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ABSTRACT: Catalytic deoxygenation, that is, the removal of
oxygen over heterogeneous catalysts, is used as a strategy of
upgrading bio-oils into fuels. Until now, the most commonly
studied and used reagent has been hydrogen. Substituting
hydrogen with methane is a cost-effective and smart strategy,
because methane is abundant as the principal component of
natural gas and shale gas. In this paper we used methane as a
direct source of hydrogen for the deoxygenation of guaiacol
over activated carbon supported platinum−bismuth bimetallic
catalysts. The promotional effect of bismuth was investigated
using in situ ambient-pressure X-ray photoelectron spectros-
copy on these particulate catalysts. In comparison to the
catalyst containing only platinum, bismuth hinders platinum
oxidation, stabilizing it in the metallic state both before and
after prereduction in hydrogen. Guaiacol strongly interacts with bismuth, which partially oxidizes in the presence of the mild
oxygenate, and carbonyl species accumulate on the surface. In the absence of bismuth, coke formation and sintering prevail.

KEYWORDS: ambient-pressure X-ray photoelectron spectroscopy, bio-oil, guaiacol, methane, platinum−bismuth, deoxygenation

■ INTRODUCTION

A significant replacement of petroleum fuels with biofuels, i.e.
fuels derived from biomass, is a major move toward
sustainability. Pyrolysis of lignocellulosic biomass has been
devised as a good strategy to obtain liquid bio-oils.1 However,
direct utilization of bio-oil into transportation fuels has been
challenging owing to its high oxygen content, which is about
50%, much higher than that in crude oil.2 This leads to
unwanted properties, including low heating value, high
viscosity, and immiscibility with hydrocarbon fuels. Catalytic
hydrodeoxygenation (HDO), which refers to the removal of
oxygen by hydrogen over heterogeneous catalysts, is used as a
strategy of upgrading bio-oils into fuels.1−9 Substituting
hydrogen with methane10 is a cost-effective alternative and
smart strategy, since methane is abundant as the principal
component of natural gas and shale gas. In addition, largely
owing to transportation costs, tons of methane are flared at the
oil-extraction sites annually. As hydrogen is typically
manufactured from methane by steam reforming, a direct use
of methane as a source of hydrogen has decisive advantage.
Due to the complex nature and composition of pyrolysis bio-

oils, guaiacol (2-methoxyphenol) is typically selected as a
representative model compound for HDO studies. Guaiacol
contains two common oxygenated groups, aromatic bonded

methoxy and phenolic oxygen.11 On one of the key catalysts,
5% Pt supported on activated carbon (Pt/AC), methane shows
deoxygenation performance comparable to that of hydrogen in
terms of guaiacol conversion and product distribution. The
effectiveness of methane as a reductant drives the need for
improvement of the catalyst, as the catalyst undergoes severe
deactivation within 3 h of time on stream (TOS) in methane.
With the addition of bismuth, the lifetime of the Pt-Bi/AC
catalyst is extended without any significant drop in the activity
or change in product distribution. Previous reaction and
kinetic studies explored the optimum operating conditions and
reaction pathways for guaiacol deoxygenation using meth-
ane.10,12,13 The positive effect of bismuth is clear; however, the
origin of this is not.
Bismuth is known for displaying promoting effects in

association with noble metals such as palladium and platinum
for the selective liquid-phase oxidation of alcohols, aldehydes,
and carbohydrates with molecular oxygen.14−19 Many inter-
pretations of bismuth promotion, mainly based on liquid-phase
selective oxidation, are available, which include geometric
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blocking of a fraction of active sites on the noble metal,
stabilization of metallic platinum, that is, during the reaction
bismuth would be in a higher oxidation state and protect
platinum or palladium from oxidation, decrease in metal
corrosion in the acidic solution, and formation of surface
complexes among an α-functionalized alcohol, a positively
charged bismuth atom or ion, and a surface palladium or
platinum atom. However, studies on bismuth promotion in
bio-oil deoxygenation are scarce. The vast majority of studies
use model systems, which provide insights into actual catalysts
depending on the quality of the model. Here, we show that
ambient-pressure X-ray photoelectron spectroscopy (APXPS),
which is a well-established method applied in the analysis of
actual catalysts and in electrochemistry,20−23 can be used to
investigate the reactivity toward complex reactants having
practical applications, such as guaiacol.
Herein, we determine the role of bismuth in improving the

