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Fig. S1.

Overlay

Overlay

Representative HAADF images and EDS mapping images of (a-¢) Pt-large@CeO, and (f-j) Pt-

small@CeO> catalysts
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160 ripf)

ST T

Representative TEM images of Pt@CeO, catalysts with (a) x-small Pt NPs, (b) medium-sized Pt

NPs, and (c) large Pt NPs. (d) A SEM image of Pt-large@CeO- catalysts is also shown.
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Fig. S3.
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Powder X-ray diffraction (XRD) patterns of Pt-medium@CeO:. The average crystallite size of

CeO; in the outer layer was approximately 6 nm, as calculated by the Scherrer equation.
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After drying

Effect of the surface potential on the resulting Pt@CeO2/CeO; sample: (a) When the surface
potential of the CeO» support and Pt@CeO- are both positive, the Pt@CeO- catalyst is not evenly
deposited on the CeO; support after mixing in a solution (sample #1). On the other hand, (b) when
the surface potentials differs from each other between the CeO- support and the Pt@CeO- catalyst,
uniformly mixed precipitates are obtained after mixing in a solution (sample #2). (c, d) The effect
of surface potential of the sample can also be confirmed after the drying and calcination steps. The
surface potential was measured by a zeta-potential analysis, and these results are compiled in

Table S6.
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76  (a) Nitrogen adsorption and desorption isotherms and (b) pore size distribution and cumulative
77  pore volumes for the CeO, support. The BET surface area was 78.4 m? g'!. The pore volume was
78  0.22 cm® g, and the average pore size was 10.3 nm.
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In situ heating TEM observations of Pt-medium@SiO: catalysts after heating at (a) 373 K,

K, (c) 573 K, (d) 673 K, (¢) 773 K, and () 873 K.

(b) 473



102  Fig. S7.

103

104  In situ heating TEM observations of Pt-medium@CeQO; catalysts after heating at (a) 473 K, (b)
105 573K, (c) 673K, (d) 773 K, (e) 873 K, and (f) 973 K.
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128

In situ TEM images of CeO»-encapsulated Pt NPs with different core sizes. The first row shows
the morphology of the catalysts at 298 K, and the second row presents the catalysts after annealing

at 873 K for 60 min: (a, e) x-small (b, f) small (c, g) medium, and (d, h) large Pt NPs.



129  Fig. S9.

130

131  Representative aberration-corrected TEM images of Pt@CeO. obtained at (a) 3,600kX and (b)
132 5,100kx magnification after a thermal treatment at 873 K for 10 h.
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Fig. S10.
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(a) 3D resolution values of samples plotted as a function of the Pt NP size. Representative Fourier

shell correlation (FSC) results obtained for the (b) Pt-small@CeO3, (¢) Pt-medium@CeO,, and (d)

Pt-large@CeO> samples.
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Fig. S11.

b
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(a) 2D slice (d) Anisotropic diffusion
filtering

(f) Watershed segmentation

(c) Background i
& manual correction

removal

(b) Binary mask (e) Adaptive histogram
equalization

Semi-automated segmentation process applied to tomograms. The background of the original slice
of the tomogram was removed by a binary mask (a-c). Anisotropic diffusion filtering (d) and
adaptive histogram equalization (e) were performed to reduce the noise and enhance the contrast
of each phase, respectively. Designation of each phase (grey: Pt, yellow: ceria, black: pore) was

conducted by watershed segmentation and corrected in a manual fashion (f).
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Fig. S12.

