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It is important to utilize glycerol, the main by-product of biodiesel, to manufacture value-added chemicals such as 1,3-
dihydroxyacetone (DHA). In the present work, the performance of five different catalysts (Pt-Bi/AC, Pt-Bi/ZSM-5, Pt/
MCM-41, Pt-Bi/MCM-41, and Pt/Bi-doped-MCM-41) was investigated experimentally, where Pt-Bi/MCM-41 was found
to exhibit the highest DHA yield. To better understand the experimental results and to obtain insight into the reaction
mechanism, density functional theory (DFT) computations were conducted to provide energy barriers of elementary
steps. Both experimental and calculated results show that for high DHA selectivity, Bi should be located in an adatom-
like configuration Pt, rather than inside Pt. A favorable pathway and catalytic cycle of DHA formation were proposed
based on the DFT results. A cooperative effect, between Pt as the primary component and Bi as a promoter, was identi-
fied for DHA formation. Both experimental and theoretical considerations demonstrate that Pt-Bi is efficient to convert
glycerol to DHA selectively. VC 2016 American Institute of Chemical Engineers AIChE J, 63: 705–715, 2017
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Introduction

Biodiesel, a common biofuel, has been of increasing impor-
tance in recent years owing to the emphasis on sustainable
fuels production. It is produced by transesterification and/or
esterification between triglycerides (vegetable oils, animal
fats, waste oils, etc.) and short chain alcohols, typically metha-
nol or ethanol, catalyzed by acid, alkali or enzyme catalysts.1,2

All biodiesel production technologies generate surplus crude
glycerol as the primary by-product, which has low value. The
purification and utilization of crude glycerol is important to
enhance economics of the biodiesel process.3 High-value
added uses for glycerol include animal feedstock, cosmetics,
pharmaceuticals, and chemical intermediates such as 1,3-pro-
panediol, succinic acid, and 1,3-dihydroxyacetone (DHA).4

DHA is an important chemical used as a sunless tanning
agent in the cosmetics industry, in winemaking, and as a
chemical intermediate in pharmaceutical and organic synthesis
fields. Owing to higher DHA selectivity, fermentation is

currently preferentially employed over conventional catalytic

processes to manufacture DHA. Catalytic processes, however,

offer higher reaction rates, hence productivity, giving motiva-

tion to develop such routes for DHA production. Platinum

(Pt), as a noble transition metal, is among the most efficient

oxidation catalysts.5 Platinum alone, however, preferentially

oxidizes the primary hydroxyl group of glycerol,6 whereas

DHA arises from the secondary hydroxyl group oxidation.

Kimura et al.7 proposed a platinum-bismuth (Pt-Bi) bimetallic

catalyst to selectively oxidize the secondary hydroxyl group to

produce DHA in a batch reactor, and DHA yield was further

increased using a fixed-bed reactor.8

In general, knowledge of heterogeneous catalytic mecha-

nism is important to optimize active species distribution on

supports, acquire multi-scale micro- and macro-kinetic data,

screen metal candidates, and design an effective catalyst for a

given reaction.9,10 For selective oxidation of glycerol on Pt-Bi

catalysts, it was postulated that bismuth adatoms function as

site blockers on Pt (111), controlling glycerol orientation and

leading to DHA formation.7,8 Using density functional theory

(DFT) calculations, Kapur et al.11 proposed that for CO oxida-

tion the bismuth promoter functions through both electronic

and geometric effects, decreasing the reaction barrier signifi-

cantly. It was suggested that gaseous O2 may react with
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article.
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surface bismuth to form new active sites, changing the status

of Bi, which may play an important role in selective oxida-

tion.12 This suggestion, however, was questioned, as a rate-

determining step was found to be zero order in oxygen.13

Thus, it is of interest to determine the role of bismuth in glyc-

erol selective oxidation to DHA.
Noble metals used as active species for catalytic conversion

are generally dispersed on supports, typically with high sur-
face area and porous structure. Activated carbon (AC) is one
such support, although its pore structure and pore size distribu-
tion are not ordered, and its mechanical strength is low. ZSM-
5 is an important member of the zeolite family and widely
used as a support for numerous petrochemical applica-
tions.14–16 The micro-pore size (0.2–2 nm) and shape selectivi-
ty of ZSM-5, however, restrict applications for components
with large size molecules such as glycerol (diameter
�0.5 nm). MCM-41, by contrast, is a mesoporous (pore size
2–50 nm) molecular sieve support that displays larger pore
size, long-range order, high surface area, and good thermal
stability.17,18 In addition, modification of these materials by
ion exchange, heteroatom substitution, channel, and surface
structure property improvement gives the potential to exhibit
high activity for specific reactions. Heteroatom substitution of
silica or alumina in the framework structures of molecular
sieves, known as metal doping, forms alkaline-acidic sites or
redox sites capable of catalyzing redox reactions,19,20 and this
approach is followed in the present work.

In our previous work, a series of optimized Pt-Bi catalysts
was prepared for glycerol selective oxidation to DHA,21 and a
kinetic network model was developed to describe the dynamic
behavior.22 In the present work, activity and kinetics of Pt-Bi/
AC, Pt-Bi/ZSM-5, Pt/MCM-41, Pt-Bi/MCM-41, and Pt/Bi-
doped MCM-41 are investigated. DFT calculations are con-
ducted to obtain energy barriers of elementary steps and reac-
tion pathways,23–25 and to elucidate the effect of Bi as an
additive to Pt catalysts.

Experimental

Materials

Product Analysis

Chloroplatinic acid hydrate (99.9% metal basis) and bis-
muth chloride (99.999%) were used as metal precursors, both
from Sigma Aldrich, as were cetyl pyridine bromide (CPBr)
and ZSM-5. The activated carbon was Darco granular 20–40
mesh from Norit Americas Inc. The following chemicals were
obtained from Alfa Aesar: pure glycerol, sodium borohydride
(SBH) stable aqueous solution (4.4 M in 14 M sodiumhydrox-
ide), tetramethylammonium hydroxide (TMAH, 25%wt in
aqueous solution), hexadecyltrimethylammonium bromide
(CTAB) and tetraethoxysilane (TEOS). Hydrochloric acid
solution (37 wt %), sodium hydroxide pellets, both ACS grade,
were from Mallinckrodt Chemicals. Ultra-high purity grade
gases (99.999% helium, 99.92% oxygen and 99.999% H2)
were purchased from Indiana Oxygen. The 0.5%Pt/Al2O3

(metal dispersion 5 31 6 0.5%) standard used for chemisorp-
tion calibration was obtained from Micromeritics.

