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I. Supplementary Figures
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Supplementary Fig. 1 Preparation and crystalline structure of catalysts. a Schematic illustration
for the preparation of Pt;+Pt,/Cu-CuZrOx. b XRD patterns of precursors and catalysts.
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Supplementary Fig. 2 Morphology and H2-TPR of precursors. a FESEM image of CuiZrs3096. b
H,-TPR profiles of Cu1Zrs3096, PtCls>/ZrO,, and PtCls>/Cu1Zrs309..
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Supplementary Fig. 3 Electronic structure analysis from XPS characterization. Cu 2p core-level
XPS spectra (a) and X-ray induced Cu Auger electron spectra (b) of 0.9%Pt;+Pt,/Cu-CuZrOy,
0.9%Pt,/Cu-CuZrOx, 0.9%PtCu-CuZrOx, and Cu-CuZrOx.

Cu XPS 2p3/2 spectra (Supplementary Fig. 3a) for Cu-CuZrOx could be deconvoluted into two
peaks with the binding energy for one at 932.8 eV assigned' to Cu® or Cu' species, and another at 934.3
eV to Cu'l species'. The presence of Cu'' species is ascribed to the un-reduced Cu in CuZrOx, which
coincides with the HADDF-STEM EDS element mapping (Fig. 2c and 2f). After Pt loading, the peak
for Cu® or Cu' species shifts to lower binding energy of 932.5 eV, indicating the electron donation of
Cu to Pt. X-ray induced Cu Auger electron spectra (Supplementary Fig. 3b) was employed to further
clarify the Cu® and Cu' species. Besides the Cu' Auger L3M45M45 excited mode located at around
917.0 eV (filled in olive), the fitted peaks located at 914.5~915.0 eV are attributed to the Cu' Auger
L3M45M45 excited mode (filled in red) and the peaks at 918.2~918.6 eV are attributed to the Cu’
Auger L3M45M45 excited mode (filled in blue) according to the previous reports”. The kinetic energy
(915.0 eV) of Cu' species in 0.9%PtCu-CuZrOx is higher than that in 0.9%Pt;+Pt,/Cu-CuZrOx (914.4
eV), 0.9%Pt,/Cu-CuZrOx (914.4 eV), and Cu-CuZrOx (914.5 eV). It is deduced that the presence of
Cu' species is ascribed to Cu species located at the interfaces between supported PtCu or Cu
nanoparticles and CuZrOx. For Cu® species, compared with Cu-CuZrOx (918.6 eV), the kinetic energy
shifts to lower energy for 0.9%PtCu-CuZrOx (918.4 eV), 0.9%Pt,/Cu-CuZrOx (918.3 eV), and
0.9%Pt1+Pt,/Cu-CuZrOx (918.2 eV), respectively, confirming the electron-deficient state for Cu sites
in the Pt-Cu bonds of the three catalysts.
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Supplementary Fig. 4 Structural characterization of Cu-CuZrOx. Representative HRTEM images
and the corresponding particle size distribution of Cu nanoparticles. Scale bars: a 50 nm; b 2 nm.
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Supplementary Fig. 5 Coexistence of adjacent Pt: and Ptn sites. Representative AC-HAADF-
STEM images of 0.9%Pt1+Pty/Cu-CuZrOx and the corresponding 3D surface simulation of the marked
regions in yellow rectangles (a,b) by the software Fiji.

S8



Pt,

e} 0.18NM] e
Pt,
Pt" —pt 0.220NM |

Glycerol
Bond length (A)