stability of Pt/AC catalysts.10 By means of APXPS,21,22,24,25 we
investigate the reaction of guaiacol and methane over two
active catalysts, i.e. 5 wt % Pt/AC and 5 wt % Pt-2 wt % Bi/
AC. Since only these two catalysts were used in the present
work, in later sections weight basis and AC support are not
noted explicitly when describing them. Thus, the Pt and PtBi
catalysts refer to 5 wt % Pt/AC and 5 wt % Pt-2 wt % Bi/AC,
respectively. The results show that bismuth is oxidized to a
high extent during the exposure to guaiacol and acts as a
cocatalyst of the Pt-Bi bimetallic sites. These findings suggest
the importance of bismuth in promoting the overall perform-
ance of the catalyst.

■ RESULTS AND DISCUSSION
The characterization information on the catalysts, including
surface area, particle size, Pt dispersion, and bismuth loading, is
available in Tables S1−S3 in the Supporting Information. The
same catalysts have already been described in ref 10, and
transmission electron microscopy (TEM) images of fresh and
used samples described in this work, showing comparable
metal particle size and dispersion, are shown in Figure S1. It
appears that on PtBi nanoparticles the morphology essentially
remains the same after reaction tests in comparison with fresh
samples. The performance of Pt and PtBi (guaiacol conversion
as a function of the time on stream) is shown in Figure S2. The
results are in agreement with ref 10. On the Pt catalyst the
guaiacol conversion starts to decrease immediately. After the
first 2 h on stream it decreases from 80% to 70% and reaches
ca. 20% after 6 h. Conversely on PtBi the conversion of
guaiacol is stable at around 60% over the investigated time on
stream (12 h). The guaiacol conversion measured on a 2% Bi/
AC catalyst, used as a reference, demonstrates that platinum is
necessary to catalyze the deoxygenation reaction.
In the APXPS experiment, a mixture of gaseous methane and

guaiacol vapors (molar ratio 9:1, based on the partial pressure
of the gases detected in the experimental cell) was dosed into
the reaction cell. The pressure during the experiment was kept
constant at 1 mbar, at a constant temperature of 673 K. XPS
measurements were performed using linearly polarized light at
a photon energy of 650 eV. The photon source was the X07DB
In Situ Spectroscopy bending magnet soft X-ray (250−1800
eV) beamline, at the Swiss Light Source synchrotron.26 Figure
1 shows the Bi 4f7/2 core level spectra of the PtBi catalyst
recorded at 673 K at a total pressure of 1 mbar under steady
state and various conditions. At first, the spectra were recorded
in a helium environment, after which the catalyst was activated

in hydrogen for 4 h. The Bi 4f7/2 signal shows two peaks at
157.6 and at 159.7 eV, which correspond to metallic (Bi0) and
cationic bismuth (Bi3+) species, respectively. The ratio of Bi3+

and Bi0 in the hydrogen activated catalyst is 0.21. In methane,
and in the mixture of methane and guaiacol, the oxidic
component increases slightly and the ratio is 0.25. Next, the
methane was switched off, while the guaiacol flow was kept
constant. The total pressure was balanced to 1 mbar using
helium. The Bi3+ component (159.7 eV) increases significantly
and the Bi3+/Bi0 ratio reaches a value of 0.58. The results
suggest that bismuth acts as a high affinity site for guaiacol, in
comparison to platinum. The high vulnerability of bismuth to
oxidation is in fact well reported27 in the presence of oxygen
for selective oxidation of alcohols. There, it acts as a cocatalyst
due to its high affinity toward oxygen, protecting platinum
active metal from oxidation.28 However, no report on in situ
oxidation of bismuth in the presence of only a mild oxygenate
(such as guaiacol) has been shown previously. Figure S3 shows
that the Pt 4f signals acquired under various conditions do not
display any abrupt change after the activation of both the Pt
and PtBi catalysts in hydrogen. In the case of PtBi, the amount
of cationic platinum is relevant before activation (Pt2+/Pt0 =
0.45, see the table in Figure S3) and decreases considerably
after activation in hydrogen (0.26). In the case of the Pt
sample, the line shape of the Pt 4f signal does not show any
relevant variation. After pretreatment in hydrogen, the Pt2+/Pt0

ratio stabilizes at around 0.45 and 0.20 for Pt and PtBi,
respectively.
It is to be underscored that the amount of metallic platinum