Compositions of glycerol and DHA in reaction samples
were quantitatively analyzed by a gas chromatograph (Agilent
GC 5890) equipped with a flame ionization detector and a
Select Biodiesel for glycerides ultiMetal Column (15 m, 0.32
mm, 0.10lm) with a retention gap. TMAH was used as a
derivatization reagent to decrease the volatility of glycerol and

DHA. Helium was used as the carrier gas with a constant flow

rate of 3.0 mL/min and a split ratio of 100. The temperatures
of the injector and the detector were 300 and 3808C, respec-

tively. The GC oven employed a temperature program as fol-

lows: 508C (maintained for 1 min), to 608C at 18C/min, to

3008C at 108C/min, and finally to 3808C at 308C/min (main-
tained for 10 min).

Catalyst Preparation

Pt and Bi were loaded on AC sequentially, following our

prior work, to obtain 3% Pt–0.6% Bi/AC catalyst, where the
loadings were by weight. Briefly, Pt and Bi were loaded using

the sequential wet impregnation method with Pt loaded first,

followed by Bi. The Pt and Bi precursors were dissolved sepa-

rately in 1.2 mol/L HCl, and then added dropwise sequentially
to the well-stirred AC slurry, with stirring continued for at

least 8 h at room temperature for each metal loading. The slur-

ry was then rinsed, dried in air at 1008C and reduced using

SBH before use. More details are available in our prior
work.21 The 3% Pt–0.6% Bi/ZSM-5 catalyst was prepared by

the same procedure, with the only difference that AC support

was replaced by ZSM-5 support. Only 3% Pt–0.6% Bi cata-

lysts were investigated in the present work, because such com-
position was found to exhibit the highest yield of DHA.21

To prepare the MCM-41 based catalyst, silica-based MCM-

41 support was synthesized first using a procedure similar to

that described previously.26,27 This was accomplished by the

hydrothermal method in a Parr Large Capacity Acid Digestion
Vessel (Model 4748, 150 mL) with PTFE-lining. The molar

ratio of CTAB : Si : H2O was 0.2:1:70. Measured TEOS solu-

tion was added dropwise to CTAB (templating agent) solution

in a beaker under vigorous stirring, followed by adjusting pH
to 10.5 through gradual addition of 1 M NaOH solution. The

solution was then stirred at 353 K for 80 min. The sol-gel was

transferred to the Parr vessel and kept under an isothermal

environment at 383 K for 48 h. Once cooled to room tempera-
ture, solids were separated by vacuum filtration, followed by

rinsing with deionized water and dried for 4 h. The templating

agent was removed by calcination of the MCM-41 precursor

in air at 823 K for 6 h. Subsequently, both 3% Pt/MCM-41
and 3% Pt–0.6% Bi/MCM-41 catalysts were prepared by the

same procedure as described before.21

For bismuth doped MCM-41 support synthesis, CPBr was

used as the templating agent instead of CTAB. The molar ratio

of the reagents were CPBr : TEOS : HCl : H2O : Bi 5

0.33:1:7.5:68:0.07. After the Bi-MCM-41 precursor was pre-

pared, the same post-pretreatment procedure was conducted as

for silica-based MCM-41. Following this, Pt was loaded on

Bi-MCM-41 to obtain 3% Pt/Bi-MCM-41 catalyst.
As noted above, the Pt and Bi loadings in all cases where

the metals are placed on the support, were 3 and 0.6 wt %,

respectively. For this reason, in later sections the metal load-

ings are not noted explicitly when describing the catalysts.

Thus, e.g., Pt-Bi/MCM-41 refers to 3 wt % Pt and 0.6 wt % Bi
placed on MCM-41 support. For the case where Bi is incorpo-

rated in the MCM-41 skeletal structure, similarly, Pt/Bi-

MCM-41 refers to 3 wt % Pt placed on the 0.6 wt % Bi-doped

MCM-41 support.

Catalyst Characterization

The physisorption properties of the catalysts, including

BET surface area, pore size distribution, average pore volume

and pore diameter, were measured using a Micromeritics
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ASAP 2000 apparatus, where nitrogen was used as adsorbent

gas. Degassing was performed at 2808C for 6 h before meas-

urements. The Pt dispersion was obtained using the H2–O2

titration approach,28 where the calibration was done using the

0.5% Pt/Al2O3 standard described in “Materials” section. The

surface morphology of catalyst samples was obtained using a

FEI-Tecnai transmission electron microscope (TEM), operated

at 200 kV with LaB6 source. The samples were prepared by

suspending the catalyst particles in water, collecting the fines,

and placing them on a 200 copper mesh with lacey carbon film

coating, followed by drying in air.

Glycerol Selective Oxidation Tests

The reaction experiments were performed in a high pressure

reactor from Parr Instrument Company (model 4561 series),

shown in Figure 1. A 10 mm porous frit was used at the end of

the dip tube for gas dispersion in the liquid solution, and also

functioned as a filter when collecting liquid samples. The reac-

tions were conducted at 758C and 30 psig O2. The experimen-

tal procedure was as follows. First, the reactor was charged

with 5.0 g catalyst and 175 mL 1.0 M glycerol solution. The

reactor was purged with helium for 10 min before the tempera-

ture controller was turned on. After reaching the desired tem-

perature, the gas was switched to O2, which flowed through

the reactor continuously at 400 sccm controlled with a MFC.

Liquid samples were collected every 15 min in the first hour

and subsequently every 30 min for the 5-h reaction period.

DFT Calculations

The periodic plane-wave-based code Vienna Ab-initio Sim-

ulation Package,29,30 was used for all the DFT calculations,

employing the projector augmented wave,31,32 method for ion-

ic cores and the PW9133 form of exchange-correlation func-

tional in the generalized-gradient approximation. In all cases,

a cutoff energy of 400 eV was applied for the plane wave

basis, while a first-order Methfessel-Paxton smearing with a

width of 0.15 eV34 was employed and the total energies are

evaluated by extrapolating to zero broadening. Monkhorst-

Pack meshes of 7 3 73 1, 5 3 5 3 1, and 3 3 3 31 k points

were used to sample the surface Brillouin zone,35 for p(2 3 2),

p(3 3 3), and p(4 3 4) unit cells of Pt(111) slabs, respectively.

The C-point k-point sampling was used for gas phase

components, which were placed in a box with dimensions of
18 319 320 Å. Convergence of binding energies (BE) with
respect to all electronic parameters was confirmed. The self-
consistent iterations were converged with a criterion of 1 3

1024 eV, and the ionic steps were converged to 0.02 eV/Å.
Dipole corrections were included only in the direction perpen-
dicular to slab surface. Spin polarization was applied for gas
phase radicals due to the possible presence of unpaired
electrons.