(a to ) Cross-sectional view of the volume-constructed Pt@CeO; core-shell catalyst along the Z-

axis

13



187  Fig. S13.

10°

X-small-Pt@ceria
Small-Pt@ceria
Medium-Pt@ceria
Large-Pt@ceria
X-small-Pt/ceria
Small-Pt/ceria

— T /‘ Medium-Pt/ceria
I Large-Pt/ceria
6x107 j A 40.8 kJ mol’
55.4 kJ mol i\ /
J 1
46 7 kJ mol '/ 1
o]
/13

Apparent £ =47.7 =5.9 kJmol '

— 8x107 '
904 kdmol™ 49 4 1kJ mol

oposf0pPow

catal

4x107 417 kJ mol

Reaction rate (mol g

55.3kJmol” 44 gkJmol’

20 22 24 286 28
1,000/T (K™

188

189  Arrhenius-type plots of CO oxidation over CeO;-encapsulated (red) and -supported (blue) Pt
190  catalysts. Apparent activation energy values are similar to each other, demonstrating that the
191  reaction mechanism of the Pt-CeO; system toward CO oxidation was not affected by the different
192  morphologies of the samples. In addition, the Pt@CeO> sample outperforms the CeO»-supported
193 Pt catalyst regardless of the Pt NP size due to the increased length of the interface in the core-shell
194  structure. Thus, the CO oxidation reaction is mainly governed by the interface between CeO> and
195 Pt in Pt@CeOs:. Error bars indicate standard errors for reaction rates.
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Reaction orders for (a, ¢c) CO and (b, d) O2 of the Pt-CeO, catalysts; top, Pt@CeO.; bottom,;

Pt/CeO». The reaction orders for CO and O are similar between the Pt@CeO, and Pt/CeO

catalysts, indicating that the reaction mechanism of Pt-CeO> catalysts toward CO oxidation is not

affected by the morphology of the catalysts. Thus, the CO oxidation reaction is mainly governed

by the interface between CeO2 and Pt in Pt@CeO..
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Fig. S15.
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(a) Exposed metallic surface area (blue circle symbols) and (b) TOFs for CO oxidation (red square

symbols) at 403 K plotted as a function of the particle diameter of the Pt@CeO, catalysts. Circle

with superimposed X symbols () for the 2PB and squared plus symbols (EH) for the 3PB

densities as calculated by 3D tomography are plotted together in (a) and (b), respectively, for

reference. These results indicate that the changes of the 2PB and 3PB site density levels determined

by CO chemisorption and oxidation experiments according to the diameter are in line with those

obtained from 3D electron tomography analyses. Error bars indicate standard errors for particle

sizes, EMSA, and TOFs.

16



229  Fig. S16.
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231  Arrhenius-type plots of CH4 oxidation over silica-encapsulated Pt catalysts. Reaction rates are
232 normalized according to the exposed metallic surface area, as identified from CO chemisorption
233 analyses. The O2/CHg ratio of the input gas is 4.
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bottom; Pt@silica. Reaction orders of Pt@CeO: are less dependent on the partial pressure of both

CH4 and Oz compared to those of Pt@silica, implying the participation of Pt-CeO: interface sites

towards CH4 oxidation.
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255  Fig. S18.
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257  Turnover frequency (TOF) values of CO oxidation at 493 K (black empty squares) and of CH4
258  oxidation at 693 K (blue empty triangles) after catalyzation with silica-encapsulated Pt catalysts,
259  and variation in the exposed metallic surface area (EMSA) according to the Pt particle size of
260  Pt@silica (green empty circles). The O2/CH4 and O»/CO ratios of the input gas are both 4. Error
261  bars indicate standard errors for particle sizes.
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268  Fig. S19.
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270  Arrhenius-type plots of CH4 oxidation over Pt@CeO: catalysts. The results were categorized into
271  two groups, as indicated by the red circle (O2/CH4 ratio = 40) and the blue circle (O2/CHj4 ratio =
272 0.0625). With a higher relative oxygen ratio, more oxygen covers the surface of the Pt, thereby
273  slowing down the overall CH4 oxidation rate.
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DFT-calculated interaction energy: (a-c) Energetics of O> binding and dissociation on a Pto/CeO»
model catalyst, and (d) morphology of the oxygen-saturated Pt/CeO> model catalyst. Here, Ebind
denotes the average binding energy of a single oxygen atom. (e) Binding energy and location of a

