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Design and creation of catalytic reaction fields using operando ME spectroscopy
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Modulation Excitation (ME) is a powerful method that can dramatically
improve the signal/noise (S/N) ratio in spectroscopy and selectively analyze species involved in the
dynamic processes of physical and chemical phenomena. It is. The purpose of this study was to
design an effective catalytic reaction site for CO2 hydrogenation reactions through studies using

Operando ME spectroscopy. More specifically, we applied Operando ME spectroscopy to methanol
synthesis from CO2/H2 at a low temperature of about 150 with the aim of elucidating the reaction

mechanism and establishing guidelines for designing a catalytic reaction field.

Modulation Excitation



B X C—19,. F—19—1, Z2—19 (U@

1. WFEBAR 4P D &

Modulation Excitation (ME)EITZ53 EIEIZRBIT D 7T/ ) A4 Z(S/N) A BRIz m E &
B ALFBG OB RIRIEIZB S 9 AR A BRI T 5 2 L O TE 27 FIETH D, AF
ZETIE. 2O ME 506 & BB ESR T TRl O 23 6 IR & AR PR - SEIRYED I E % [F]
REZAT 9 FIE L ER SN TV D Operando Bl & ZFAA DY D 2 & CRBESUSHIERFIE 21T,
i S IS DR FHESH 2 MeST T 5, EEROS & LU TIEEIS CO, OKRFLEH S, oD
FRIEER FHESH IR S WTEMBE A BT T2 & & bIT, Uik B OISR 2 T3 5,

2. WFED HRY

AL TIX, Operando ME 43 % FIWTZ Rt 238 L T, COp K AL A % 7 il s
AT HZ A A E L7, 10 BZAITIE, 150 "CRREDRIRICIHIT D COyHy 72D D A X
J—IVERRIZHRE LT, Operando ME 43t % 1 F U CROCHEAE MR A M OV IS % G R 8 O
HKArHELL,

3. WDk
IS IS D SRR In situ/Operando ME 435678 812 X 2 EBRA 72 FIEITIN A T, #HHEEHENT
Ex AW ZE b T o 72,

4. WFFERR

150 °C BREDIKIRICH T D CO/H, MHD AKX ) —)VERIISICH R 7 TiO, HHFF Re filifi:
(Re(3)/TiO2; Re = 3wt.%) 2% L T, ME X-ray Absorption Spectroscopy (XAS)HIE Z 1T\, Re ®
ALIRTE & & OREZALZ ) 7V % A A TiBHF L 7= (Figure 1), /M T, Ambient Pressure X-ray
Photoelectron Spectroscopy (AP-XPS)HIE © 17V, i3 > Re OE(L A AL L 7= (Figure 2),
ZINHDEREITO T, CO/H, R BIZHRHITEANT 5 WMEINE ER AT 5 T, AETE M
WA BT B =— 7 e85 A% B L 7= (Figure la), HAADF-STEM IE%1T-~7-& 25, FEBh
IZ Re FEDO /3N & TV D 2 & 2350 7= (Figure 3),

Diffuse reflectance infrared Fourier transform spectroscopy (DRIFT)% F V7= 32 i W 5 FE 1 B9~ 2 7l
BHIT o7z, KFEITHILEL D Re/TiOy 1T CO/H IRAE N AZEATH L, A FF AL IO
TSR kT 2 W 2B S 2u 72 (Figure 4),  [ANAZAR 2 AV 7o SEBR SO0 P IS 2 FEBRE D0~ &
(Figure 5), Re/TiO, ECTOIKIRA # 7 — VAT Z NS OFRPIIAEZRE LT 2 &0
RS ATz, ZHU S FEBREE IR LV | Figure Se O RUGHEREZ 8 L TARRISETIT L T 5 & il L
7=

LLEDRERIT, COHy 225 DIRIE A 2 7 — V& RS A B 7 il ik 5t 217 5 IS 7= > Tl
ERMATHY, L RWMBBRROEBUCE T HHDLEX LD, 5%IF, AFEICTHDS
AT DR EHEE 2 TR L. K0 EiE R AR 21T 9,

® ® ®
a b c
2

<| VN N\

= = 2
% He E §
= 8 8
E £ E
3 NANANA o 2 S
|

Quasi steady state (@)

N

N ) ) | . . . .
0 20 40 60 80 100 120 10520 10530 10540 10550 10560 10520 10530 10540 10550 10560 10570
Time /s Energy / eV Energy / eV

Figure 1 Transient H,+CO; and He+CO, experiment. a Corresponding normalized ion current signal from
a mass spectrometer. b operando Re Ls-edge XANES spectra. ¢ Phase-resolved amplitude spectra from Re
L;-edge XANES: Spectra is within ¢"P= 0-360° at steps of ¢"S°= 15°. He balances are used in the CO,
phase to maintain partial pressure. Reaction conditions: H/CO, =3, T= 150 °C, P = 10 bar, Fiw = 10 Nml
minL,
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Figure 2 (a) Experimental conditions during the AP-XPS study. (b) Re 4f AP-XPS spectra of Re/TiO, under
exposure to (i) Ha, (i1) COy, (iii) Ha, and (iv) CO, at 150 °C. Blue dots: raw spectrum; black line: sum;
yellow: Re®; green: Re*"; red: Re?’; light blue: Re%*-Re'*; navy: Re’; beige: Ti 3p.
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Figure 3 Representative HAADF-STEM images of Re/TiO;: a after reduction (500 °C in Hy) and b after
the transient experiment (150 °C and 10 bar). ¢ Re cluster size distribution of Re/TiO; was determined from
HAADF-STEM: c after reduction (500 °C in H,) and d after the transient experiment (150 °C and 10 bar).
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Figure 4 Temporal evolution of surface species obtained by operando DRIFTS during the initial phase of
the reaction with H,+CO; over pre-reduced 3 wt% Re/TiO,. a v(C—H) region, b, ¢ v(C-O) region, and d
structures of relevant surface species. Reaction conditions: 10 mg catalyst, H,/CO, =3, T =150 °C, P=10
bar, Fiow = 10 NmL min ™.
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Figure 5 Transient DRIFTS study on CO, hydrogenation over 3 wt % Re/TiO, catalyst. a Time-resolved
DRIFT spectra upon transient concentration perturbation using H,+CO, and He+CO, at 150 °C and 10 bar.
b Components spectra obtained by multivariate spectral analysis applied on the time-resolved DRIFT
spectra. ¢ Concentration profiles of the corresponding components spectra obtained by the multivariate
spectral analysis. d Corresponding normalized ion current signal obtained from MS. e Proposed mechanism
for CO; activation to monodentate formate. Possible dihydride species are shown as monohydride. Reaction
conditions: 10 mg catalyst, H,/CO, = 3, T = 150 °C, P = 10 bar, Fiota = 10 NmL min".
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