The DFT-determined lattice constant for Pt was found to be
3.98 Å, which agrees well with the experimental bulk lattice
constant (3.92 Å)36; this lattice value is also consistent with oth-
er lattice constants reported in the literature for Pt.37–39 Four-
layer slab models were employed to model the Pt(111) surfaces
in a super-cell geometry with 1.2 nm vacuum spacing between
them. During the geometry optimization, only the top two
layers with the adsorbates were allowed to relax, while the other
two layers were fixed according to bulk-terminated geometry.
Test calculations showed that the BE and barriers were con-
verged to <0.01 eV when the top three layers were relaxed.

The dimer40 and/or climbing-image nudged elastic band
method,41,42 was used to locate the structures of transition
states (TS) in the reactions. Each transition state was con-
firmed to have only one imaginary vibrational mode by vibra-
tional normal mode analysis. Note that various possible initial
states were considered for energy barrier calculations, while
only the lowest barrier was used in the analysis on the reaction
kinetics and selectivity. The BE of adsorbates and reaction
barriers for given reactions were determined by Eqs. 1 and 2.

BE5Ead=slab2Ead2Eslab (1)

Ea5ETS2EIS (2)

A negative value of BE implies an exothermic process or a
favorable interaction, while a positive value of the BE means
an endothermic process or an unfavorable interaction. Reac-
tion energies/barriers were calculated using Gibbs free ener-
gies obtained from the DFT formation energy plus zero-point
energy and finite-temperature entropy corrections. For gas
phase species, the vibrational, translational, and rotational
modes were included for entropy corrections. For an adsorbed
intermediate, the translational and rotational modes were
replaced by vibrational modes corresponding to frustrated
translation and rotation on the surface.43,44

Since bismuth could be oxidized in the environment of oxy-
gen (partial pressure 5 30 psig at �350 K in this work), phase
diagrams of various oxides of bismuth were obtained by deter-
mining the surface free energy of BixOy-Pt(111) slabs as a func-
tion of oxygen chemical potential. In general, for each model,
the geometry of an absorbed BixOy cluster on Pt(111) was opti-
mized by particle swarm optimization,45 using the CALYPSO
code.46,47 Then, energies of optimized geometries were
obtained to calculate the surface free energies, using Eq. 3,
wherein the only free variable is the oxygen chemical potential.

Figure 1. Pressure semi-batch reactor system.

Table 1. Characterization for Porous Supports

Material
Specific surface

area (m2/g)
Average pore
diameter (nm)

AC 600 4.0
ZSM-5 362 0.4
MCM-41 1025 1.9
Bi-MCM-41 701 2.8
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where p0 5 1 atm and Gslab BixOy;Pt
� �

is the Gibbs free energy

of a BixOy cluster binding on a Pt slab, while Gslab Ptð Þ is the

Gibbs free energy of a clean Pt slab. As suggested by experi-

mental conditions, it is preferred to use oxygen chemical

potential (mO) to discuss the dependence of the surface on the

O2 pressure and temperature. The oxygen-poor limit was

determined by decreasing mO until the oxide decomposes into

solid Bi and gaseous oxygen, while the oxygen-rich limit gas

was set by increasing mO until gas phase O2 started to conden-

sate on the sample. Considering mO as a function of tempera-

ture and oxygen partial pressure, Eqs. 4 and 5 were used to

correlate operating conditions with the most stable surface

composition and geometry, with respect to minimum surface

free energy. For more details related to Eqs. 3–5, please refer

to Supporting Information and published papers.48,49

Results and Discussion

Catalyst characterization results

The characterization results for the porous supports and sup-

ported catalysts are shown in Tables 1 and 2, respectively,

where BET method50 was used to calculate specific areas and

average pore diameters. Both the specific surface area and

pore diameter values for ZSM-5 and MCM-41 are consistent

with those reported in literature.51–53 Adsorption and desorp-

tion isotherms for MCM-41 and Bi-MCM-41 are shown in

Figure 2. Based on the classification of adsorption iso-

therms,54,55 both curves have the characteristic shape for mes-

oporous materials. In Table 1, AC and Bi-MCM-41 also have

high specific areas, implying high capacities to adsorb reac-

tants. Average pore diameter data in Table 1 illustrates that

ZSM-5 is a microporous material (pore diameter <2 nm),

while others are mesoporous (2 nm< pore diameter< 50 nm).

As shown in Table 2, after metals (Pt and Bi) are loaded on

these supports, specific surface areas decrease somewhat,

while average pore diameters remain essentially the same. The

Pt dispersion (20–40%) and metal particle sizes (2–5 nm) of

these supported catalysts are also listed in Table 2, which are

consistent with the TEM scan results in Figure 3, and reflect

that smaller metal particle sizes lead to higher Pt dispersion.56

According to the physisorption and TEM results, both synthe-

sized MCM-41 and Bi-MCM-41 supports are mesoporous

materials with ordered pore structure and narrow pore size dis-

tributions. Note that catalysts loaded on ordered mesoporous

supports (Pt-Bi/MCM-41 and Pt/Bi-MCM-41) have higher Pt

dispersions than those on microporous (ZSM-5) and amor-

phous mesoporous supports (AC).

Kinetic behavior of different catalysts

Figure 4 illustrates the kinetic behavior of five different cat-
alysts (Pt-Bi/AC, Pt-Bi/ZSM-5, Pt/MCM-41, Pt-Bi/MCM-41,
and Pt/Bi-MCM-41) for glycerol conversion in terms of

DHA yield, since DHA is the only product of concern in
this work. The profiles of glycerol/product concentrations
can be found in Supporting Information Table S1. The cor-

responding values of the turnover frequencies (TOF) and
DHA selectivities are shown in Table 3. The absence of

mass transfer limitations (both internal and external diffu-
sion) was confirmed by using the same criteria as in our
prior work.21,22

We note that two main by-products (glyceric acid and glyc-

eraldehyde (GLA)) are reported in Supporting Information
Table S1, while other products are not reported owing to their

low amounts (<2%).21 Further, glyceric acid is easily obtained
from further oxidation of GLA.22,57 GLA is the product of

Figure 2. Adsorption and desorption isotherms for (a)
MCM-41 and (b) Bi-MCM-41.