CH4 molecule on a Pt/CeO> model catalyst.
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295  Fig. S21.
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297  DFT-estimated complete CH4 oxidation pathway by the 2PB of Pt/CeO,: (a) energetics of CH4
298  binding, CH4 dissociation, and the first water production; (b) energetics of the second water and
299  CO; productions
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301  Fig. S22.
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303  DFT-estimated complete CHs4 oxidation pathway by the 3PB of Pt/CeO:: (a) energetics of CH4
304  binding, CH4 dissociation, and the first water production; (b) energetics of the second water and
305  COz productions
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307  Fig. S23.
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308

309  CHgs oxidation rates of Pt-x-small@CeO: catalysts measured when changing the total flow rate at
310  a constant space velocity (60,000 mL geai™! h™'). The conversion rate remains steady, indicating
311  that neither the mass nor the heat transfer affect the rate of the chemical process. Here, the 50/50
312 notation refers to the reaction conditions using a 50 mg catalyst and a flow rate of 50 mL min'.
313  Likewise, the 75/75 and 100/100 notations represent the reaction conditions using, respectively,
314 75 mg and 100 mg of the catalyst and corresponding flow rates of 75 mL min' and 100 mL min’
315 ! The O»/CHjs ratio of the input gas is 4. Error bars indicate standard errors for reaction rates.
316
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320  Fig. S24.
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321  Construction of the inverse Ce;014/Pt(111) model used for CH4 oxidation: (a) Optimized structure
322 models of Pt(111), Ce7014, and Ce7014/Pt(111). (b) AG of oxygen adsorption on Pt(111) presented
323  as a function of the Ap of oxygen. Individual lines represent Pt(111) covered with the denoted
324  oxygen surface coverage. Details of the AG calculation as a function of the Ap of oxygen can be
325  found in the literature'. The yellow vertical line represents the cross point between 0.5SML and
326  0.75ML. The colored boxes below indicate the range of the oxygen partial pressure (0.01 atm ~
327 0.1 atm) at the given temperatures. (¢) Optimized Pt(111) and Ce7014/Pt(111) with 0.75 ML of
328  oxygen coverage on Pt.
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Fig. S25.
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DFT-estimated CH4 oxidation pathway at the 3PB of Ce;O14/Pt(111): (a) Sequential process of
CH4 oxidation. (b) Corresponding reaction energy and activation energy barrier of CH4 oxidation.
Here, AE, denotes the reaction energy associated with the reaction from the (n-1)" state to the (1)
state. The activation energy barrier of the n'" state is required to activate the reaction from the (n-

1) state to the (n)™ state.
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335  Fig. S26.
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336  DFT-estimated CH4 oxidation pathway on the 2PB of Ce;O14/Pt(111): (a) Sequential process of
337  CHgs oxidation. (b) Corresponding reaction energy and activation energy barrier of CHs oxidation.
338  Here, AE, denotes the reaction energy associated with the reaction from the (n-1)™ state to the (n)™®
339  state. The activation energy barrier of the n™ state is required to activate the reaction from the (n-

340  1)" state to the (n)" state.
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341  Table S1. The tomography resolution values of the sample used in this study. The resolution was

342  estimated using Fourier shell correlation (FSC) at the criterion of 0.143.

. Pt diameter Resolution (nm)
Condition o
(nm) <criterion: 0.143>
11.4 1.58
Before 12.4 1.41
thermal
treatment 14.4 1.40
23.0 1.49
7.9 1.19
After 10.0 1.19
thermal 18.3 1.17
treatment 213 1.13
21.8 0.96
343
344
345
346
347
348
349
350
351
352
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353

354

355

356

357

358

359

360

361

362

363

364

365

Table S2. Pt particle size, 2PB area density, and 3PB length density quantified on the basis of the

segmentation process. Error bars indicate standard errors for estimated particle size, 2PB area

density, and 3PB length density.