Supplementary Fig. 6 Identification of adjacent Pt: and Pt, sites. Representative AC-HAADF-
STEM images of 0.9%Pt;+Pt,/Cu-CuZrOx and the corresponding brightness intensity profiles (line I
and line II). The bond length of glycerol is displayed according to the Ref. 3.
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Supplementary Fig. 7 Structural characterization of 0.5%Pt1/Cu-CuZrOx and 0.9%Pt1+Ptn/Cu-
CuZrOx. Representative HRTEM (a,c) and AC-HAADF-STEM (b,d) images of 0.5%Pt1/Cu-CuZrOx
(a,b) and 0.9%Pt;+Pt,/Cu-CuZrOx (c,d).
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Supplementary Fig.8 CO-DRIFTS spectra of the physically-mixed 0.5% Pt1/Cu-CuZrOx and 0.9%
Pta/Cu-CuZrOsx. Besides the band for CO adsorbed on Cu® species (2099 cm™'), the bands for CO
linearly-adsorbed on atomic Pt in 0.5%Pti/Cu-CuZrOx (2062 ¢cm™), and CO linearly- and bridged-
adsorbed on Pt clusters in 0.9%Pt,/Cu-CuZrOx (2033 and 1855 cm™) are observed.
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Supplementary Fig. 9 Pt electronic structure analysis from XANES spectra. First-derivative Pt
L3-edge XANES spectra of 0.9%Pt+Pt,/Cu-CuZrOx, 0.9%Pt,/Cu-CuZrOx, and 0.9%PtCu-CuZrOx
with bulk Pt foil and PtO> as references.
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Supplementary Fig. 10 FT-IR spectra of adsorbates for comparison. FT-IR spectra of pristine
glycerol (a) and glyceraldehyde (b) with the corresponding the band assignments.
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Supplementary Fig. 11 In situ normalized XANES spectra of 0.9%Pti1+Pty/Cu-CuZrOx. Pt L3
edge (a) and Cu K edge (b) normalized XANES spectra followed by the sequential exposure to
glycerol solution and O; flow at 1 and 5 min with the reference to bulk Pt foil, Cu foil, CuzO, and CuO,
respectively.

In in situ Pt L3 edge XANES spectra over 0.9%Pt;+Pt,/Cu-CuZrOx (Supplementary Fig. 11a),
once the vapor of the glycerol aqueous solution was introduced, the white line peak displayed a distinct
shift to low energy compared with the fresh catalyst. When switching to Oz in 1 and 5 min, Pt species
gradually return to higher valence state close to that for the fresh catalyst. As for the Cu K edge XANES
spectra (Supplementary Fig. 11b), the fresh 0.9%Pt;+Pt,/Cu-CuZrOx shows an absorption edge
between Cu20 and CuO, indicating Cu” is the main chemical state with some Cu® or Cu®* species, in
line with the XPS results (Supplementary Fig. 3). Once the vapor of the glycerol aqueous solution
was introduced, the Cu adsorption edge shows no significant shift compared with the fresh
0.9%Pt1+Pty/Cu-CuZrOx, demonstrating that the Cu species has not been involved in the glycerol
activation. Then Oz stream was introduced. The adsorption edge of Cu displays a slight shift to higher
energy in 1 min, and then returns to low energy in 5 min, which is deduced to be attributed to a small
amount of O, adsorption on Cu® or Cu' species. When O> was exhausted, the Cu electronic state was

recovered.
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Supplementary Fig. 12 Oxidation mechanism study based on the isotope labelling experiments.
a-c Mass spectra (electronegative ion mode) of the reaction solution over 0.9%Pt;+Pt,/Cu-CuZrOx in
the oxidation of glycerol with 0, (a) and H>'®0 (b) labeling, and the proposed OH insertion process
(¢). Reaction conditions: ebullated bed, 15 mL of substrate aqueous solution (0.1 mol-L "), substrate/Pt
(mol/mol) = 300, 60 °C, Oz flow of 30 mL/min. d Photographs of a fresh reaction solution and the
referential samples mixed with a solution of P containing phosphate buffer, N,N-diethylbenzene-1,4-

diamine sulfate (DPD), and horseradish peroxidase (POD).
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Supplementary Fig. 13 Catalytic performance of 0.5%Pt1/Cu-CuZrOx and Cu-CuZrOx. Time-
dependent product selectivity over 0.5%Pt1/Cu-CuZrOx (a) and Cu-CuZrOx (b). Reaction conditions:
ebullated bed, 15 mL of glycerol aqueous solution (0.1 mol-L ™), glycerol/Pt (mol/mol) = 300, 60 °C,
O2 30 mL/min. Cu-CuZrOx was input using the same mass with 0.9%Pti+Pt,/Cu-CuZrOx.
Abbreviations: GLYA (glyceric acid), GLAD (glyceraldehyde), DHA (dihydroxyacetone), TTA
(tartronic), OA (oxalic acid), FA (formic acid), GCA (glycolic acid), and HAc (acetic acid). CO; was
identified as the only gaseous product.
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Supplementary Fig. 14 Catalytic performance of PtCu catalysts. Time-dependent product
selectivity over 0.9%Pt;+Pt,/Cu-CuZrOx (a), 0.9%Pt./Cu-CuZrOx (b), and 0.9%PtCu-CuZrOx (c).
Reaction conditions: ebullated bed, 15 mL of glycerol aqueous solution (0.1 mol-L™!), glycerol/Pt
(mol/mol) = 300, 60 °C, Oz 30 mL/min. Cu-CuZrOx was input using the same mass with
0.9%Pt1+Pty/Cu-CuZrOx. Abbreviations: GLYA (glyceric acid), GLAD (glyceraldehyde), DHA
(dihydroxyacetone), TTA (tartronic), OA (oxalic acid), FA (formic acid), GCA (glycolic acid), and
HAc (acetic acid).
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Supplementary Fig. 15 The main intermediates and products initiated by deuterium labeling of
glycerol at the secondary C-H bond. Possible reaction pathways (a) and the mass spectra of the fresh
reaction solution in the oxidation of deuterium-labeled glycerol at the secondary C-H bond over
0.9%Pt1+Pty/Cu-CuZrOx (b) and 0.9%PtCu-CuZrOx (c).

