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Detailed Au and Pd NP synthesis method:

For Au NPs, 5 wt% HAuCly solution (0.126 M) was prepared by dissolving 5 g of HAuClys:3H,0 (>99%,
Sigma-Aldrich) in 100 mL of deionized (DI) water (>18 MQ.cm, Barnstead NANOpure Diamond).
Separate solutions of 1 wt% sodium citrate, 1 wt% tannic acid (TA), and 25 mM potassium carbonate
(K»2COs3) were prepared by dissolving 0.2 g of sodium citrate dihydrate (>99.5%, Fisher), 0.2 g of tannic
acid (>99.5%, Sigma—Aldrich) and 0.049 g of potassium carbonate (>99.5%, Sigma—Aldrich) into 20 mL
of H,O, respectively. A gold salt precursor solution was prepared by adding 200 pL of 5 wt% HAuCly
solution into 79.8 mL of H,O and heating to 60 °C in a water bath with moderate stirring. The reducing
agent was prepared by adding 5 mL of TA solution, 5 mL of K,CO; solution, and 4 mL of citrate
solution into 6 mL of DI water and also heating to 60 °C. The two solutions were kept at 60 °C for at
least 2 min before combining and mixing. Au NP formation occurred instantaneously after adding the
reducing agent to the diluted gold solution, evidenced by a color change from clear to ruby-red. The
resulting solution was heated to a boil, left boiling for 2 min, and removed from the heat source. The sol
was then diluted with H,O to 100 mL, and left to cool overnight to ambient temperature before being
refrigerated. The Au NP concentration was calculated to be 1.07x10'* NP/mL (= 49.7 mg Au/L),
assuming complete reduction of the Au salt and a 7-shell magic cluster model of a 4-nm Au particle.'”
The Pd NPs were prepared in the same manner, except that the Au salt precursor solution was replaced

with a palladium salt solution (12 mL of H,PdCly solution (2.49 mM) diluted in 68 mL of H,O) and the
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boiling time was increased to 25 min. The H,PdCly solution was prepared by dissolving 42.2 mg PdCl,
(99.99%, Sigma-Aldrich) in 95 mL DI water containing 500 uL. HCI solution (1 M, Fisher Scientific).
The resulting sol was dark coffee-brown in color, with a calculated particle concentration of 1.27x10"
NP/mL (= 31.8 mg Pd/L) assuming complete reduction of the Pd salt and a 7-shell magic cluster model

of a 4-nm Pd particle."”

Determination of mass transfer effects:

The gas-liquid, liquid-solid, intraparticle diffusion resistances (1/kgais, 1/kisas and 1/kia;) and surface
reaction resistance (1/kanp) can be correlated in the relation:
1/Kmeas = C1F CoX1/Cgtaleevveervermeenemieeneenienieneenieeeenieenees (1)

, where C, relates to 1/kgja, and the slope C, relates to 1/kias, 1/k;a; and 1/kanp, kg is the gas-liquid mass
transfer coefficient, ay is the gas-liquid interface specific areas, kis is the liquid-solid mass transfer
coefficient, a; is the exterior specific surface areas of carbon, k; is the intraparticle diffusion coefficient, a;
is the interior specific surface areas of carbon, k is the rate constant for surface reaction, and axp is the
specific surface areas of NPs.

The liquid-solid mass transfer coefficient kj; toward a spherical particle could be estimated by the
Ranz-Marshall correlation, Sh = 2 + 0.6xRe"’Sc'”. For our catalytic heterogeneous system, the
maximum Reynolds number, Re, is calculated to be 1514, and the Schmidt number, Sc, is 243 at 60 °C
assuming the carbon particles were well suspended with ideal spherical shapes (d, = 125 pm). This gives
a Sh value of 147.7. kis can be estimated to be 2.27x10> m/s from Sh = kisdp/Dgly, Where Dgiy (=
1.925x10™ m?/s) is the diffusivity of glycerol in 60 °C water.®’ Catalyst exterior surface area in overall
batch reactor liquid volume, a, was calculated to be 2.24x10* m*/m’ based on the density of carbon (0.40
g/mL) and volume of the reactor (107 mL). 1/kia, can be then calculated to be 5.46x107 h.

