and (c) Higher alcohol synthesis over Rh catalyst are shown.
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Figure S21. In-situ DRIFTS spectra collected under various conditions of the catalyst

synthesized via the wetness impregnation method. (a) 1% (CO + H;) at 523 K (b) 1% (CO +
Hz) at 453 K and (c) 1% CO at room temperature.
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Figure S22. (a)-(f) Temperature calibration between room temperature up to 573 K on the
catalyst surface with Infra-red camera under Ar flow at a rate of 40 mL/min. The value at the
centre of the catalyst was taken into consideration. Average of 3 measurements were performed.
It is evident that at high temperature (573 K), there is a significant difference in temperature (>
100 K) at the centre of the catalyst bed and at the edge. This is critical for designing operando
experiments. The temperatures (°C) recorded are shown in the images. A sieve fraction of 100-

200 pm of the catalysts was used.
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H,-TPR profile DRIFT spectra (CO+H, @ 453K)
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Figure S23. H>-temperature program reduction (TPR) profile (left) and DRIFT spectra (right)
at 453 K with CO + H» gas mixture over Rh/CeO», Rh/ZrO,, and Rh/MgO catalysts. PP and
WI stand for precipitation and wet impregnation.
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