One pathway is the direct activation of secondary O-H and C-D bonds of the labelled glycerol in
the secondary C-H bond (1), leading to DHA without deuterium atoms (2) (Supplementary Fig. 15a).
Another pathway is the activation of primary O-H bonds to form a deuterium-labelled GLAD
intermediate in the secondary position (3), followed by further oxidation, leading to deuterium-labelled
GLYA with C-D bonds in the secondary position (5), or deuterium transfer, leading to deuterium-
labelled DHA with C-D bonds in the primary position (4) (Supplementary Fig. 15a). Over both
0.9%Pt1+Pty/Cu-CuZrOx (Supplementary Fig. 15b) and 0.9%PtCu-CuZrOx (Supplementary Fig.
15c¢), unlabelled DHA were observed, indicating that DHA more likely originates from the direct
activation of secondary O-H and C-H bonds than the isomerization of GLAD according to the relative

intensity in the mass spectra.
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Supplementary Fig. 16 Catalyst reusability and metal leaching. Reusability of 0.9%Pt;+Pt,/Cu-
CuZrOx in the selective oxidation of glycerol (a) and the total leaching of Pt, Cu, and Zr from solids
and in solution in five catalytic runs from ICP (b). Reaction conditions: ebullated bed, 15 mL of
glycerol aqueous solution (0.1 mol-L!), glycerol/Pt (mol/mol) = 1000, 60 °C, Oz 30 mL/min, 8 h.

The reusability of 0.9%Pt;+Pt,/Cu-CuZrOx was tested in a glycerol/Pt (mol/mol) of 1000. After
five runs, the glycerol conversion and the GLYA selectivity are well preserved at 79.8% and 84.4%,
respectively (Supplementary Fig. 16a). Almost no leaching of Pt from solid catalyst or the spent
reaction solution was detected (Supplementary Fig. 16b). While 4.7% and 3.8% of Cu and Zr dosages
were detected to leach from the solid in five runs, which is close to the total loss of 4.2% and 3.6% in

the reaction solution.
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Supplementary Fig. 17 Dispersion structure of spent 0.9%Pti+Ptn/Cu-CuZrOx after five runs.
a,b Representative HRTEM images and the corresponding particle size distribution. Scale bars: a 50
nm; b 2 nm. ¢,d Representative AC-HAADF-STEM images (¢) and the corresponding 3D surface
simulation of the marked regions in yellow rectangles (d) by the software Fiji.

In the HRTEM images of the spent 0.9%Pt;+Pt,/Cu-CuZrOx (Supplementary Fig. 17a and 17b),
the dispersion of PtCu nanoparticles is well retained, with Cu (111) plane in a maximum size
distribution of around 3.4 nm similar to the fresh catalyst. The AC-HAADF-STEM images and the 3D
surface simulation (Supplementary Fig. 17¢ and 17d) verify the coexistence of Pt; and Pt, sites as

well as the surrounding spatial distribution identical to the fresh catalyst.
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Supplementary Fig. 18 Coordination structure and electronic state of spent 0.9% Pti+Ptn/Cu-
CuZrOx after five runs. a,b Pt L3-edge FT-EXAFS spectra (a) and normalized XANES spectra (b).

Valence state

¢,d First-derivative Pt L3-edge XANES spectra (¢) and the valence state analysis (d).