Intraparticle diffusion resistance can be analyzed by the first-order Thiele modulus @ from the
following equation: ®[1/tanh(3D)-1/(3D)] = -Rglyaz/(DeffCGLYS), where Cgrys is glycerol surface
concentration (which is assumed to be equal to the bulk fluid glycerol concentration of 0.1 mol/L), Rgyy 1s
the observed reaction rate (=-kmeas*Corys = -1.32 h™ x 0.1 mol/L + 3600 s/h = -3.67x10” mol/L/s), and a
is the characteristic length (= d,/6 for a sphere, d, = 20.8 pm). D¢ of glycerol in typical carbon material
is 6.83x107"" m%/s (Demirel et al., Top. Catal., 2007, 44, 299). This gives a ® value of 0.015, much
smaller than 1. The effectiveness factor n (=1/®x[1/tanh(3®)-1/(3D)]) is then calculated to be ~1.00,
indicating the intra-particle diffusion for 60 sc% Pd-on-Au/C catalyst can be neglected for glycerol
oxidation. C; and C, can be calculated from Fig. 2b, where the reciprocal of non-zero kpe,s was plotted
against the reciprocal of the concentration of catalyst charged. At a stirring rate of 1000 rpm, the mass

transfer resistances terms were determined to be 0.1577, 5.46x10° , and 0.5999 (1/mkas = 1/(CpaxKear) -
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1/kgiaig - 1/kisas) h for 1/kgai,, 1/kisas, 1/kia; and 1/kanp, respectively. The relative order 1/kanp > 1/kgale
>> 1/kjsas indicates that resistance from liquid-solid is negligible, while resistance from surface reaction
is dominating and gas-liquid mass transfer resistance should be corrected. To exclude the gas-liquid mass
transfer effect, observed rate constant should be corrected from:
1/Keorr = 1/Kmeas = 1/Kgl@gl.eevveuveveneiniininiiniciiieicicicnceee (2)

For 60 sc% Pd-on-Au/C catalyst, k.o Was calculated to be 1.67 h'l, which is 26% higher than the Kyeas
(1.32 h', Table. 2). Since mass transfer resistances are independent of the active species on catalyst
surface, we performed similar calculations for all the rest catalysts to provide keor values for more
accurate calculation of TOF values.

At 700 rpm stirring rate, the gas-liquid mass transfer resistance (y-intercept) was found much greater
than at 1000 rpm while liquid-solid and intraparticle diffusion resistances (slope) were the same as at
1000 rpm (Fig. 2b). At 350 rpm stirring rate, the catalyst powder was found to be agglomerating and

precipitating at the bottom of the reactor, in which case the mass transfer equation is no longer applicable.



054
104
154

204

In(1-X)

254
304
354

4.0

4.5

y =-1.3928x + 0.0927
R?=0.996

0.0

0.5

10

T T T T T T T T
15 20 25 3.0 35
Time (h)

Figure S1. Plot of In(1-x) vs. time for 60 sc% Pd-on-Au/C catalyst. Reaction conditions: 0.2 g 60 sc%

Pd-on-Au/C, 60 °C, 1000 rpm, 107 mL, 0.1 M glycerol, 0.4 M NaOH, and 120 mL/min O, flow.
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Figure S2. Glycerol conversion-time profiles for glycerol oxidation reaction with O, flowing at 120
mL/min, 300 mL/min, and without O, flow (1 atm 150 mL headspace O, only). Reaction conditions: 0.2
g 60 sc% Pd-on-Au/C, 60 °C, 1000 rpm, 107 mL, 0.1 M glycerol, and 0.4 M NaOH.
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Table S1. Comparison of preparation method, metal loading, NP size, TOF, and selectivity to glyceric
acid for various catalysts in literature.

NP TOF TOF
Preparation Metal loading . (mol/mol-  (mol/mol  Selectivity to
Catalyst size .~ . hn Reference
method (wt%) (nm) total- -surface-  glyceric acid
atom/h) atom/h)®
Au/graphite  sol immobilization 1.0 N/A 321.3° - 78.5% (Ss0) §
Au/C sol immobilization 1.0 4.0 500 1438 35.8% (Si00) ’
Pd/C sol immobilization 1.0 5.0 106° 337 74.5% (Sz1.1) ?
AuPd/C sol immobilization total: 1.0 5.1 3999° - 44.1% (S100) K
Au/C wet impregnation 1.0 2-10 43¢ - 42.5% (S34) ?
Pd/C wet impregnation 1.0 2-10 50° - 61.6% (S398) ?
AuPd/C wet impregnation  Au: 2.5, Pd: 2.5 3-8 110° - 72.5% (Sg76) ?
Au/C sol immobilization 1.0 23 1090° - 64.5% (Ss0) 0
Pd/C sol immobilization 1.0 23 1151° - 80.6% (Sso) 10
sol immobilization total: 1.0 (atomic d 10
AuPd/C (Au first, Pd next) ratio Au:Pd=1:1) 2-3 1774.5 ) 77.2% (Ss0)
sol immobilization total: 1.0 (atomic d 10
AuPd/C (Pd first, Au next) ratio Au:P(d=l :1) 23 1765.2 ) 76.5% (Ss0)
sol immobilization total: 1.0 (atomic ; 0
AuPd/C (Au Pd co- T 2-3 1510.0 - 76.7% (Ss0)
reduction) ratio Au:Pd=1:1)
Au/C sol immobilization 1.0 N/A 1000° - 68% (Sop) 1
Pd/C sol immobilization 1.0 N/A 1000° - 80% (Soo) !
sol immobilization total: 1.0 (atomic "
AuPd/C for Au/C, then Pd L N/A 4400° - 75% (Sop)
. ratio Au:Pd=9:1)
reduction.
Au/C sol immobilization 0.5 5.0 61200" 30527 65% (Ss0) 2
Pd/C commercial 2.9 2.9 3600" 2404 82% (Sso) 12
reduction of Au
AuPd/C onto commercial  Pd: 2.9, Au: 0.8 32 16560" - 84% (Sso) 12