(Pt0) in PtBi is higher in comparison to that of Pt, supporting
the hypothesis that bismuth protects the metallic platinum
from oxidation (see table in Figure S3). Figure 2 shows the
time evolution of the Bi3+/Bi0 ratio of the PtBi catalyst in a 40
min timespan. Table 1 shows the Bi3+/Bi0 ratio evaluated from
XPS under different reaction conditions and during a 30 min
exposure to a mixture of helium and guaiacol. While the flow
between CH4 + guaiacol and He + guaiacol was quickly
replaced, spectra were recorded in cycles where a single
spectrum of the Bi 4f was acquired in 17 s. In the ambient-
pressure cell of our APXPS setup, a complete exchange of gases
is possible in less than 10 s.25 Each point in the plot

Figure 1. Bi 4f7/2 signals of PtBi catalyst recorded at 673 K and at a
total pressure of 1 mbar at various conditions. Spectra were acquired
with the excitation photon energy hν = 650 eV.
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corresponds to a sum of 8 spectra of Bi 4f, corresponding to
136 s. In CH4 + guaiacol, the Bi3+/Bi0 ratio in the catalyst is
0.25. After methane is replaced by helium, the Bi3+/Bi0 ratio
increases to 0.75 within 1000 s. The amount of cationic
bismuth then decreases and stabilizes at around 0.45 after 2000
s of the exposure. Oscillations of the Bi3+/Bi0 ratio between 0.4
and 0.5 observed after 1500 s are likely a result of the Bi 4f7/2
deconvolution procedure. In order to explain such an effect, we
evaluated the evolution of the Pt 4f/C 1s (hereafter called Pt/
C), Bi 4f/C 1s (hereafter called Bi/C), and Pt 4f/Bi 4f
(hereafter called Pt/Bi) ratios in the PtBi sample and the
evolution of the Pt/C ratio in the Pt sample as a function of
the reaction conditions. The results are shown in Figure S4.
The Pt/Bi ratio of the “as introduced” sample (measured at
room temperature and 1.0 mbar helium background pressure)
is 0.86, proving that the surface composition of the
nanoparticles is almost 1:1 (Pt:Bi). Energy dispersive X-ray
analysis of transmission electron microscopy images (EDX-
TEM) in Figure S5 show that the distribution of Pt and Bi in
the nanoparticles is homogeneous both in the “as introduced”
PtBi sample and after reaction with a CH4 + guaiacol mixture.
The phase equilibrium diagram of the platinum−bismuth
system shows that a PtBi2 composition would be expected at
room temperature.29 The Pt/Bi ratio increases considerably

upon increasing the temperature to 400 °C in helium. In
addition, the Pt/C and Bi/C ratios are increased, the latter
considerably less than the former. This suggests that an
increase in the temperature in helium background

(i) “cleans” the nanoparticles, most likely favoring desorp-
tion of residual chemisorbed gas molecules (e.g., water,
carbon monoxide), partially attenuating the photo-
emission signals

(ii) promotes the surface segregation of platinum

The Pt/Bi ratio keeps decreasing almost constantly until a
reductant is present and again reaches the starting value (0.86)
in the reaction mixture (CH4 + guaiacol). When methane is
removed from the reaction mixture, the ratio decreases
significantly, from 0.86 to 0.58.
The Pt/C and Bi/C ratios behave similarly. Upon dosing of