Pt L3-edge FT-EXAFS spectra of the spent 0.9%Pt;+Pt,/Cu-CuZrOx (Supplementary Fig. 18a)
displays identical Pt-Cu and Pt-Pt coordination with fitted 6.1 Pt-Cu coordination and 3.0 Pt-Pt
coordination (Supplementary Table 2, entry 7). According to the normalized XANES spectra and
the corresponding valence analysis for the spent 0.9%Pt1+Pt,/Cu-CuZrOx (Supplementary Fig. 18b-

d), the Pt> valence state has been quantified in a § value of 1.85, same as the fresh one.
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Supplementary Fig. 19 Electronic structure analysis of spent 0.9%Pt1+Ptn/Cu-CuZrOx. Cu 2p

core-level XPS spectra (a) and X-ray induced Cu Auger electron spectra (b) of spent 0.9%Pt;+Pt,/Cu-

CuZrOx after five runs. Reaction conditions: ebullated bed, 15 mL of glycerol aqueous solution (0.1
mol-L), glycerol/Pt (mol/mol) = 1000, 60 °C, O, 30 mL/min, 8 h.

In the Cu XPS 2p3/2 spectra (Supplementary Fig. 19a), two binding energies assigned' to Cu'!
and Cu®! species are observed in the spent 0.9%Pt;+Pt,/Cu-CuZrOx after five runs at 934.5 and 932.6
eV, which is as same as that of the fresh sample (Supplementary Fig. 3a). Similar results are observed
in the X-ray induced Cu Auger electron spectra (Supplementary Fig. 19b). After the reaction, the
surface Pt/Cu molar ratio increases from 1/15 in the fresh 0.9%Pt;+Pt./Cu-CuZrOx to 1/14 in the spent
sample and the Cu"/Cu®! molar ratio decreases from 1/4 to 1/5. Considering no Pt leaching is detected

Supplementary Fig. 16b), Cu leaching are deduced to be originated from the Cu" species.
(Supp y Fig g g p
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I1. Supplementary Tables

Supplementary Table 1. Physicochemical parameters of samples.

BET Cu Pt Pt/Cu Cu Mean Size (nm)®
Sample
(m?/g) Wt%)*  (Wt%)? Bulk® Surface”
1 Culzr4_309,6 60 10.4 - - - -
2 Cu-CuZrOx 57 10.6 - - - 34
3 0.5%Pt1/Cu-CuZrOx 56 9.5 0.5 1/54  1/30 33
4 0.9%Pt;+Pt,/Cu-CuZrOx 57 8.2 0.9 /34 1/15 34
5 0.9%Pty/Cu-CuZrOy 57 10.0 0.9 1/34  1/17 34
6 0.9%PtCu-CuZrOx 60 10.1 0.9 1734 1/14 3.5
0.9%Pt;+Pt,/Cu-CuZrOx-
7 60 7.9 0.9 1/33  1/14 34
spent*

2 Determined by ICP-AES. " Determined by HRTEM. ¢ Used in five runs.
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Supplementary Table 2. Structural parameters of supported PtCu catalysts extracted from the EXAFS

fitting with references of bulk Pt foil and PtO,.

Samples Shell N R (A)’ 62 (A210%)°¢ AE,(eV)" R factor (%)"
1 Ptfoil PPt 12 2.77 5.6 2.9 0.11
2 PO, PtO 6.0 2.05 4.4 3.6
0.24
PPt 6.0 3.09 5.1 6.6
0.5%Pt,/Cu-CuZrOy Pt-Cu 83 2.61 6.7 72 0.50
4 0.9%Pt;+Pt,/Cu-CuZrOx Pt-Cu 6.1 2.62 10.0 7.6
PPt 3.0 2.65 2.9 7.4 040
5 0.9%Pty/Cu-CuZrOx Pt-Cu 4.1 2.60 7.2 75
Pt-Pt 2.9 2.76 8.7 10.1 041
6  0.9%PtCu-CuZrO, Pt-Cu 4.1 2.60 7.2 75
Pt-Pt 43 2.72 2.8 7.4 040
7 0.9%Pt;+Pty/Cu-CuZrOy- Pt-Cu 6.1 2.77 6.3 7.6
spent’ Pt-Pt 3.0 2.58 4.2 8.4 040

2 N: coordination number;® R: bond distance; ¢ 6°: Debye-Waller factors; ¢ AE: the inner potential correction; ¢ R
factor: if r <5%, consistent with broadly correct models. So*> was set as 0.9 for Pt-Pt/Pt-Cu, which were obtained
from the experimental EXAFS fit of Pt foil reference by fixing N as the known crystallographic value and was
fixed to all the samples. f Used in five runs.
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Supplementary Table 3. Band assignments upon the adsorption of 1-propanol on supported PtCu

catalysts. ?