Pd/C

* Calculated after 1 h of reaction. Reaction conditions: 50 °C, 10 mL, 0.3 M glycerol, NaOH: glycerol= 4,

glycerol: M= 500, 3 bar O,.

® Calculated at 0.5 h reaction, based on the total loading of metals. Reaction conditions: 60 °C, 20 mL,

0.6 M glycerol, NaOH: glycerol= 2, glycerol: M= 2000, 10 bar O,.

¢ Calculated at 0.5 h reaction, based on the total loading of metals. Reaction conditions: 60 °C, 20 mL,

0.6 M glycerol, NaOH: glycerol= 2, glycerol: M= 500, 10 bar O,.

4 Calculated after 0.25 h of reaction, based on the total loading of metals. Reaction conditions: 50 °C, 10
mL, 0.3 M glycerol, NaOH: glycerol= 4, glycerol: M= 500, 3 bar O,.
¢ Calculated after 0.25 h of reaction, based on the total loading of metals. Reaction conditions: 50 °C, 10
mL, 0.3 M glycerol, NaOH: glycerol= 4, glycerol: M= 1000, 3 bar O,.
"Normalized for the surface atoms using the inverse of the surface average diameter. Reaction conditions:
60 °C, 10 mL, 0.3 M glycerol, NaOH: glycerol= 2, glycerol: Au= 50000 for Au/C and AuPd/C,
glycerol: Pd= 3000 for Pd/C, 10 bar O,.
£ TOF was calculated only when an exact NP size and clear surface composition were reported.
"S5, in parentheses represents the selectivity to glyceric acid at 50% glycerol conversion.
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Figure S3. pH of reaction medium-time profile for glycerol oxidation reaction. Reaction conditions: 0.2

g 60 sc% Pd-on-Au/C, 60 °C, 1000 rpm, 107 mL, 0.1 M glycerol, 0.4 M NaOH, and 120 mL/min O,
flow.
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Figure S4. Plot of In(1-x) vs. time for (a) Au/C, Pd/C, and 10 sc% to 80 sc% Pd-on-Au/C catalysts, (b)
80 sc% to 300 sc% Pd-on-Au/C catalysts. Solid lines are the fitted values to the first 2 hr of reaction
profiles using 1% order kinetics for each catalyst.
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Figure S5. (a) Conversion-time profiles and (b) selectivity distributions at 30% glycerol conversion for
Au/C, Pd/C and 60 sc% Pd-on-Au/C catalysts. Reaction conditions: 0.2 g catalyst, 60 °C, 1000 rpm, 107
mL, 0.1 M glycerol, 0.4 M NaOH, and 120 mL/min O, flow.

(a) (b)

40 40

] —a—Au/C |
=~ —a—PdiC
O\: 351 10 s¢% o 351
5 1 —o—30sc% S
‘G 304 —A—50sc% - 304
© —v—60sc% ‘O | % P - °
(&) 80 sc% @© = A —
g 25 e, & 25- iy ¥ -
= : —»—150 sc% k] 1 @ vV—v— <
= . % N e ———
S 20 4 ©— 300 sc% % 20 4 o—2-0—0—g b4 e AIC
o 1 'y < + 1 —m—Pd/C .
= 15 v 2> 15 10 sc%
> 1 S / /4 ES i —e—30sc%
= Te—e-e-e—0n 2l 5 A—505c%
g 10  w = & 107 —v—60sc%
Ro) 1 Yo ° 1 80 sc%
[OR » 5 —4—100 sc%
2 | —»—150 s¢%

1 ——300sc%

0 T T ¥ T ) T ¥ T v T 0 T T T X T T T ¥ T
0 20 40 60 80 100 0 20 40 60 80 100
Glycerol conversion (%) Glycerol conversion (%)

Figure S6. Plot of selectivity to (a) tartronic acid or (b) lactic acid vs. conversion of glycerol for Au/C,
Pd/C, and Pd-on-Au/C catalysts. Reaction conditions: 0.2 g catalyst, 60 °C, 1000 rpm stirring rate, 107
mL, 0.1 M glycerol, 0.4 M NaOH, and 120 mL/min O, flow.