hydrogen their values decrease to the initial (room temper-
ature, 1.0 mbar He) levels, while they are stable in the gas
mixtures containing a reductant. The Pt/C ratio starts to
decrease again in the presence of He + guaiacol. Taken
together, the results of Figure S4a indicate that bimetallic Pt-Bi
nanoparticles are stable after the activation at 400 °C in
hydrogen. The behavior of the Pt/C and Bi/C ratios shows
that neither a metal diffusion in the carbon support nor
relevant coke formation takes place on PtBi, in good agreement
with Table S4 and with Figures S1 and S6. The surface
composition of the nanoparticles is mainly influenced by the
temperature, and after an initial surface segregation of platinum
at 400 °C in helium, the starting Pt:Bi atomic percentage is
gradually recovered in the presence of a reductant (in the CH4
+ guaiacol reaction mixture the Pt/Bi ratio is 0.86) . Once
methane is removed from the reaction mixture, bismuth
surface enrichment is observed. We want to stress that the
measurements shown in Figure S4a were carried out under
steady-state conditions: i.e., the photoemission signals were
not changing with time. The time-resolved evolution of Bi 4f7/2
within the first 30 min (Figure 2) on switching from CH4 +
guaiacol to He + guaiacol can be explained by a change in the
surface atomic composition of the nanoparticles in the absence
of a reductant. Approximately 25 min may be the time required
for Bi to segregate and react with guaiacol to form a stable
oxide layer.
As shown in Figure S6 and Table S4 of the Supporting

Information, carbon deposition and coke formation are
believed to be responsible for deactivation of the catalysts in
guaiacol deoxygenation using methane as reductant. Indeed,
temperature-programmed oxidation (TPO) performed on the
used Pt and PtBi catalysts shows carbon dioxide production in
both systems (Figure S4) between 300 and 600 °C. Similar
results have been reported in the literature for reactions
involving methane as a reactant.30−32 For this reason, we show
the C 1s photoemission signal acquired under different
reaction conditions. Figure 3 displays a comparison of the C
1s signals acquired in situ on the Pt and PtBi catalysts. The
spectra were deconvoluted with three components, located at
285.0, 286.3, and 287.5 eV, respectively. An additional
component at 286.6 eV, corresponding to gas-phase methane,
was added when methane was present in the mixture. The
functional states correspond to sp3 carbon (C−C, C−H) at
285 eV, hydroxyls or ethers (C−O and C−O−C) at 286.3 eV,
and carbonyls (CO) at 287.5 eV.33 The peaks were
quantified by calculating the integrated peak area. The amount
of coke cannot be quantified independently, as the reported

Figure 2. Evolution with time of the Bi3+/Bi0 in the PtBi catalysts
recorded at 673 K and at a total pressure of 1 mbar after switching
from CH4 + guaiacol to a mixture of He + guaiacol. Spectra were
acquired with the excitation photon energy hν = 650 eV.

Table 1. Evolution of the Bi3+/Bi0 Ratio in Different
Reaction Conditions and as a Function of Time during
Exposure to Helium + Guaiacol (Figure 2)

conditions Bi3+/Bi0

unactivated catalyst in helium 0.64
catalyst activated in H2 0.21
CH4 0.26
CH4 + guaiacol 0.31
helium + guaiacol

200 s 0.68
400 s 0.65
600 s 0.61
1000 s 0.79
1400 s 0.76
1600 s 0.52
1800 s 0.50
2000 s 0.44
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binding energy overlaps with that of the main peak of the AC
substrate (sp3 carbon) at 285.0 eV.34,35 Therefore, we
calculated the ratio between the area of the Pt 4f signal and
that of the 285.0 eV component of the C 1s. If during the
deoxygenation reaction carbon (coke) would accumulate on
the surface, thus partially attenuating the photoemission signal
coming from the metal, we would expect a decrease in the
ratio. Figure S4b shows that the Pt/C ratio evaluated on the Pt
sample decreases substantially when the temperature increases
from room temperature to 400 °C in helium and then
stabilizes during activation in hydrogen and in the presence of
methane. It decreases again once methane is removed from the
mixture. Therefore, on the Pt sample, both a temperature
increase from room temperature to 400 °C in helium and the
oxidizing reaction environment promote a decrease of the Pt/
C ratio. Such an effect may be due to coke formation, to metal
diffusion in the carbon support, or to the sintering of the
nanoparticles. On the basis of the TPO data (Table S4 and
Figure S6), showing coke accumulation on the Pt used sample,
and on TEM and H2−O2 titration results (Figure S1 and Table
S3), displaying a small increase in the Pt nanoparticle size upon
reaction (from 4.2 to 4.9 nm), coke formation and sintering of
the nanoparticles may prevail and influence the observed
behavior of the Pt/C.
Overall, bimetallic platinum−bismuth nanoparticles are

