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Figure S1. CO conversion during WGS reaction on the fresh-as prepared Au/CeZrO4 catalyst at 150 °C 

in reformate gas (2% CO, 8.1% H2, 7.5% H2O and balance N2 – 50 Nml min-1) in the XAS reaction cell 

and using IR spectrometer (time resolution = 1 min). Inset: Initial activation and deactivation over 30 

mins. 

  



 

Figure S2. CO conversion during WGS reaction at 150 °C in reformate gas (2% CO, 8.1% H2, 7.5% H2O 

and balance N2 – 50 Nml min-1), after re-calcination of the spent Au/CeZrO4 catalyst (measurement 

described in Fig. S1) in XAS reaction cell and using IR spectrometer (time resolution = 1 min). 

  



 

Figure S3. FT-EXAFS spectra (magnitude and imaginary part; black line: raw data; blue lines: fits) of 

the fresh as prepared Au/CeZrO4 catalyst under flow of N2 at 250°C. Data is phase shift-corrected. 

Comment: A contribution from the Au-Au shell (at 2.74 ± 0.02 Å and CNAu-Au = 2.2) for the fresh heated 

sample can be attributed either to a small fraction of Au clusters or Au-Au in oxidic particles 1,2. 

  



 

Table S1. EXAFS data evaluation parameters of the native Au/CeZrO4 and during WGS reaction at 150 

°C. 

Measurement CN s2 / Å2 R / Å  E0 /eV 

Fresh 25°C 

(Au-O/Au-Au) 

2.80 ± 0.30 

2.2 ± 0.60 

0.0096 ± 0.003 

0.0130 ± 0.005 

2.00 ± 0.014 

2.74 ± 0.015 

-7.7 ± 0.5 

17.0 ± 5.0 

Fresh @ 150°C 

(Au-O/Au-Au) 

1.9 ± 0.3 

1.9 ± 1.8 

0.009 ± 0.003 

0.006 ± 0.007 

1.99 ± 0.015 

2.73 ± 0.018 

-2.2 ± 0.5 

16.0 ± 2.5 

WGS-I - 5 min 

(Au-O/Au-Au) 

0.06 ± 0.06 

3.5 ± 0.65 

-0.007 ± 0.0035 

0.010 ± 0.003 

1.97 ± 0.015 

2.72 ± 0.020 

-8.9 ± 8.3 

6.0 ± 1.0 

WGS-I - 95 min 0.1 ± 0.1 

3.4 ± 1.2 

-0.010 ± 0.005 

0.010 ± 0.0035 

1.97 ± 0.015 

2.72 ± 0.030 

-3.8 ± 20 

9.1 ± 4.8 

WGS-I - 195 min 

(Au-O/Au-Au) 

0.06 ± 0.06 

3.9 ± 1.1 

-0.002 ± 0.005 

0.0144 ± 0.004 

1.97 ± 0.02 

2.74 ± 0.030 

-7.3 ± 20 

6.19 ± 5.4 

WGS-I - 320 min 

(Au-O/Au-Au) 

0.1 ± 0.1 

4.4 ± 0.8 

-0.02 ± 0.007 

0.012 ± 0.006 

2.0 ± 0.02 

2.76 ± 0.022 

-7.3 ± 20 

6.19 ± 5.4 

WGS-I - 410min 0.02 ± 0.05 

5.0 ± 0.78 

-0.03 ± 0.02 

0.012 ± 0.006 

1.96 ± 0.02 

2.85 ± 0.02 

-9 ± 5 

-2.6 ± 3.0 

WGS-I - 500 min 

(Au-O/Au-Au) 

0.02 ± 0.05 

5.4 ± 0.70 

-0.018 ± 0.006 

0.012 ± 0.005 

1.98 ± 0.022 

2.85 ± 0.033 

8.8 ± 19.8 

-2.7 ± 1.8 

WGS-I - 590 min 

(Au-Au) 

5.8 ± 0.9 0.014 ± 0.005 2.85 ± 0.022 8.0 ± 5.0 

After recalcination step in 10% O
2
/N

2
 at 200°C for 45 min 

WGS-II - 5 min 

(Au-O/Au-Au) 

0.1 ± 0.1 

3.4 ± 0.6 

-0.05 ± 0.003 

0.009 ± 0.003 

1.97± 0.021 

2.77 ± 0.025 

10 ± 3.0 

1.9 ± 1.1 

WGS-II - 95 min 

(Au-O/Au-Au) 

0.03 ± 0.01 

4.2  ± 1.2 

-0.05 ± 0.007 

0.015 ± 0.008 

2.0 ± 0.03 

2.77 ± 0.03 

-6.3 ± 6.0 

1.9 ± 1.1 

WGS-II - 195 min 

(Au-O/Au-Au) 

0.03 ± 0.02 

4.9 ± 1.0 

-0.005 ± 0.005 

0.015± 0.009 

1.97 ± 0.022 

2.82 ± 0.035 

-5.5 ± 10 

2.3 ± 3.7 

aCN: Au−Au, Au−O first shell coordination number. b s2 mean square displacement, part of the 

Debye-Waller factor (DWF: exp(-2s2k2; k is wave vector). cR: Au−Au / Au-O first shell bond 

distance. dE0: energy reference parameter. 