Adsorption
Adsorption species del Characteristic frequency (cm™)
mode

1066 v(C-OH)

1  Adsorbed bidentate 1-propanol
1229 3(COH)

Ay

2971 vy(CHs)
2941 vy(CHy)
2882  1,(CHy)
1473 8,(CHs)
1458  §(CH,)-s
1401  34(CHs)

2 Adsorbed bidentate propoxy 1053 v(C-0)

S
"

1138 1(C-0) 1387 o(CHa)
1099 coupling of p(CH3) and v(CC)
1013 vw(CCC)

3 Adsorbed monodentate propoxy

2

\ 1670 W(C=0)

4 n'-adsorbed propanal
1340 &(CH)
2740 W(CH)
5  m?-adsorbed propanal x 1275 v(C-0)
- 1350 8(CH)

2 Band assignments are identified according to the references*®.
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Supplementary Table 4. Band assignments upon the adsorption of glycerol on supported PtCu

catalysts.?

Adsorption
Adsorption species del Characteristic frequency (cm™)
mode

1040 Primary v(C-OH)

1 Non-dissociated glycerol 1152 H-bonded

Secondary v(C-OH) 2926 v,(CHy)
2853  vy(CHy)
1054 Primary v(C-O) 1474 6(CH>)
1099 Secondary v(C-OH) 1410 &(OH)
1300 t(CH>)
1260 ®(CH>)

2 Monodentate dissociated glycerol

%13

1068 Primary v(C-O)

3 Bidentate dissociated glycerol
1099 Secondary v(C-OH)

<

~
-
-

4 n'-adsorbed GLAD 1628 v(C=0)
2966 va(CHz)
1430 3(OH)
2713 »(CH) 1387 p(OH)
5  mn’-adsorbed GLAD ﬁ 1337 &(CH)
Py 1186 v(C-O)

-
-

6  Adsorbed glycerate 1590, 1509 v(OCO)

2 Band assignments are identified according to the FT-IR spectra of pristine glycerol (Supplementary Fig.10a) and
the references’"'°.
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Supplementary Table 5. Band assignments upon the adsorption of acetaldehyde on supported PtCu

catalysts.?

Adsorption
Adsorption species Characteristic frequency (cm™)
model
1 Adsorbed bidentate ethoxy ’f‘ 1101 w(C-0) 2965 vi(CHs)

2940 vy(CH,)
2884  v(CHs)

2 Adsorbed monodentate ethoxy 1125 v(C-0) 1408 o(CHx3)

1340 (CH)
2735 w(CH)
1275 ¥(C-O)
1352 §(CH)
1345 (CH)
1178  W(CC)

4 n’-adsorbed acetaldehyde

5 Adsorbed acetate 1548, 1459 v(OCO)

2703 v(CH)
3 n'-adsorbed acetaldehyde /f\ 1760-1730 vw(C=0)

2 Band assignments are identified according to the references'>"'>.
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Supplementary Table 6. Band assignments upon the adsorption of glyceraldehyde on supported PtCu

catalysts.?

Adsorption species Adsorption model Characteristic frequency (cm™)
2962 vy(CH
1646  v(C=0) n(CHy)
2882  v(CH
| nl-adsorbed GLAD 1624 W(C=0) v(CH)
1463 (CH)
1395 p(OH)
! 1426 (OH)
1303 (CH»)
2713 v(CH) 1230 o(CHz)
2 m?-adsorbed GLAD 1370 p(OH) 1146 Secondary v(C-OH)

1196/1183"  w(C-O)

.
-

1075 Primary v(C-OH)

3 Adsorbed glycerate 1588, 1530 v(OCO)

] 1
r

2 Band assignments are identified according to the FT-IR spectra of pristine glyceraldehyde (Supplementary
Fig.10b) and the references’'>. ® 1196 cm™ on 0.9%Pt;+Pt,/Cu-CuZrOx and 1183 cm™! on 0.9%Pt,/Cu-CuZrOx.
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Supplementary Table 7. Band assignments upon the adsorption of propionic acid on supported PtCu

catalyst. ?