Table S2. Selectivity (normalized to all detected products) and carbon balance (sum of all carbons of
detected C,, C; and C; compounds divided by initial carbon content of glycerol) for Au/C, Pd/C and Pd-
on-Au/C catalysts at 30% glycerol conversion.

.. ) Carbon
0 0
Selectivity at 30% glycerol conversion (%) balance at
Catalyst 30%
Glyceric Tartronic Lactic Glycolic Oxalic Acetic Formic glycerol
acid acid acid acid acid acid acid conversion
(%)
Au/C 453 11.4 20.3 14.2 1.5 73 0 933
10 sc% 44.5 6.3 26.4 7.8 0 2.8 12.2 93.2
30 sc¢% 47.5 7.5 25.7 6.1 0.1 3.0 10.1 91.5
50 sc% 46.5 7.2 25.6 5.8 0.4 4.5 10.0 92.4
60 sc% 51.3 7.8 22.1 5.6 0.4 39 8.8 91.3
80 sc% 48.9 6.9 26.5 5.4 0.4 33 8.5 92.0
100 sc% 51.6 7.0 26.6 5.4 0.5 1.2 7.8 91.2
150 sc% 52.9 6.0 27.6 59 0.5 0.6 6.5 90.5
300 sc% 50.2 6.7 27.5 7.9 0.9 0 7.6 89.9
Pd/C 56.3 9.5 25.3 7.2 1.7 0 0 81.0
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Scheme S1. Proposed surface reaction of scission of glycerolate and scission of tartronate, and relation to
detected species (major products in bold) using Au, Pd, and Pd-on-Au catalysts. Species in dashed boxes
and surface intermediates (labeled "ad") were not detected and were inferred to be formed. The blue-
colored subscript represents the surface activated species, and the red arrow shows the rate-limiting step
of C-H bond cleavage at the beta carbon position to the secondary alcohol group. Reaction products are
shown in their acid forms.



Table S3. List of apparent activation energies (E,), and natural log of pre-exponential factors (In(A)) for
Au/C, Pd/C, and 30 sc%, 60 sc%, 150 sc%, and 300 sc% Pd-on-Au/C catalysts.

Catalyst E, (kJ/mol) In(A)

Au/C 454+50 15.6+3.1
Pd/C 50628 165=+0.8
30sc% 40.0+2.1 13.1+0.9
60sc% 38720 134+1.0
150 sc% 39.5+3.0 14.0+0.5
300sc% 409+2.5 13.8+0.8
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Figure S7. Plot of natural logarithm of pre-exponential factor In(A) against apparent activation energy
Ea.
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Calculation of voltage potential E;, at reaction conditions:

The potential of water pE is associated with the redox couple: O, (g) + 4H™ + 4e” = 2H,0. It can be
calculated from: pE = pE’ + log(Po."*[H']), where pE° is the standard potential at 333 K, Po, is the
pressure of O, in atm and [H'] is the concentration of H""

Since pE” ~ 1/T, where T is temperature, pE’(333K) = pE(298K)x298/333 = 20.8x298/333 =
18.6. Then pE = 18.6 + log(107*) = 5.1. The voltage potential of water is: E, = 0.0591xpE = 0.30 V.

For the redox reaction: Pd + H,O = PdO + 2H" + 2¢’, the voltage potential of this reaction is
expressed as: E, = E° -2.303xRT/FxpH, where E° is the standard voltage potential at 298 K, R is the
universal gas constant, T is temperature, and F is the Faraday constant.'* E” is dependent on temperature,
and at elevated temperatures, E° is: E°(T) = E°(298K) + (T — 298)x(dEy/dT)."* From literature, E°(298K)
=0.917 V,'* " and dEy/dT = -0.45x10" V/K."> Thus, E°(333K) = 0.917 + (333-298) x (-0.45%x10) =
0.901 V.

At 298K and pH = 13.5, E, = 0.901 - 2.303xRT/FxpH = 0.10 V. At 333K (glycerol oxidation
reaction temperature) and pH = 13.5 (reaction pH), E;, = 0.901 -2.303xRT/FxpH =+0.01 V.
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