more stable than pure platinum nanoparticles. The TEM-
EDX results in Figure S5 demonstrate that both Pt and Bi
metals were observed in nanoparticles for fresh and used
catalysts, indicating the formation of a bimetallic alloy. In fact,
an alloy having a surface atomic ratio close to 1:1 forms both in
the presence of a reductant and in the reaction mixture (CH4 +
guaiacol), and the amount of cationic platinum does not
increase. In the presence of the oxidant (He + guaiacol),
bismuth segregates at the surface of the nanoparticles,

hindering the oxidation of platinum and limiting the formation
of coke. The above observations prove that coke formation
contributes to the deactivation of the Pt catalyst, while the
addition of bismuth prevents such an effect. The amount of
carbonyl species (287.5 eV, black peak in Figure 3) detected
on PtBi is higher than on Pt. The CO peak in the PtBi
catalyst grows when the reactants are switched from a mixture
of CH4 + guaiacol to He + guaiacol, whereas in the case of the
Pt catalyst, the CO component remains stable throughout
the switching cycles. The presence of bismuth may protect the
catalyst from the accumulation of coke, leading to formation of
other byproducts containing the carbonyl function and
preventing fast deactivation.

■ CONCLUSIONS

From the analysis of the core-level peaks and time-resolved
experiments of the Bi 4f photoemission signal on a bimetallic
PtBi catalyst during the methane-mediated deoxygenation of
guaiacol, we have shown that under oxidizing conditions
bismuth segregates at the surface of the nanoparticles, acting as
a preferential adsorption/reaction site for the oxygenate. The
addition of bismuth also shows a low amount of oxidized
platinum, proving that bismuth protects platinum from
oxidation, whereas on the monometallic Pt catalyst hydrogen
pretreatment at 400 °C is essential to reduce the platinum and
generate active sites for the reaction. In order to understand
why the guaiacol conversion on the Pt catalyst drops from 80
to 20% within 6 h on stream whereas it is stable at around 60%
on the PtBi catalyst, we compared the evolution of the Pt/C,
Bi/C, and Pt/Bi ratios under different reaction conditions. Our
results show that bismuth stabilizes the nanoparticles
(negligible sintering observed) and prevents the formation of
coke under oxidizing conditions. Conversely, coke formation

Figure 3. C 1s signals of (A) Pt/AC and (B) Pt-Bi/AC catalysts recorded at 673 K and at a total pressure of 1 mbar under various conditions.
Spectra were acquired with the excitation photon energy hν = 650 eV.
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and sintering take place on the monometallic Pt catalyst,
blocking the catalytically active sites and leading to a rapid
deactivation. These findings are in line with studies that ascribe
the promotional effects of bismuth as decreasing oxidation of
the active component platinum and at the same time restricting
accumulation of carbon on the surface of the catalyst.

■ EXPERIMENTAL DETAILS
Using H2PtCl6(H2O)6 and BiCl3, both >99.99% purity from
Sigma-Aldrich, as precursors and 80−120 mesh activated
carbon (AC) from Norit Americas Inc. as catalyst support, Pt
and Bi were sequentially loaded by the wet impregnation
method. Briefly, precursors were dissolved in HCl solution,
followed by dropwise addition to the AC slurry and continued
stirring for 8 h at room temperature (293 K). The catalysts
were dried at 373 K in air before use in performance tests.
The APXPS measurements were performed in the solid−gas

interface endstation36 connected to the In Situ Spectroscopy
beamline of the Swiss Light Source (SLS). The APXPS setup
has a differentially pumped Scienta R4000 HiPP-2 analyzer.
The photoelectrons were detected at an angle of 30° with
respect to the direction of the surface normal. Linearly
polarized light was used during all experiments. The available
photon energy for NanoXAS is 250−1800 eV. The Pt 4f, Bi 4f,
and C 1s spectra were all recorded using 650 eV excitation
energy. After subtraction of a Shirley background, the
photoemission peaks were deconvoluted using Voigt-shaped
functions (for details see Table S5). An asymmetric Doniach−
Sunjic line shape37 was used to fit the metallic platinum
component of the Pt 4f peaks. The position (binding energy
scale), full width at half-maximum, and line shapes were
constrained during the deconvolution of peak components
associated with the same oxidation state (e.g., Pt0 and Pt2+ in
Figure S3). The catalyst powders were dispersed in ethanol
and drop-casted as thin layers on 0.1 mm thin gold foils. The
gold foil was clamped to the manipulator head by tantalum
clips. The sample was heated by an IR laser, which projects at
the back side of the sample holder. The temperature was
monitored by a Pt100 sensor.
The experimental chamber has a flow tube configuration,

