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Figure 1 Development of XAFS technique (color online).
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Figure 2 Cu K-edge XAFS spectrum for copper foil (color online).
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Figure 3 Schematic diagram of outgoing photoelectron waves scattered by surrounding atoms to form oscillatory signals on the higher-energy side of

the absorption edge (color online).
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Figure 4 Schematic diagram of the experimental setup for XAFS measurements in the transmission and fluorescence detection modes (color online).
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Figure 5 Design diagram and physical photos of the in situ XAFS cell
for gas-solid phase catalytic reactions [2,3] (color online).
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Figure 6 (a) Schematic diagram of the in situ XAFS cell designed for liquid phase or solid-liquid reactions by Grunwaldt et a/. [43]. (b) Schematic
diagram and physical photo of the high-temperature and high-pressure in situ XAFS cell designed by Kawai et al. [44] (color online).
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Figure 7 Schematic diagram of the in situ cell in the BLI4W1-XAFS
beamline of the Shanghai Synchrotron Radiation Facility. A photo of the
high-temperature and high-pressure in situ cell and an enlarged view of
the sample holder are highlighted (color online).
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Figure 8 (a) Schematic diagram of in situ electrochemical reaction cell in the transmission mode. (b) Physical drawing of in situ electrochemical

reactor (including enlargement of detailed parts) [47] (color online).
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Figure 9 (a) Schematic diagram of electrocatalytic reaction cell and in situ XAFS test in the fluorescence mode [48]. (b) In situ electrochemical

reaction cell in the fluorescence mode [49] (color online).
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Figure 10 (a) Schematic decomposition and (b) physical drawing of the in situ XAFS setup for fuel cells tests [52] (color online).
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Table 1 Extractable parameters, advantages, disadvantages and challenges of XAFS under various conditions
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Figure 11 (a) RT XANES spectra at Fe K-edge of the 1cFe-Pt/SiO,
sample before and after each treatment. (b) RT XANES spectra at Pt L;-
edge of the 1cFe-Pt/SiO, sample before and after each treatment. (c) FTs
of the EXAFS spectra at Fe K-edge of the 1cFe-Pt/SiO, sample before
and after each treatment. (d) FTs of the EXAFS spectra at Pt L;-edge of
the 1cFe-Pt/SiO, sample before and after each treatment. (e) Structural
model diagrams of 1cFe-Pt/SiO,-O (left), 1cFe-Pt/SiO,-R (middle) and
1cFe-Pt/Si0,-P (right) [5] (color online).
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Figure 12 In situ XAS characterization of Pd-K after H, reduction at
different temperatures. ks-weighted EXAFS oscillation spectra of (a)
5%Ga,05 and (b) 5%Pd@Ga,0;. Fourier transformed EXAFS spectra
of (¢) 5%Pd/Ga,0; and (d) 5%Pd@Ga,0;. Coordination numbers
(CNpgpq and CNpy ,) for (e) 5%Pd/Ga,0; and (f) 5%Pd@Ga,0;
reduced at different temperatures obtained by least squares EXAFS
curve fitting [57] (color online).
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Figure 13 RT XANES spectra of different samples before and after each treatment (H,-TPR CO,-TPO, H,/O, redox cycle ending with H, reduction
step): (a) PtGa/MgAl,O, without atomic layer deposition of Al,0; and (b) PtGa/MgAl,O, after atomic deposition of Al,O; [61] (color online).
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Figure 14 RT XANES spectra of different samples of Pt/MgGaAlO before and after each treatment (H,-TPR, CO,-TPO, H,/O, redox cycle ending
with H, reduction step): (a) without Al,O; ALD and (b) with atomically deposited Al,O; [61] (color online).

2130



FRERE: B 2023 4F BB 53 % 2B 11

U7 — R B QR B 418 R T s
BREIREALEY, KPR T2 B B AL S AL,
HETT (A B SN DA B AR FERC O, N R A 25 B 1%
R R T P AT AR B AT .