Adsorption
Adsorption species del Characteristic frequency (cm™)
mode

2990 v,(CHs)
1597 w(OCO) 2946 v,(CH,)
1728, 1715 w(C=0) 2915 v,(CHs)
2884  v(CH,)
1470 5,(CHs)

1 Adsorbed monodentate propionic acid

1540-1530  v,(OCO) 1415 8,(CHs)
2 Adsorbed bidentate propionic acid £ 1440-1430 v,(OCO) 1378 &(CH)
5“', 1728, 1715  w(C=0) 1243  3(OH)

1019 p(CHs)
2992 v,(CHs)
2954 v,(CHa)
2903  v,(CHo)
1790, 1775, 1730 w(C=0) 1473, 1421 §,(CHs)
1145 w(C-O) 1384, 1335  5,(CHs)
1292 §(CH)
1247 §(OH)
1073 p(CHs)

3 Propionic acid vapor

@ Band assignments are identified according to the references®!>-!7.
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Supplementary Table 8. Catalytic performance toward the selective oxidation of glycerol over varied catalysts.?

Glycerol GLYA Product selectivity (%)¢
C-balance
Catalyst conversion yield
GLYA GLAD DHA TTA OA FA GCA  HAc (%)¢
(%) (%)"
1 Cu-CuZrOx 0.4 0 0 0 0 0 47.5 35.3 0 0 82.8
2 0.5%Pt;/Cu-CuZrOx 3.7 2.4 64.1 14.2 7.7 0.6 1.2 0 0.8 8.8 97.4
90.1 72.0 80.0 4.6 10.5 14 1.2 0 11 0.7 99.5
3 0.9%Pt;+Pt/Cu-CuZrOy
(89.9) (72.3) (80.4) (5.2) (9.5) (2.4) (1.3) 0) (1.0) (1.1) (100.9)
4 0.9%Pty/Cu-CuZrOx 85.6 57.3 66.9 10.6 11.9 19 0.9 0 1.2 5.4 98.8
5 0.9%PtCu-CuZrOy 65.0 394 60.6 9.5 12.6 20 1.2 0 13 9.6 96.8
6  0.9%Pt;+Pty/Cu-CuZrOx-N20O 75.0 50.9 67.9 18.2 9.9 14 0.9 0 0.8 0.1 99.2

a Reaction conditions: ebullated bed, 15 mL of glycerol aqueous solution (0.1 mol-L), glycerol/Pt (mol/mol) = 300, 60 °C, O2 30 mL/min, 8 h. ® GLYA yield =
(measured moles of GLYA/theoretical moles of GLYA) x 100 %. ¢ Abbreviations: GLYA (glyceric acid), GLAD (glyceraldehyde), DHA (dihydroxyacetone), TTA
(tartronic), OA (oxalic acid), FA (formic acid), GCA (glycolic acid), and HAc (acetic acid). ¢ C-balance was calculated based on the liquid products. CO, was
identified as the only gaseous product.
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Supplementary Table 9. Parameters used in the Weisz-Prater criterion and Mears Criterion for

estimating mass transfer limitations in glycerol oxidation.

Parameters 0.9%Pt+Pt,/Cu- 0.9%Pt,/Cu- 0.9%PtCu-
CuZrOx CuZrOx CuZrOx
Reaction rate: -r, (kmol/kgeats)? 2.05x106 1.54x10°6 7.70x107
Density of catalyst: p, (kg/m®) 1775 1780 1788
Primary particle size: R; (m)® <1.0x107 <1.0x107 <1.0x107
Secondary particle size: R» (m)* <6.617x10° <6.314x10°  <9.733x10°
Concentration of glycerol at 60 °C: Cap (kmol/m?)¢ 0.1 0.1 0.1
Effective liquid-phase diffusivity: D (m?%/s) 7.0x10°M1 6.7x101 6.6x10!
Porosity: ¢," 0.110 0.106 0.103
Tortuosity: 1 — 0.5In¢, 2.104 2.121 2.134
Reaction order: n ~1 ~1 ~1
Mass transfer coefficient: k. (m/s) 3.11x1073 3.11x1073 3.11x1073
Sherwood number: Shé 2.011 2.011 2.011
Reynolds number: Re" 2.59%10° 2.59x10¢ 2.59x10°
Schmidt number: Sc' 1.6x10° 1.6x10° 1.6x10°
Liquid-phase diffusivity: Dap (m?/s)l >0.309%x10" >0.309%x10°  >0.309%x10"
Superficial velocity: U (m/s) 6.4x1073 6.4x1073 6.4x1073
Density of reactant mixture fluid at 60 °C: p (kg/m?)¢ ~1.01 ~1.01 ~1.01
Viscosity of the reactant mixture fluid at 60 °C: p (Pa-s)¥ <0.50x1073 <0.50%x103  <0.50x1073
Mears Criterion for External Diffusion:
—r)p Rz 7.74%x10°3 5.57x10% 4.31x10°
kcCap
Weisz-Prater Criterion for Internal Diffusion:
_-r;\pri 2.96x10° 2.32x107 1.18x10”
"P CapDe