which allows a fast exchange of gases in the cell. In the
upstream, a gas line (3 mm diameter tube) with mass flow
controllers for definite gases was connected. Guaiacol vapor
was generated by heating the pure liquid (Acros organics,
>99%) in a vial to 453 K in a vapor generator connected
upstream to the flow tube. The lower side of the cell was
connected to a 27 m3/h root pump by a diaphragm valve. The
pressure in the ambient-pressure cell was monitored by means
of Baratron capacitance measurement units.
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EXPERIMENTAL DETAILS

Using H2PtCl6(H2O)6 and BiCl3, both > 99.99% purity from Sigma Aldrich, as precursors and 

80–120 mesh activated carbon (AC) from Norit Americas Inc. as catalyst support, Pt and Bi 

were sequentially loaded by the wet impregnation method. Briefly, precursors were dissolved 

in HCl solution, followed by dropwise addition to the AC slurry and continued stirring for 8 h 

at room temperature (293 K). The catalysts were dried at 373 K in air before use in 

performance tests.

The ambient pressure x-ray photoelectron spectroscopy (APXPS) measurements were 

performed in the solid-gas interface endstation1 connected to the In Situ Spectroscopy 

beamline of the Swiss Light Source (SLS). The APXPS setup has a differentially pumped 

Scienta R4000 HiPP-2 analyzer. The photoelectrons were detected at an angle of 30° with 

respect to the direction of the surface normal. Linearly polarized light was used during all 

experiments. The available photon energy for NanoXAS is 250-1800 eV. The Pt 4f, Bi 4f, 

and C 1s spectra were all recorded using 650 eV excitation energy. After subtraction of a 

Shirley background, the photoemission peaks were deconvoluted using Voigt shaped 

functions. Asymmetric Doniach-Sunjic line shape2 was used to fit the metallic platinum 

component of the Pt 4f peaks. The position (binding energy scale), full width at half 

maximum and the line-shapes were constrained during the deconvolution of peak 

components associated with the same oxidation state (e.g. Pt0 and Pt2+ in Figure S3). The 

powder catalysts were dispersed in ethanol and drop-casted as a thin layer on a 0.1 mm thin 

gold foil. The gold foil was clamped to the manipulator head by tantalum clips. The sample 

was heated by an IR laser, which projects at the back side of the sample holder. The 

temperature was monitored by a Pt100 sensor. The experimental chamber has a flow tube 

configuration, which allows a fast exchange of gases in the cell. In the upstream, a gas line (3 
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mm diameter tube) with mass flow controllers for definite gases was connected. Guaiacol 

vapor was generated heating the pure liquid (Acros organics, >99%) in a vial to 453 K in a 

vapor generator connected upstream to the flow tube. The lower side of the cell was 

connected to a 27 m3/h root pump by a diaphragm valve. The pressure in the ambient 

pressure cell was monitored by means of Baratron capacitance measurement units. 

By N2 adsorption and desorption at 77 K via a Micromeritics ASAP 2020 apparatus, 

Brunauer-Emmett-Teller (BET) measurements were conducted, giving physisorption 

properties of catalysts, including surface area, pore size and pore volume. Prior to 

measurements, degassing was carried out at 300 °C for 8 h. Using 0.5 wt% Pt/Al2O3 as 

calibration standard, Pt dispersion was obtained by the H2-O2 titration approach. Note that at 

room temperature, Bi does not adsorb H2 molecules and bismuth oxide does not react with H2. 

The transmission electron microscopy (TEM) scans were operated at 200 kV with LaB6 

source (FEI-Tecnai). The TEM samples were prepared by suspending fine catalyst particles 

in ethanol, followed by dispersing them on 200 copper mesh grids with lacey carbon film 

coating, and then drying in air at room temperature. The TEM-EDX scans were carried out 

using a FEI Talos F200X scanning transmission electron microscope. Energy dispersive x-

ray analysis (EDX) was done using X-FEG high-brightness electron source.  Elemental 

analysis of catalysts was carried out by the inductively coupled plasma-atomic emission 

spectroscopy (ICP-AES) method using a SPECTRO Instrument. In the temperature 

programmed oxidation (TPO) process, 5% O2 in N2 gas mixture was used as the oxidizing 

gas. The used catalysts were packed in the reactor for TPO measurements without any 

pretreatment. The heating rate was 5 °C/min and the standard catalyst packed weight was 