Condition

Pt size (nm)

2PB area density (nm?/gp)

3PB length density (nm/gpy)

Before
thermal
treatment

232109

144+0.3

124+ 0.5

11.4+04

5.0 x 10"+ 2.1 x 10"
1.0 X 10" + 2.4 x 10"
1.1 x 10" + 4.2 x 10"

1.3 x 10" + 3.6 x 10"

2.1 X 10"+ 8.5 x 10
9.5x 10+ 5.4 x 10"
1.3 x 10" + 7.8 x 107

1.2 x 10"+ 7.6 x 10"

After
thermal
treatment

21.8+0.3

213104

183+ 0.4

5.1x 10"+ 1.8 x 107
57x 10"+ 1.4 x 107
6.7 X 10" + 2.2 x 10"
9.0 X 10" + 5.5 x 10"

1.4 x 10" + 9.2 x 10"

4.5 x 10" £2.5 x 10"
47 x 10" + 2.8 x 10"
6.1 x 10"+ 3.5 x 10"
1.2 x 10"+ 6.9 x 10"

2.0x 10"+ 1.1 x 108
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367

368

369

370

371

372

373

374

375

376

377

378

379

380

Table S3. Average size of Pt NPs, concentration of Pt NPs dispersed in 5 mL of deionized water,
and exposed metallic surface area (EMSA) of Pt@CeO; and Pt@silica catalysts as measured by

CO chemisorption. Error bars indicate standard errors for particle sizes

EMSA (m? g!)
Concentration
Sample d (nm
P (an) (ppm)
CeO,-encapsulated Silica-encapsulated

Pt-xsmall 7.8 +0.8 561.8 0.34 -

Pt-small 9.1+0.5 364.5 - 0.13
Pt-medium 10.8 £ 1.6 707.7 0.26 0.10

Pt-large 19.7+ 1.7 556.5 0.14 0.08
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381  Table S4. Estimated contribution ratios of the 2PB and 3PB according to the Pt diameter. The

382  reaction temperature is 823 K. The O»/CH4 ratio of the input gas is 4.

Pt NP size (nm) 2PB contribution ratio 3PB contribution ratio

1 0.10 0.90

5 0.31 0.69

10 0.45 0.55

20 0.59 0.41

40 0.73 0.27

60 0.79 0.21

80 0.83 0.17

100 0.85 0.15
383
384
385
386
387
388
389
390
391
392
393
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394  Table S5. Estimated contribution ratios of 2PB and 3PB according to the Pt diameter. The reaction

395  temperature is 723 K. The O»/CH4 ratio of the input gas is 4.

Pt NP size (nm) 2PB contribution ratio 3PB contribution ratio

1 0.02 0.98

5 0.09 0.91

10 0.15 0.85

20 0.25 0.75

40 0.37 0.63

60 0.46 0.54

80 0.52 0.48

100 0.57 0.43
396
397
398
399
400
401
402
403
404
405
406
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418

419

Table S6. Surface potential of pristine CeO; and Pt-medium@CeO- in the presence/absence of 10
mM of the tetradecyltrimethylammonium bromide (TTAB) surfactant. The potential of deionized
water including only TTAB was examined to determine the effect of the TTAB itself on the

measured potential. All samples are dispersed in water with a pH value of approximately 10.

Zeta potential (mV)

Sample
1 run 2" run
Pristine CeO- * +43.12 +43.14
Pristine CeO» -43.36 -45.44
Pt-medium@CeO,* +41.66 +40.00
Pt-medium@CeO> -49.72 -50.90
Deionized water? -0.40 N/A
Deionized water -1.56 -1.24

2 10 mM of tetradecyltrimethylammonium bromide was added.
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428

429

430

431

432

433

434

435

436

437

Table S7. Representative mass ratios of Pt-medium@CeO; and Pt-medium/CeQO; catalysts as

measured by an X-ray fluorescence (XRF) analysis

Average (mass %) Standard deviation (mass %)
Sample
Pt Ce0O; Pt CeOs
Pt-medium@CeO,/CeO, 0.91 99.09 0.09 0.09
Pt-medium/CeO, 1.04 98.96 0.16 0.16
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List of Supplementary Video

Video S1. The morphological and mechanical motions of the 3D-reconstructed Pt@CeO; core-

shell catalysts
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