Table 2. Characterization for Metal Supported Catalysts

Materials Specific surface area (m2/g) Average pore diameter (nm) Pt dispersion (%) Metal particle size (nm)

Pt-Bi/AC 492 3.7 22.2 4.9
Pt-Bi/ZSM-5 306 0.3 27.6 4.1
Pt-Bi/MCM-41 897 1.9 39.4 2.2
Pt/Bi-MCM-41 635 2.6 33.9 2.3
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primary –OH oxidation from glycerol, while DHA is formed
by secondary –OH oxidation of glycerol. Thus, oxidation of
secondary or primary –OH of glycerol is the key consideration
of whether DHA is formed or not, which is discussed in
detail in the section on “mechanism of glycerol selective
oxidation”.

Several features may be seen from the data in Figure 4 and
Table 3. The TOF and DHA selectivity values over Pt-Bi
bimetallic catalyst are consistent with our prior work.21 Pt
alone negligibly converts glycerol to DHA, where its observed
yields are typically lower than 10%. This agrees with prior lit-
erature,21,58,59 and implies that, along with Pt, the Bi species is
required to obtain DHA from glycerol oxidation. Both Pt-Bi/
MCM-41 and Pt-Bi/AC gave high DHA yields, while Pt-Bi/
ZSM-5 exhibits relatively lower yield of DHA. The differ-
ences in kinetic behavior between Pt-Bi/MCM-41 and Pt-Bi/
ZSM-5 can be explained by the combined effect of surface
area, metal particle and metal dispersion.60 As shown in
Tables 1 and 2, a higher surface area of MCM-41 support may
result in a smaller metal particle size and hence a larger metal
dispersion. The larger Pt dispersion and higher surface area for
the MCM-41 support contribute to the superior performance
of the Pt-Bi/MCM-41 catalyst. The kinetic behavior difference
between Pt-Bi/MCM-41 and Pt-Bi/AC may be attributed to
different surface areas and metal dispersions. The Pt-Bi/
MCM-41 catalyst shows ordered structure (uniform parallel

channels), higher surface area (897 m2/g), and Pt dispersion
(39.4%), while the Pt-Bi/AC catalyst shows amorphous struc-
ture, lower surface area (492 m2/g), and Pt dispersion
(22.2%). A similar feature was also observed in the
literature.61,62

The difference between Pt-Bi/MCM-41 (Pt and Bi loaded
on MCM-41, separately) and Pt/Bi-MCM-41 (Pt loaded on Bi-
doped MCM-41) may result from other reasons, since both
catalysts have similar pore structures, pore sizes, metal disper-
sion, and metal particle sizes, as shown in Table 2. The Bi-
MCM-41 was reported as an efficient catalyst for liquid-phase
oxidation of cyclohexane where Bi functions as an active met-
al, modifying acidity and pore structure of pure MCM-41.63

This is not true, however, in the selective oxidation of glycerol
to DHA, according to the kinetic results in Figure 4. The main
difference between Pt/Bi-MCM-41 and other Pt-Bi/supported
catalysts is that the Bi species is incorporated in the molecular
skeletal structure in Pt/Bi-MCM-41, while it is present on the
support surface for the other catalysts. Thus, Figure 4 indicates
a preference for Bi on the support surface. Further discussion
regarding this point is provided in “mechanism of glycerol
selective oxidation” section.

Two additional observations about the data in Figure 4 are
noteworthy. First, the maximum DHA value for Pt-Bi/AC is
similar to that reported previously,21 while that for Pt-Bi/
MCM-41 is larger. Second, for all catalysts, the DHA yield

Figure 3. TEM scans for (a) Pt-Bi/AC, (b) Pt-Bi/ZSM-5, (c) Pt-Bi/MCM-41, and (d) Pt/Bi-MCM-41.
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reaches a maximum value at a specific time. Beyond this peri-
od, DHA degrades to other products, as discussed in detail
previously.22

Model development for oxidized bismuth on Pt(111)
surface

Based on the kinetic data for different catalysts from Figure
4, two general conclusions can be obtained, as follows. (1)
Surface Bi on Pt surface is required to selectively convert
glycerol by secondary –OH oxidation to product DHA, while
Pt alone converts glycerol by primary –OH oxidation to GLA.
(2) When MCM-41 is used as a catalyst support, high yield of
DHA is achieved due to its high surface area, uniform pore
structure and high Pt dispersion. Thus, to better understand
these experimental results and then to obtain insight into the
mechanism of glycerol conversion to DHA on the Pt-Bi cata-
lyst, oxidized bismuth models based on DFT calculations are
developed, and a catalytic cycle is proposed in the next sec-
tions, where support effects are not explicitly considered to
make the theoretical models tractable.

Dissociative Adsorption of Oxygen on Pt(111) and Bi-
Pt(111) Surfaces. Since the Pt-Bi catalyst is reduced using
SBH (see “catalyst preparation” section) before each testing

reaction, metallic Pt-Bi catalyst is obtained until O2 enters the

reactor. By DFT calculations, it is found that, thermodynami-

cally, bismuth segregates to the Pt(111) surface (Supporting

Information Figure S1) when the molar ratio of Pt : Bi is 3:1,

which was consistent with the experimental XPS and XRD

analysis of Kimura et al.7 Note that DFT employed 3:1 Pt : Bi

ratio is close to the experimental value used in this work.

Additionally, Supporting Information Figure S2 shows that

surface energies of Bi adatom models are similar to those of

Bi segregation models. Thus, it is reasonable to employ Bi

adatoms and a clean Pt (111) substrate to model Pt-Bi bimetal-

lic catalysts, particularly given that operating conditions and

catalyst morphology, which are not considered in our compu-

tational models, will all impact the exact coverage of Bi on the

catalyst surface.
In the experiments, once O2 (of partial pressure 30 psig, typ-

ically) enters the reactor, the metallic Pt-Bi catalyst could be

oxidized, as noted above. To evaluate this effect, DFT calcula-

tions were conducted regarding O2 dissociative adsorption on

Figure 4. Kinetic behavior of different catalysts for
glycerol conversion to DHA.