0.25-0.50 g. The total gas flow rate was 100 mL/min. The O2 consumption was measured by 

a binary gas analyzer equipped with a thermal conductivity detector (TCD). 
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Table S1. BET Characterization Results of Various Catalytic Materials

Catalyst BET Surface Area, m2/g Pore Size, nm Pore Volume, cm3/g

5% Pt 501 3.5 1.5
5% Pt-2% Bi 497 3.1 1.0

2% Bi 511 2.6 0.7
used 5% Pt 377 1.9 0.8

used 5% Pt-2% Bi 461 2.7 0.9

Table S2. ICP-AES Element Analysis of Various Catalytic Materials

Catalyst Pt % (fresh) Bi % (fresh) Pt % (used) Bi % (used)

5% Pt 4.92 - 4.85 -
5% Pt-2% Bi 5.18 1.92 5.08 1.88

2% Bi - 2.03 - 1.98

Table S3. TEM and H2-O2 Titration Results for Various Catalytic Materials

Particle Size, nm

Catalyst TEM H2-O2 Titration Pt Dispersion, %
5% Pt 4.4 4.2 19.7

5% Pt-2% Bi 3.3 3.1 24.5
2% Bi 3.9 - -

Used 5% Pt 5.6 4.9 14.3
Used 5% Pt-2% Bi 3.5 3.2 21.9

Table S4. Peak Positions and Coke Amounts from Temperature-Programmed Oxidation 

(TPO) Experiments

Peak Position, C
∘
 

 Catalyst (wt%) I II III Accumulated Coke, mg/g  
cat

 Used 5% Pt 450 550 580 523.2
Used 5% Pt-2% Bi 450 - 580 36.6
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Figure S1. TEM images of a) fresh 5% Pt, b) fresh 5% Pt-2% Bi, c) used 5% Pt and d) used 

5% Pt-2% Bi catalysts. 
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Figure S2. Guaiacol deoxygenation performance using methane over various catalysts, 673K, 

0.5 g catalyst, 50 ml/min methane, 50 ml/min nitrogen, 0.025 ml/min guaiacol (liquid, room 

temperature). In gaseous phase, the ratio of methane to guaiacol is about 10, similar to the 

value used for APXPS. 
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Figure S3. The evolution of Pt 4f in A) Pt/AC and in B) Pt-Bi/AC catalysts recorded at 673K 

and at a total pressure of 1 mbar at various conditions.



S8

Table S5. Details of the peaks used for the deconvolution of the photoemission spectra of Bi 

4f, Pt 4f and C 1s.

Spectral Region Components Binding Energy (eV) FWHM (eV)
Pt0 71.6-71.7 0.9-1Pt 4f7/2
Pt2+ 72.6 1.1-1.2
Bi0 157.6 0.9-1 Bi 4f7/2
Bi3+ 159.7 1.1-1.3
sp3 carbon 284.9-285 1.1
-C-O, -C-O-C 286.3 1.1-1.2
Gas phase 
methane

286.6 0.8

C 1s

-C=O 287.5 1.1-1.2

Figure S4. (a) Left y-axis: evolution of the ratios between the area of the Pt 4f and Bi 4f 

photoemission signal and that of the 285.0 eV component of the C 1s with the reaction 

conditions on the PtBi sample. Right y-axis: evolution of the ratio between the area of the 

Pt4f and that of the Bi 4f with the reaction conditions on the PtBi sample. (b) Evolution of the 

ratio between the area of the Pt 4f and that of the 285.0 eV component of the C 1s with the 

reaction conditions on the Pt sample The areas were normalized to the relative sensitivity 

factors (RSF) of each element. 
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Figure S5. (a-c) TEM scan and Pt, Bi EDX mapping for fresh PtBi, (d–f) TEM scan and Pt, 

Bi EDX mapping for used PtBi catalysts
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Figure S6. Temperature-Programmed Oxidation (TPO) Profiles for (a) Used 5% Pt and (b) 

Used 5% Pt-2% Bi Catalysts.
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