 



 

 
Figure S4: FT-EXAFS spectra (magnitude and imaginary part; black line: raw data; blue lines: fits) of 

Au/CeZrO4 catalyst a) during WGS-I at 150°C (a: 5 min; b 95 min; c: 410 min;  d: 590 min) and during 

the second WGS-II, after the oxidative treatment (e:  5 min; f: 195 min). Note that the duration of 

one single spectrum is 1 h, after the end of recording XANES region (6 min). 

 



 

Figure S5. Comparison of a) k1, b) k2 and c) k3 weighted FT-EXAFS data collected during the first 

WGS reaction at 150°C. 

 

 

 

 

 

 

 

 

 

 



Table S2. Fit parameters of K1,K2 and K3 weighted FT-EXAFS data collected during the first WGS 

reaction at 150°C. 

 

Measurement CN  / Å2 R / Å  E0 /eV 

k1-weighted 0.07 ± 0.22 

3.3 ± 1.8 

-0.0185 ± 0.004 

0.0065 ± 0.005 

2.09 ± 0.02 

2.8 ± 0.0064 

-8.9 ± 8.3 

6.0 ± 1.0 

K2-weighted 0.06 ± 0.06 

3.0 ± 0.65 

-0.007 ± 0.0035 

0.010 ± 0.003 

1.97 ± 0.015 

2.72 ± 0.020 

-8.9 ± 8.3 

6.0 ± 1.0 

k3-weighted 0.08 ± 0.06 

3.2 ± 0.7 

-0.007 ± 0.005 

0.011 ± 0.005 

1.966± 0.02 

2.73 ± 0.015 

-10.3 ± 15.6 

0.64 ± 1.4 

aCN: Au−Au, Au−O first shell coordination number. b 2 mean square displacement, part of the 

Debye-Waller factor (DWF: exp(-22k2; k is wave vector). cR: Au−Au / Au-O first shell bond 

distance. dE0: energy reference parameter. 

 

 

 

 

  



 

 

Figure S6. Summary of the time-line of the in situ STEM experiment.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

WGS conditions 

 

O2/N2 regeneration 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S7. The Au/CeZrO4 under vacuum at room temperature (A-C) and at reaction temperature, 

150 °C, (D). The fresh catalyst consists of a range of Au NPs from below 1 nm up to ca. 7-8 nm.  
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A) Vacuum, RT B) WGS reaction, 250 °C after 0.55 h  

C) O
2
/N

2
, 300 °C after 1.4 h  D) O

2
/N

2
, 600 °C after 1.1 h  

Figure S8. In-situ HAADF STEM images showing further evidence of Au re-dispersion in the 2.5wt% Au/CeZrO4 

catalyst: A) under vacuum at room temperature; B) during the WGS reaction at 250 °C, C) after 1.4 h in O2/N2 

at 300 °C and D) after 1.1 h in O2/N2 600 °C. The red circles show a particle that was not present at RT under 

vacuum, and disappeared after 1.4 h under O2/N2 at 300 °C. The orange circles show a particle that was 

present in the fresh sample and disappeared after 1.1 h in O2/N2 at 600 °C. 

a) b) 
Vacuum, RT WGS reaction, 250 °C 



 

 

 

 
b) 

WGS reaction, 250 °C 

O
2
/N

2
, 300 °C 

B) 

C) 

A) Vacuum, RT 

Figure S9. In situ HAADF STEM images of the 2wt% Au/CeZrO4: A) Under vacuum at RT, B) during the WGS 

reaction at 250 °C and C) during the oxidative regeneration at 300 °C. The orange circle indicates an Au NP 

formed during the WGS reaction, while the yellow arrow indicates that the same NP has re-dispersed. The 

Au NP in the green circle indicates that some particle agglomeration also occurred under the oxidative 

regeneration step.  



 

Figure S10. Zr 3d spectra for the samples quantified in Table 1. 
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Figure S11. Deconvoluted Ce 3d spectra of fresh, used and re-oxidised Au/CeZrO4 catalysts. 
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