Table 3. The TOF and DHA Selectivity Values Over Five Different Catalysts

Reaction
time (h)

Pt-Bi/AC Pt-Bi/ZSM-5 Pt/MCM-41 Pt-Bi/MCM-41 Pt/Bi-MCM-41

TOF
(min21)

DHA
selectivity

(%)
TOF

(min21)

DHA
selectivity

(%)
TOF

(min21)

DHA
selectivity

(%)
TOF

(min21)

DHA
selectivity

(%)
TOF

(min21)

DHA
selectivity

(%)

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.12 0.00
0.40 5.27 77.12 3.49 14.29 4.12 15.25 4.34 36.78 3.51 9.09
0.80 6.90 62.78 3.18 11.73 5.40 9.39 4.09 46.34 2.81 11.34
1.20 7.10 67.51 3.33 11.39 5.56 6.50 4.11 50.30 2.96 14.01
1.60 6.60 63.62 3.23 14.88 5.16 5.92 3.84 52.19 3.13 19.91
2.00 5.97 60.39 3.57 29.14 4.68 5.83 3.33 60.54 2.89 21.04
2.40 5.71 61.07 3.43 33.04 4.47 3.26 3.00 62.60 2.83 27.94
2.80 5.10 56.45 3.45 38.00 3.99 4.76 2.79 64.29 2.77 30.34
3.20 4.49 55.72 3.32 39.28 3.51 4.98 2.51 64.06 2.79 31.65
3.60 4.02 50.92 3.17 41.07 3.15 5.30 2.29 63.92 2.66 31.32
4.00 3.64 49.75 2.98 39.90 2.85 4.90 2.07 65.26 2.47 33.73
4.50 3.33 44.03 2.68 36.95 2.60 4.30 1.90 59.98 2.22 31.67
5.00 3.14 38.99 2.52 33.56 2.46 3.64 1.74 54.88 2.08 27.28

Figure 5. Energy diagram for dissociative adsorption of
oxygen on Pt and Pt-Bi surfaces.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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Pt and Pt-Bi surfaces, leading to oxidized bismuth catalysts. In
these calculations, a 4-layer p(4 3 4) unit cell of Pt(111) was
used to model the Pt catalyst, while two Bi adatoms on each
such Pt slab were used to model the Pt-Bi catalyst. Initial, tran-
sition and final geometries of O2 dissociative adsorption on
these two catalysts are shown in Supporting Information Fig-
ure S3. More details and discussion are available in the next
section on “phase diagrams for oxidized bismuth models on
the Pt(111) surface.” The energy diagram for O2 dissociative
adsorption is shown in Figure 5.

All reported barriers in Figure 5 are effective activation bar-
riers, defined as the difference between the most stable

adsorption configuration of the reactant and the lowest energy

transition state. The energy data reported here may be initially

interpreted in terms of a basic Sabatier analysis.64 In this mod-

el, a direct comparison between the barriers of various elemen-

tary steps is made, and the pathway with the lowest such

barrier is associated with the most favored reaction mecha-

nism. This approximate interpretation effectively assumes that

surface coverages are ideal (close to unity) and that reverse

reactions are not significant. The first approximation implies

that reaction rates are interpreted based on rate constants,

while the second approximation is motivated by the fact that

surface oxygen will likely be removed very quickly by reac-

tion with adsorbed hydrogen atoms and formation of water.

Likewise, Figure 7 and 8 will be interpreted using the same

strategy.
Figure 5 demonstrates that, in terms of both kinetics and

thermodynamics, the Pt-Bi catalyst is easier to oxidize than

the Pt catalyst, implying that oxidized bismuth may be a viable

active site for glycerol selective oxidation (dehydrogenation)

to DHA.
Phase Diagrams for Oxidized Bismuth Models on the

Pt(111) Surface. To develop appropriate models of oxidized

bismuth on the Pt(111) surface, we consider a surface in con-

tact with an oxygen atmosphere associated with a given oxy-

gen partial pressure and temperature, which means that the

environment acts as an oxygen reservoir. As described in Eq.

3, the surface free energy is a function of the O2 partial pres-

sure, temperature, and the numbers of O and Bi in the BixOy

cluster. A variety of BixOy clusters were evaluated using the

criterion of surface energy, which are shown in Figure 6.

Among these models, different nominal oxidation states of Bi

(18, 16, 14, 13, 12, and 11), different numbers of Bi and

Figure 6. Phase diagram for oxidized bismuth models
on Pt(111) surface.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 7. Energy diagram for DHA formation pathways
on the Pt-Bi surface.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 8. Energy diagram for primary vs. secondary
hydroxyl oxidation of glycerol on the Pt-Bi
surface.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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O atoms were investigated. As discussed above, only small

clusters of BixOy were focused on in this work, while selected

larger clusters (e.g., Bi8O12 and Bi6O9) were mentioned for
comparison. Note that not all of the optimized clusters in Fig-

ure 6 are truly stable (see also Figure S4). For example, BiO,

BiO2, BiO3 models spontaneously dissociate into isolated Bi

atoms and O atoms, while Bi2O2 dissociates into a Bi2O clus-

ter and an isolated O atom. Figure 6 shows that the Bi2O clus-

ter is the most favorable under the experimental operating
conditions (dashed line, mO 5 25.23 eV). As a result, the

Bi2O-Pt(111) model is used to analyze the mechanism of glyc-

erol selective oxidation in the next sections.

Mechanism of glycerol selective oxidation

In this section, we first analyze DHA formation, and then

consider selective dehydrogenation (oxidation) of primary vs.
secondary hydroxyl groups in glycerol.

DHA Formation Pathways on Pt-Bi Surface (Pathway
P1). After O2 dissociative adsorption and the Bi2O cluster

formation, glycerol is adsorbed on the Bi2O-Pt(111) surface.

Compared to the surfaces of metallic Pt(111) and Bi-Pt(111),

it is found that the BE of glycerol on Bi2O-Pt(111) surface

becomes more negative by �0.4 eV (see Table S2), which
means oxidized bismuth stabilizes glycerol.

To form DHA, typically, after glycerol is adsorbed, it is

considered to undergo two sequential elementary steps in one

of two different sequences: dehydrogenation on the middle C

atom followed by dehydrogenation on the middle O atom or

dehydrogenation on the middle O atom followed by dehydro-

genation on the middle C atom. In addition, it is found these

two steps could occur simultaneously at the interface of Pt
and Bi2O, while sequential dehydrogenation occurs either at

Pt site or Bi2O site. Dehydrogenation steps are followed by

water formation and desorption of DHA and water. Thus,

based on considering different dehydrogenation steps and

desorption steps, the following six pathways were evaluated

and listed in Figure 7. In the following, for convenience, we
will denote mOH* and mCH* representing dehydrogenation

on secondary hydroxyl and middle carbon atoms in glycerol,

respectively.
� P1_1: sequential dehydrogenation, mCH* on Bi2O site;
� P1_2: sequential dehydrogenation, mOH* on Bi2O site;
� P1_3: sequential dehydrogenation, mOH* on Pt site;
� P1_4: sequential dehydrogenation, mCH* on Pt site;
� P1_5: simultaneous dehydrogenation, followed by DHA

desorption;
� P1_6: simultaneous dehydrogenation, followed by water

formation.
For each case in Figure 7, the energy zero corresponds to

gas phase glycerol and the appropriate clean surface. It is

assumed that all the pathways in Figure 7 start with two steps:

oxygen dissociative adsorption (metallic catalyst converted to
oxide catalyst) and glycerol adsorption, both of which have

been discussed in previous sections. Via P1_5, a simultaneous

dehydrogenation step shows lowest energy barrier (0.13 eV),

in which H atom from secondary hydroxyl moves to Bi2O site,

while H atom from middle carbon atom moves to the surface

of Pt(111) (see Supporting Information Figure S5), forming

DHA. It indicates a cooperative effect, between platinum spe-
cies as the primary component and bismuth species as the pro-

moter, on DHA formation from glycerol. There are two

possibilities following the simultaneous dehydrogenation:

DHA desorption followed by H2O formation and desorption

(P1_5), and water formation followed by DHA and water
desorption (P1_6). As shown in Figure 7, P1_5 is more favor-

able than P1_6, because water formation requires an energy
barrier of 0.58 eV in the presence of binding DHA in P1_6,

while it requires only 0.05 eV in P1_5 after DHA desorbs.
Note that in both P1_5 and P1_6, after DHA and H2O desorb
in the last step, metallic Bi2-Pt(111) catalyst is regenerated,

forming the same state in which it started.
Another pathway, directly starting from binding glycerol

(21.53 eV) to form binding DHA and H2O (22.53 eV), with-

out dehydrogenated intermediates and surface diffusion of H
atoms, was also considered. Although this seems thermody-

namically favorable, it was excluded because a metastable
intermediate (21.94 eV) and two transition states

(TS1 5 21.40 eV and TS3 5 21.36 eV) were found, which
includes a higher reaction barrier of 0.58 eV (from 21.94 eV
to 21.36 eV) than its competing step (from 21.94 eV to

22.01 eV and then 21.96 eV). Moreover, other possibilities
of water formation mechanisms were tested, but it turns out

H2O formation at bismuth site is more favorable than at Pt
sites (Supporting Information Figure S6). Therefore, only bis-

muth was considered for H2O formation site.
For sequential dehydrogenation pathways (P1_1, P1_2, and

P1_3) in Figure 7, the energies (20.17, 20.31, and 20.59 eV)
of these intermediates are even higher than the transition state

(TS15 21.40 eV) of P1_5. Therefore, P1_1, P1_2, and P1_3
are not favorable as compared with P1_5, although transition

states of these pathways were not located since their energies
should be even higher than intermediate energies. For P1_4,

although the energy of its dehydrogenated intermediate is low
(21.30 eV), the energy of the transition state (TS2 5 20.43 eV)
is still higher than the transition state (TS1 5 21.40 eV) of

P1_5. As a result, all the sequential dehydrogenation pathways,
either at the Pt site or the Bi2O site, are not favorable as com-

pared to the simultaneous dehydrogenation pathway P1_5. Thus,
P1_5 is considered to be the most favored reaction mechanism.

Primary vs. Secondary Selective Dehydrogenation of Glyc-
erol on Pt-Bi Surface (Pathway P2). In the “DHA forma-
tion pathways on Pt-Bi surface” section (P1), only secondary

selective dehydrogenation of glycerol was considered. The
comparison of secondary vs. primary dehydrogenation is dis-
cussed in the current section.

Oxidation of the secondary hydroxyl group is a competing

reaction of the primary hydroxyl group oxidation. Since three
main products, DHA, glyceraldehyde (GLA), and glyceric

acid, were found experimentally, and glyceric acid is easily
obtained from further oxidation of GLA, only DHA and GLA

were considered as oxidative products in the DFT calculations.
In our prior work,22 it was shown that there was no isomeriza-

tion between DHA and GLA. Thus, only two reactions (GLY
to DHA and GLY to GLA) are investigated below. As noted
above, all the pathways start with two steps: oxygen dissocia-

tive adsorption (metallic catalyst converted to oxide catalyst)
and glycerol adsorption. The same assumption is used for the

primary vs. secondary hydroxyl selective dehydrogenation
comparison. In addition, for simplicity, desorption of products

is not explicitly calculated in this pathway, and only dehydro-
genation steps are investigated.

To form GLA, glycerol needs to undergo two other elemen-
tary steps in one of two different sequences: dehydrogenation

on the terminal C atom followed by dehydrogenation on the
terminal O atom (labeled as tCH_tOH), or dehydrogenation on

the terminal O atom followed by dehydrogenation on the
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terminal C atom (labeled as tOH_tCH). Thus, pathways P2_1–
P2_5 are shown in Figure 8. The P1_5 in Figure 7 is also
shown in Figure 8, as a reference for primary dehydrogenation
pathways.

No simultaneous dehydrogenation pathways are found for

the primary dehydrogenation of glycerol, forming glyceralde-
hyde (GLA). Similar to the case for DHA formation from glyc-
erol dehydrogenation, both the Bi2O site and the Pt site were
considered. For the first dehydrogenation steps, P2_1 (tOH on

Pt site), P2_2 (tCH on Bi2O site), and P2_3 (tCH on Pt site)
have higher energy barriers (20.69, 20.86, and 21.04 eV)
than transition state (TS1 5 21.40 eV) of P1_5. This means
they are unfavorable in the first dehydrogenation step. Thus, no

further calculation for the second dehydrogenation was con-
ducted. It is, however, very favorable when dehydrogenation
occurs on the primary hydroxyl at Bi2O site (P2_4 and P2_5),
since it is found than such a step has no transition state and

energy barrier, and is thus controlled by thermodynamics. Fur-
ther calculations were conducted for secondary dehydrogena-
tion steps. P2_4 corresponds to dehydrogenation from the
terminal carbon atom at the Bi2O site, while P2_5 refers to the
same process at the Pt site. It turns out that both P2_4 and P2_5

have higher energies of transition states (TS2 5 20.49 and
21.16 eV) than the transition state (TS1 5 21.40 eV) of P1_5.
It is thus deduced from Figure 8 that DHA, as a secondary
hydroxyl oxidation product, is more favorable on Pt-Bi bimetal-

lic catalyst than GLA, the primary hydroxyl oxidation product,
which is consistent with the experimental results in the current
work and other published results,7,21,65

As noted in the experiment part, ratios of Pt and Bi atoms
on the surface are �2:1–3:1, corresponding to the ratio of

�4:1–6:1 between Pt and Bi2O sites. Using Arrhenius equa-
tion (k 5 A0*exp(-Ea/kB/T)) and T 5 348 K, Ea decrease by
�0.3 eV of Bi2O site (as compared to Pt site), results in the
increase of reaction rate constant by �104 times, which is

much more notable than site number effect. Thus, the site
numbers of Bi2O and Pt do not play an important role for tun-
ing reaction rates.