Copéret25 V15 & TR XAFSH AR . B I H T
S TR LR AIDFTV 4, 42 M 815,
P 5 B A B8 HI P, MnSURL 2 8] () 5 AH A FH 54 nT
RE /& PtMn/Si0, AL 77 s 1 S AR e Ve R IR. 458
EXAFS/HTFIDFT 5, 138 K IPFIMnA7-7E B 2 1)
2 (AT, P BT ORI P 38, T K 35> Mn B 42
TEPCRISIO#k M 2 18] [ ST, 7EPUiZ A Bl A% 7 45
. RAEPIMN/SIO, (3 wt% Pt, 1.3 wt% Mn)ff43 55 P4 i
X i PEREPDHAE AL AR Ui 2 AR, HE BoR AR &
A= Ak, 54 B P LL, PtMn/SiO,7E 1% 4
A R R ILH AR R AR T e, X PR AR e A R T
299K A 2 T M 5 Min” B i K — SR AL RE AR P B
FHEAEF, A A3 7E G bt e W 2% 1R 9 T LRI
pegt.

PtSn 7% 1 25 F REAE7E T Joe 5t 20 s 7 P Bt I
AN R RITE S, RN DR ) M
ATE PRI DG, SR F AR 1 5 M R Tl o o R AR
ARIRMEMLEF]. CormaZs Vit 45 & M X AFSE AL 5
R A T BB SRR, AT
V290K PtSn % 45 P RFAIE RO A B AR A4 2 A K i i B 7

@) [au@SubML-Pd Pd K edge
— Pd foil * 0.3
Au,,@0.6ML-Pd
— Au, @0.4ML-Pd
Au, @0.3ML-Pd
— Au,,@0.3ML-Pd

YN

[FT(kx(K))| (a.u.)

— Au,,@2.9ML-Pd
Au,,@3.2ML-Pd
— Au,,@2.9ML-Pd

R (A

& 15

Felt Ak RE.

2

5.1.4  ZKHIESAAL RIS

VE R Z FIS S R R 2K RS, TR 24 T2
T /K i & FURE Ak 1A P A0 A 5 T 12 I,
1SR P 2R P I L S v 1) 5% v 20 P 2 R A Tl
SZRVE AN, I I A A 7 v Al R R I ) DGR T
RAEREA AT, R, R R XAFSEARMF 7T
HEAL TR B2 G5 A 7810 5 K 8500 RN R A s BT
A il % AU AL B AR AL

Lo it AL XAFSHAR, /%0 7 A FAu@Pd
W4 Je M AR R TE 2 A S B 261 R AL A B S5 40
SRR, WEISHTR, fEEXAFSY Rk 4045 ki
i, Pd foil I A JE T PA AR KT BRI, 725 A
BT ) F2 0k B T 58— 52 2 P AR Pd-PAfL AL, 2 A
Ak 11 7NV 2 B T 22 P R HICSS A RS 1)l 28 4 R8T 7 AR
L IE. FHELZ R, Au,@SubML-PAEE G HIIE1E SR
g A S BRI, Ot B R . I Auk R~ (38, 58
— 3T AR 5% J2 1 U A7 B AR I T ) 5 R R AL B
Au, s@0.6ML-PAXUIEART B 43 A7 F-2.14F02.75 A, T
Aug {@0.6ML-PAXUENL B 53747 T2.24F12.85 A, X
gk R, 54 EPdLL, WEE A& TPd
FIAula] (1 BE BB K, Ff7 BB AR, (HAERRE, Tl
Au,@yML-PAFf i 7EK 2 A AR 25 (B M EXAFSHR % 5

(®) [au@subML-Pd Au L, edge
Au-Au ~— A — Au foil

Au,,@0.6ML-Pd

— Au, @0.4ML-Pd

Au.',,@o.:!ML-Pd

— Au,,@0.3ML-Pd

Au, @yML-Pd Al

— 0.3ML-Pd

— 1.1ML-Pd
2ML-Pd

2.9ML-Pd

[FT(kx(K))l (a.u.)