4 Calculated at < 20% glycerol conversion. Glycerol/Pt (mol/mol) = 300, 60 °C, O> 30 mL/min. ® Calculated from
TEM characterization. ¢ Determined by the laser particle size analyzer. ¢ Calculated based on liquid component.

DaB¢,0c . . . .. . . .
*D.= ABI *—, where ¢, is porosity, o, is constriction factor, and T is tortuosity. o is taken as 1 for many cases

. . . . . k 1.1
according to ref. 18. f Determined by the N> adsorption-desorption experiments. & Sh=é°R=2+O.6Rezsc3.

AB

2URp ; , .

hRe= Tp' 'Sc= pr .JCalculated based on the ref. 19. X Calculated based on Wilke formula.
AB

—ra’ppR
20,21 ZIAPL R < 0.15, the external mass transfer effects could be

According to the references™ ", since

c“Ab

: -rapyRE
neglected. Since Cy,=— b

< 1, the internal mass transfer effects could be neglected.
Abe
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Supplementary Table 10. Catalytic performance toward the selective oxidation of glycerol over 0.9%Pt;+Pt,/Cu-CuZrOx under tailored reaction

condition.?

Reaction rate

Glycerol O flow  Glycerol GLYA Product selectivity (%) C-
Glycerol/Pt
Concentration rate conversion (molg * molpc  yield balance
(mol/mol) GLYA GLAD DHA TTA OA FA GCA HAc
(mol/L) (mL/min) (%) Le phyp (%)* (%)*
. o1 300 90.1 160 72.0 80.0 4.6 105 14 1.2 0 11 0.7 99.5
' (89.9) 158 (723) (804) (52) (95) (24) (13) (0) (L0) (L1) (100.9)
2 0.1 300 60 90.0 162 72.1 80.1 4.7 10.2 1.8 1.2 0 1.0 0.8 99.8
3 0.1 300 150 91.0 161 72.5 79.3 5.0 9.8 2.1 2.0 0 0.8 0.5 99.5
4 0.1 500 30 85.1 158 68.9 81.0 4.2 9.5 1.4 1.0 0 1.3 0.5 98.9
5 0.1 650 30 82.2 160 67.8 82.5 4.0 8.6 1.5 1.1 0 1.0 0.9 99.6
6 0.1 1000 30 79.8 157 67.4 84.4 33 7.5 1.0 1.0 0 0.6 0.7 98.5
7 0.3 300 30 80.0 158 65.8 82.3 4.5 10.0 2.0 1.4 0 0 0.3 100.5

¢ Reaction conditions: 0.9%Pt,+Pt,/Cu-CuZrOx as catalyst, ebullated bed, 15 mL of glycerol aqueous solution, 60 °C, O, flow, 8 h. ® calculated at the initial reaction
with a glycerol conversion of < 20%. ¢ GLYA yield = (measured moles of GLYA/theoretical moles of GLYA) x 100 %. ¢ Abbreviations: GLYA (glyceric acid), GLAD
(glyceraldehyde), DHA (dihydroxyacetone), TTA (tartronic), OA (oxalic acid), FA (formic acid), GCA (glycolic acid), and HAc (acetic acid). ¢ C-balance was
calculated based on the liquid products. CO; was identified as the only gaseous product.
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Supplementary Table 11. Comparison studies on catalytic performance toward glycerol oxidation to GLYA.