Proposed catalytic cycle of glycerol selective oxidation to

DHA at Pt-Bi bimetallic surface

Based on the above discussion, a proposed catalytic cycle of

glycerol secondary hydroxyl group oxidation on Pt-Bi bimetallic

catalyst is illustrated in Figure 9. The cycle starts with a metallic

catalyst (Bi2-Pt), followed by oxygen dissociative adsorption on

bismuth site (Bi2O-Pt), glycerol binding in the interface of Bi2O

and Pt (Bi2O-Pt 1 GLY*), simultaneous dehydrogenation

(Bi2OH 1 PtH 1 DHA*), DHA desorption (Bi2OH 1 PtH), and

ends with H2O formation and desorption (Bi2-Pt).

Concluding Remarks

In the present work, the performance of five different cata-

lysts (Pt-Bi/AC, Pt-Bi/ZSM-5, Pt/MCM-41, Pt-Bi/MCM-41,

and Pt/Bi-MCM-41) was investigated in terms of glycerol

selective oxidation to DHA. The experimental kinetic behav-

iors show that a bimetallic Pt-Bi catalyst loaded on the ordered

mesoporous support MCM-41 exhibits the highest DHA yield.

Using a periodic slab-model density-functional approach, an

oxidized bismuth on Pt(111) model was selected and devel-

oped to represent this bimetallic Pt-Bi catalyst. Based on the

calculation results, a favorable pathway and catalytic cycle of

DHA formation were proposed. Both experimental and com-

putational results indicate that Bi segregation to the surface is

relevant to the formation of active sites, which require Bi and

Pt in close proximity to enable cooperative effects for selec-

tive DHA formation from glycerol.
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Notation

A = area of a given surface, Å2

A0 = pre-exponential factor, s21

BE = binding energy of an adsorbate, eV
Ea = energy barrier of a given reaction, eV

Ead = energy of a gas molecular adsorbate, eV
Ead/slab = energy of a binding adsorbate and a clean slab, eV

EIS = energy of an initial state, eV
Eslab = energy of a clean slab, eV
ETS = energy of a transition state, eV

G = Gibbs free energy, eV

gbulk
Bi2O3

= Gibbs free energy of Bi2O3 bulk, eV

gbulk
Bi = Gibbs free energy of Bi bulk, eV

k = reaction rate constant, s21

kB = Boltzmann constant, J/K
p = pressure, Pa
T = temperature, K
x = number of Bi atoms in a BixOy cluster
y = number of O atoms in a BixOy cluster

mBi = bismuth chemical potential, eV
mO = oxygen chemical potential, eV

c T; pð Þ = surface free energy, eV
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Figure Captions 

Figure S1. Bi segregation on Pt(111) surface 

Figure S2. Bi adatom models on Pt(111) surface 

Figure S3. Initial, transition and final geometries of O2 dissociative adsorption on Pt and Pt-Bi models 

Figure S4. Geometries of different oxidized bismuth models 

Figure S5. Initial, transition and final geometries of glycerol selective oxidation to DHA on Bi2O_Pt(111) model. 

Figure S6. Bismuth site vs. Platinum site for H2O formation 
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Surface energy calculations for Pt-Bi slabs 

We consider a series of six-layer Pt-Bi slabs. Each slab has two symmetric surfaces and is considered to be cleaved from Pt and Bi 

bulks. The surface energies for these slabs are defined as: 

𝛾 =
1

2𝐴
[𝐸𝑠𝑙𝑎𝑏(𝐵𝑖, 𝑃𝑡) − 𝑛𝑃𝑡𝐸𝑃𝑡

𝑏𝑢𝑙𝑘 − 𝑛𝐵𝑖𝐸𝐵𝑖
𝑏𝑢𝑙𝑘]      (S-1) 

Eq. (1) is used in Figure S1 and S2. 

 

Correlation of surface energy and oxygen chemical potential 

We consider a surface in contact with an oxygen atmosphere described by an oxygen pressure, p, and temperature, T. This means that 

the environment acts as a reservoir, because it can give (or take) any amount of oxygen to (or from) the sample without changing the 

temperature or pressure. The appropriate thermodynamic potential required to describe such a system is the 

Gibbs free energy, G(T, p, x, y), which depends also on the number of Bi and O atoms in each model. The most stable surface 

composition and geometry is then the one that minimizes the surface free energy, defined as: 

𝛾(𝑇, 𝑝) =
1

𝐴
[𝐺𝑠𝑙𝑎𝑏(𝐵𝑖𝑥𝑂𝑦, 𝑃𝑡) − 𝐺𝑠𝑙𝑎𝑏(𝑃𝑡) − 𝑥𝜇𝐵𝑖 − 𝑦𝜇𝑂]    (S-2) 

In eq. (S-2) the chemical potentials of O and Bi enter in a symmetric way. However, if there is enough bulk material, so that it acts 

as a thermodynamic reservoir, the potentials are in fact no longer independent, but are related by the Gibbs free energy of the bulk 

oxide: Bi2O3. 

 

2𝜇𝐵𝑖 + 3𝜇𝑂 = 𝑔𝐵𝑖2𝑂3
𝑏𝑢𝑙𝑘          (S-3) 

  Thus, eq. (S-3) is derived by combining eq. (S-1) and (S-2). 

𝛾(𝑇, 𝑝) =
1

𝐴
[𝐺𝑠𝑙𝑎𝑏(𝐵𝑖𝑥𝑂𝑦, 𝑃𝑡) − 𝐺𝑠𝑙𝑎𝑏(𝑃𝑡) −

𝑥

2
𝑔𝐵𝑖2𝑂3
𝑏𝑢𝑙𝑘 + (

3

2
𝑥 − 𝑦) 𝜇𝑂]   (S-4) 
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To determine the range of allowed O chemical potentials, we used an approach described in theliterature1.  

𝑚𝑖𝑛[𝜇𝑂(𝑇, 𝑝)] =
1

3
[𝑔𝐵𝑖2𝑂3

𝑏𝑢𝑙𝑘 (0,0) − 2𝑔𝐵𝑖
𝑏𝑢𝑙𝑘(0,0)]     (S-5) 

𝑚𝑎𝑥[𝜇𝑂(𝑇, 𝑝)] =
1

2
𝐸𝑂2
𝑡𝑜𝑡𝑎𝑙        (S-6),  

where structures for Bi and Bi2O3 bulks are from Crystallography Open Database2 and O2 chemical potential is from DFT calculation, 

1

2
𝐸𝑂2
𝑡𝑜𝑡𝑎𝑙=-4.91 eV. 