Au,@~3ML-Pd
— Au, ,@2.9ML-Pd

Au, @3.2ML-Pd
— Au,,@2.9ML-Pd

R (A)

A A AukZ R 1) Au,@SubML-Pd 75 4 57 AL 71T BL K AS [FIPAE 2 T2 2 1Y) A, @y MIL-P AR 576 A 70 76 £ B I 2 4t

EXAFSTER % ) S i A6 77 45 438 A8 15 . (2) Pd KIZ; (b) Au Lyis™ (M4 )
Figure 15 Fourier transformed EXAFS of Au,@SubML-Pd alloy single-atom catalysts with different Au core sizes and Au @yML-Pd core-shell
catalysts with different Pd shell thicknesses: (a) at Pd K-edge; (b) at Au L;-edge [6] (color online).
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Figure 16 (a) In situ XANES spectra at Ir L;-edge of AD-HN-Ir catalysts. (b) The corresponding in situ FT-EXAFS spectra. (c) Atomic structure
illustrations of Ir coordination environments at three different voltages [73]. (d) In situ XANES spectra of the Ni K-edge of monolayer Ni(OH), and (e)

multilayer Ni(OH), [75] (color online).
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Figure 17 (a) In situ XANES spectra and (b) in situ EXAFS spectra at Co K-edge of the Co,/PCN catalyst at different HER potentials [81]. (¢) In situ
XANES spectra at Ru K-edge of the Ru/NC catalyst at different HER potentials. (d) Oxidation state of Ru, and (e) the corresponding in situ EXAFS

spectra [82] (color online).
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Figure 18 (a) In situ XANES spectra and (b) in situ FT-EXAFS spectra at Ru K-edge for Ru NPs/NC-900 catalysts under different reaction
conditions [84]; in situ XANES spectra at (c) Ru K-edge and (d) Pt L;-edge of PtRu monoatomic alloy electrocatalysts under different reaction

conditions [85] (color online).
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Figure 19 (a) First-order derivatives of in situ XANES spectra and (b) in situ EXAFS spectra at Cu K-edge of the CuSiO, catalyst during
electrocatalytic CO, RR [91]. (¢) In situ XANES spectra and (d) in situ EXAFS spectra at Cu K-edge for the OBC catalyst in a CO,-saturated 0.5 M

KHCO; solution [92] (color online).
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Figure 20 (a) In situ XANES spectra and (b) in situ EXAFS spectra at Co K-edge of Co-u-COF/graphene catalysts during electrocatalytic CO, RR
[87]. (c) In situ XANES spectra at Cu K-edge of Cu pph catalysts at different potentials of CO, RR [95]. (d) /n situ XANES spectra of Ni,NC catalysts
at different CO, RR potentials, and (e) plots of experimental XANES spectra against theoretical spectra [96] (color online).
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Figure 21 (a) In situ XANES spectra and (b) in situ EXAFS spectra at Pd K-edge of the Pty ,Pd, sGe catalyst at different ORR potentials [99]. (c) In
situ EXAFS spectra at Pt L;-edge of dual-site catalysts at different ORR potentials. (d) Atomic structure diagrams and (e) in situ EXAFS spectra at Fe

K-edge [100] (color online).
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Figure 22 In situ XANES spectra at (a) Mn K-edge and (b) Co K-edge at a series of oxygen reduction potentials [60] (color online).
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Figure 23 (a) EXAFS spectra at Ni K-edge and (b, ¢) in sifu SRIR test results of Ni;-NC SACs catalysts at different oxygen reduction potentials
[106]. (d) Experimental setup for imaging strain distribution on individual Pt NPs (including schematic diagrams of the in situ BCDI flow cell, the X-
ray beam, and the 2D detector as well as views of the Pt NPs). (e) Different surface strain of Pt NPs under different electrode potentials [108] (color

online).
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Synchrotron radiation XAFS applications in the in situ measurement
for energy catalysis
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Abstract: This review presents a brief introduction of the basic principles, data analysis and experimental methods of
synchrotron radiation-based X-ray absorption fine structure (XAFS) spectroscopy, as well as its applications in the in
situ chemical measurements for energy catalysis researches. By selecting typical research papers in this field published
in recent years, the experimental setups of in situ XAFS measurements are outlined for both gas-solid phase and liquid-
solid phase chemical reactions. The focus is put on reviewing the applications of XAFS to study the structural dynamic
evolution process of energy catalytic materials and reaction mechanism. These studies demonstrate the powerful
characterization ability of the XAFS technique for in situ measurement of the active structure evolutions under real
chemical reaction conditions, and point out further opportunities and challenges of XAFS for in situ measurements of
other related chemical processes.

Keywords: synchrotron radiation, XAFS, in situ measurement, energy catalysis, local structure evolution
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