0 Pt Glycerol Glycerol GLYA GLYA
T Glycerol/Pt Time
Catalyst p? Rsieam”  loading Concentration conversion  selectivity yield Ref.
(°O) , (mol/mol)  (h)
(MPa) (mL/min) (wt%) (mol/L) (%) (%) (%)
90.1 80.0 72.0
0.1 300
(89.9) (80.4) (72.3)
1 0.9%Pt+Pt/Cu-CuZrO, 60 - 30 0.9 This work
0.3 300 15 80.0 82.3 65.8
0.1 1000 15 79.8 84.4 67.4
2 PtCu/CNT 60 - 150 5.0 1.1 200 6 86.2 70.8 61.0 [22]
3 PtSn/AC 60 - 15 2.0 0.5 1000 8 91.1 554 50.5 [23]
4 AuPt/MgO 23 0.3 - 1.0 0.3 500 24 42.5 85.1 36.2 [24]
5 PtCo/RGO 60 - 30 10 1.1 440 3 70.2 85.9 60.3 [25]
6 Pt-CeOo/CNT 60 - 150 5.0 0.5 200 6 86.0 71.0 61.1 [26]
7 AuPt/CeO; 80 0.1 - 2.0 0.3 267 2 85.1 60.5 51.5 [27]
8 PtCo/MCM-41 60 1 - 0.6 0.2 530 8 55.4 79.0 43.8 [28]
9 PtsoAuso/HT 25 - 10 0.25 287 6 73.0 78.0 56.9 [29]
10 Pt/NG-MWCNTs 60 0.5 - 3.6 1.1 600 3 64.4 81.0 52.2 [30]
11 PtZn-ZnTiOx/ZnTiO; 80 0.1 - 1.5 0.3 500 8 80.6 65.4 52.7 [12]
12 AuPt(6:4)/H-mordenite 100 0.3 - 1.0 0.3 500 2 70.0 83.0 58.1 [31]

& O, pressure in sealed batch reactor, ® O, stream rate in flowing reactor.
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I11. Supplementary Methods

1. The details of galvanic replacement method

A galvanic replacement method was employed to introduce Pt atoms onto the Cu surface. As the
standard reduction potential of PtCle* /Pt redox pair (1.44 V vs. the standard hydrogen electrode (SHE))
is much higher than that of Cu?*/Cu redox pair (0.34 V vs. SHE), the following thermodynamically-
favourable redox reaction occurs:

2Cu° (s) + PtCls> (aq) =Pt° (s) + 2Cu?" (aq) + 6CI" (aq) (1)

The large potential difference (up to 0.76 V) guarantees the reaction feasibility and makes this
replacement reaction occur rapidly at room temperature. A thorough washing by deoxygenated
deionized water has been conducted to completely remove the surface Cu?>* and CI ions. Then a
reduction step has been carried out in a H, stream at 450 °C (heating rate: 5 °C-min™') for 2 h, producing
supported PtCu.

2. Analysis method for the reaction liquid

An Agilent LC-1260 high-performance liquid chromatograph (HPLC) equipped with both an
ultraviolet (UV, 210 nm) detector and a refractive index detector (RID) has been used for the analysis
of the reaction liquid after catalysts separation by filtration. An Aminex HPX-87 H column (Bio-Rad,
300%7.8 mm) operating at 50 °C was used with 10 mM aqueous H2SO4 or HCOOH as eluents at a flow
of 0.5 mL-min"!. The retention time of each compound in HPLC was determined by comparing with
the corresponding pure sample.

Glyceric acid (GLYA) and glyceraldehyde (GLAD) were separated and quantified based on
HPLC data using HCOOH eluent in UV detector. Dihydroxyacetone (DHA), glycolic acid (GCA),
oxalic acid (OA), tartronic acid (TTA), acetic acid (HAc), and formic acid (FA) were separated and
quantified based on HPLC data using H2SO4 eluent in UV detector. Because glycerol could not be
detected by UV detector, a RID detector using H>2SO4 eluent was employed, giving a total amount of
glycerol and DHA. Then the amount of glycerol was calculated by subtracting the amount of DHA

determined in UV detector.
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Glycerol conversion, carbon balance, product selectivity, and GLY A yield were calculated by the

following equations:

moles of glycerol
moles of glycerol loaded initially

Glycerol conversion = (1 ) x 100 %,

>3, ixmolesof Ciproduct
3 X moles of glycerol converted

Carbon balance =

x 100 %,

i X moles of Ciproduct

Product Selectivity = 53 )
i=

) measured moles of GLYA
GLYA yield =

theoretical moles of GLYA

i X moles of Ciproduct

X 100 %

x 100 %,

(1) HPLC data using HCOOH in UV detector and the corresponding calibration curves
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(2) HPLC data using H>SO4 in UV detector and the corresponding calibration curves
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3. Analysis method for the gaseous product

A Shimadzu 2014C GC equipped with a TDX-1 column and TCD detector has been used for the
identification of the collected gaseous product. CO; was identified as the only gas product of the

reactions.
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