Thus, the range of O chemical potentials is -7.17 eV to -4.91 eV. 
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Table S1. Profiles of concentrations over five different catalysts 

  

Reaction time, 

h 

Concentrations , mol/L 

Glycerol DHA 

Glyceric 

acid 

Glyceraldehyde 

(GLA) 

Pt-Bi/AC 

0.00 1.00 0.00 0.00 0.00 

0.40 0.88 0.09 0.01 0.00 

0.80 0.69 0.19 0.05 0.03 

1.20 0.52 0.32 0.06 0.03 

1.60 0.41 0.38 0.07 0.04 

2.00 0.33 0.40 0.11 0.06 

2.40 0.23 0.47 0.12 0.06 

2.80 0.20 0.45 0.11 0.06 

3.20 0.20 0.45 0.10 0.07 

3.60 0.19 0.41 0.09 0.07 

4.00 0.18 0.41 0.08 0.07 

4.50 0.16 0.37 0.07 0.06 

5.00 0.12 0.34 0.10 0.05 

Pt-Bi/ZSM-5 

0.00 1.00 0.00 0.00 0.00 

0.40 0.90 0.01 0.01 0.00 

0.80 0.82 0.02 0.01 0.00 

1.20 0.72 0.03 0.01 0.01 

1.60 0.64 0.05 0.02 0.01 

2.00 0.50 0.15 0.04 0.02 

2.40 0.42 0.19 0.06 0.03 

2.80 0.32 0.26 0.08 0.03 

3.20 0.25 0.29 0.09 0.04 

3.60 0.20 0.33 0.10 0.05 
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4.00 0.16 0.33 0.10 0.05 

4.50 0.15 0.31 0.08 0.05 

5.00 0.12 0.30 0.07 0.04 

Pt/MCM-41 

0.00 1.00 0.00 0.00 0.00 

0.40 0.88 0.02 0.04 0.01 

0.80 0.69 0.03 0.05 0.02 

1.20 0.52 0.03 0.07 0.03 

1.60 0.41 0.04 0.09 0.02 

2.00 0.33 0.04 0.13 0.07 

2.40 0.23 0.03 0.20 0.08 

2.80 0.20 0.04 0.23 0.10 

3.20 0.20 0.04 0.30 0.15 

3.60 0.19 0.04 0.32 0.16 

4.00 0.18 0.04 0.34 0.17 

4.50 0.16 0.04 0.39 0.20 

5.00 0.12 0.03 0.41 0.20 

Pt-Bi/MCM-41 

0.00 1.00 0.00 0.00 0.00 

0.40 0.83 0.06 0.01 0.00 

0.80 0.67 0.15 0.01 0.00 

1.20 0.51 0.25 0.02 0.01 

1.60 0.38 0.32 0.03 0.01 

2.00 0.33 0.41 0.04 0.01 

2.40 0.28 0.45 0.04 0.01 

2.80 0.22 0.50 0.05 0.01 

3.20 0.19 0.52 0.05 0.01 

3.60 0.17 0.53 0.06 0.01 

4.00 0.17 0.54 0.07 0.01 

4.50 0.14 0.51 0.07 0.01 

5.00 0.13 0.48 0.07 0.01 
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 Pt/Bi-MCM-41 

0.00 1.00 0.00 0.00 0.00 

0.40 0.88 0.01 0.02 0.02 

0.80 0.81 0.02 0.04 0.02 

1.20 0.69 0.04 0.06 0.03 

1.60 0.57 0.09 0.06 0.03 

2.00 0.50 0.11 0.07 0.04 

2.40 0.41 0.16 0.08 0.05 

2.80 0.33 0.20 0.08 0.05 

3.20 0.23 0.24 0.10 0.07 

3.60 0.17 0.26 0.11 0.07 

4.00 0.15 0.29 0.13 0.08 

4.50 0.14 0.27 0.14 0.09 

5.00 0.10 0.25 0.15 0.09 
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Table S2. Binding energies of glycerol on different sites and models 

 

Sites & Models BE (eV) 

Pt -0.48 

PtO -0.50 

Bi-Pt -0.53 

Bi2O-Pt -0.93 
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Figure S1. Bi segregation on Pt(111) surface 

 

Model of mixed well: ratio=3, three Pt atoms and one Bi atom per layer, as a reference 

Model of Pt segregation: ratio=3, exchange Bi in 1st layer with Pt in 2nd layer, energy unfavorable 

Model of (simple) Bi segregation: ratio=3, exchange Pt in 1st layer with Bi in 2nd layer 

Model of global opt #1 (by genetic algorithm): ratio=3, energy favorable 

Model of global opt #2 (by particle swarm optimization): ratio=2.4, energy favorable  
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Figure S2. Bi adatom models on Pt(111) surface 
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Figure S3.  Initial, transition and final geometries of O2 dissociative adsorption on Pt and Pt-Bi models 
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Figure S4. Geometries of different oxidized bismuth models 
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Figure S5. Initial, transition and final geometries of glycerol selective oxidation to DHA on Bi2O_Pt(111) model. 
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Figure S6. Bismuth site vs Platinum site for H2O formation 
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Nomenclature 

A   [Å2]  Area of a given surface 

BE   [eV]  Binding energy of an adsorbate 

Ea   [eV]  Energy barrier of a given reaction 

Ead   [eV]  Energy of a gas molecular adsorbate 

Ead/slab   [eV]  Energy of a binding adsorbate and a clean slab 

EIS   [eV]  Energy of an initial state 

Eslab   [eV]  Energy of a clean slab 

𝐸𝐵𝑖
𝑏𝑢𝑙𝑘   [eV]  Energy of an atom in bulk Bi 

𝐸𝑃𝑡
𝑏𝑢𝑙𝑘   [eV]  Energy of an atom in bulk Pt 

ETS   [eV]  Energy of a transition state 

G   [eV]  Free Gibbs energy 

𝑔𝐵𝑖2𝑂3
𝑏𝑢𝑙𝑘    [eV]  Free Gibbs energy of Bi2O3 bulk 

𝑔𝐵𝑖
𝑏𝑢𝑙𝑘   [eV]  Free Gibbs energy of Bi bulk 
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k   [J/K]  Boltzmann constant 

𝑛𝐵𝑖   [-]  Number of Bi atoms 

𝑛𝑃𝑡   [-]  Number of Pt atoms 

p   [Pa]  Pressure 

T   [K]  Temperature 

x   [-]  Number of Bi atoms in a BixOy cluster 

y   [-]  Number of O atoms in a BixOy cluster 

µBi   [eV]  Bismuth chemical potential; 

µO   [eV]  Oxygen chemical potential 

𝛾(𝑇, 𝑝)   [eV]  Surface free energy 
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