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CuO/MeO, yolk-shell catalyst

Scheme S1 Schematic representation of efficient gas penetration into the yolk-shell structured

SPCZC and CO gas adsorption on both the yolk and shell surfaces.



Figure S1 The FE-SEM images ((a): SPCC, (¢): SPCZ, (e): SPCT, (g): SPCZC, (i): SPCTC) and
TEM-EDS elemental mapping images ((b): SPCC, (d): SPCZ, (f): SPCT, (h): SPCZC, (j): SPCTC)

of the fresh SPC catalysts supported on various supports.
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Figure S2 The XPS patterns of the fresh SPC catalysts supported on various supports ((a): Ce 3d,

(b): Zr 3d, (c¢): Ti 2p).



100

(a) —A—sPczc
—¥—CPCZC
80
S
c
S 60
()
1Y
()
>
5
3 40r
(o)
(&)
20 -
| | | | |
0 10 20 30 40 50
Time on Stream (h)
100
(b) o 383
80 - ]
;\.; 16 %
_5 60
4
(]
>
5
S 40t
(@]
o
20 -
0

3 rd 4th 5(h

No. of DSS reaction

1st 2nd

Figure S3 Comparison of the stability test and DSS reaction for SPCZC and CPCZC catalysts

((a): Stability test, (b): DSS reaction).



Additionally, the Cu-ZrCeO, catalyst was synthesized using the co-precipitation method
(CPCZC), which is widely applied in commercial processes, and a direct comparison was
conducted with other synthesis methods. The results showed that catalysts prepared by the co-
precipitation method exhibited rapid deactivation initially compared to the SPCZC catalyst and
had lower initial activity (Figure S3(a)). Furthermore, the daily start-up and shut-down (DSS) test
showed that the CPCZC catalyst exhibited a continuous decrease in activity, showing a decline of
6%, 10%, 13%, and 16% over the course of five reactions (Figure S3(b)). Therefore, it can be
confirmed that the yolk-shell structure is more stable and exhibits higher catalytic activity

compared to conventional catalyst structures.

[Synthesis method of CPCZC]

The CPCZC catalyst was prepared by co-precipitation and impregnation methods. 0.15 M
Ce(NO;);:6H,0 (SAMCHUN, 98.0%) and 0.05 M Zr(NOj),'xH,O (Thermo Fisher Scientific,
99.5%) were dissolved in 500 mL of distilled water. A 15 wt.% KOH (95%, SAMCHUN) solution
was added dropwise to this solution at 80 °C to adjust the pH to 10.5. The precipitate was aged at
80 °C for 3 days, then washed five times with distilled water and air-dried at 110 °C for 1 day. The
dried precipitate was calcined in air from room temperature to 500 °C at a heating rate of 1°C/min
and maintained at that temperature for 6 hours. The prepared ZrO,-CeO, was impregnated with

0.1 M Cu(NO3),-3H,0 (DAEJUNG, 99.0%) to obtain the CPCZC catalyst.
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Figure S4 The XPS patterns of the fresh and used SPCZC catalysts ((a): Cu 2p, (b): O 1s, (c): Ce

3d).
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Figure S5 The Cu 2p and O 1s spectra of the fresh and used SPC catalysts ((a): SPCC, (b): SPCZ,

(c): SPCT, (d): SPCTC).

[XPS analysis of SPC catalysts]

Except for the SPCC catalyst, the fresh and used samples of the SPC catalysts were analyzed by
XPS, as shown in Figure S5, and the surface atomic ratios calculated from the XPS data are
presented in Table S2. All catalysts exhibited a decrease in the reduced Cu species after the
reaction. Interestingly, the distribution of reduced Cu species followed the same trend as the
catalyst deactivation rates after 50 hours of stability test. In contrast, oxygen defects did not show

a significant reduction, even after 50 hours of time-on-stream reactions.
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Table S1 The surface atomic ratios and OSCC value of fresh and used SPCZC catalysts

The surface atomic ratios by XPS (%) 0SCC value
Catalyst 10,/
Reduced Cu  CuO Op/(0+0p+00y)  Ced*/(Ce¥+Ce*) (wmol Oy/gea)
SPCZC _Fresh 63.23 36.77 39.49 19.10 1,002
SPCZC Used 62.49 37.51 39.51 18.04 1,018
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Table S2 The surface atomic ratios of fresh and used SPC catalysts

The surface atomic ratios by XPS (%)

Catalyst
Reduced Cu CuO Op/(OL+Op+O0n)

Fresh 54.79 45.21 38.08
SPCC

Used 52.52 47.48 37.79

Fresh 47.95 52.05 30.99
SPCZ

Used 34.29 65.71 29.84

Fresh 45.01 54.99 27.89
SPCT

Used 33.06 66.94 26.46

Fresh 40.51 59.49 34.08
SPCTC

Used 36.28 63.72 33.48
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