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Abstract: Oxidative dehydrogenation of KA-oil (a mixture of cyclohexanone and cyclohexanol) is
an economically attractive process to produce cyclohexanone because it provides a chance to avoid
the energy-intensive alcohol-ketone separation process. The application of this process, however, is
hampered by the low cyclohexanone selectivity which results from the competitive adsorption of
cyclohexanol and cyclohexanone on the catalyst surface. Herein, by engineering Pt-Bi2O3 interface
to tune the geometric and electronic structure of Pt, we successfully weaken the cyclohexanone
adsorption without compromising the oxidation of cyclohexanol. As a result, Bi2O3-Pt/SiO2 with
Bi-to-Pd ratio of 0.2 exhibits a 5 times higher cyclohexanone selectivity than Pt/SiO2 at the same
conversion of KA oil. Long term test suggests that the Pt-Bi2O3 interface is stable in the oxidative
dehydrogenation of KA-oil.

Keywords: KA-oil; oxidative dehydrogenation; bismuth; Pt; electronic effect

1. Introduction

Cyclohexanone is recognized as an important industrial feedstock to produce capro-
lactam and adipic acid, which are key intermediates in the manufacture of nylon 6 and
nylon 66 [1–3]. Industrially, nearly 90% of cyclohexanone is manufactured in the form of
KA-oil through the process of selective oxidation of cyclohexane. Cyclohexanol separated
from KA-oil can also be used to produce cyclohexanone through an endothermic anaerobic
dehydrogenation process, but the single-pass yield is limited by thermodynamic equilib-
rium (50–60%), which again produces KA-oil [4,5]. In order to obtain pure cyclohexanone,
tedious steps of distillation separation and purification are indispensable. These steps are
energy-intensive and pollutive because the boiling points of cyclohexanol (161 ◦C) and
cyclohexanone (155 ◦C) are very close [6,7]. For the purpose of simplifying operation and
saving energy, it is appealing to develop an oxidative dehydrogenation (ODH) process
of KA-oil (Scheme 1) with potential 100% yield of cyclohexanone [8]. Nevertheless, no
catalysts have been reported to reach this target yet. Even if pure cyclohexanol is used as
the substrate, the conversion is usually less than 80% [9–12]. The biggest challenge in the
ODH of KA-oil is the competitive adsorption between ketone and alcohol, which results
in low alcohol conversion and non-ideal ketone selectivity. To address this problem, it
is of great importance to develop advanced catalysts that feature a weak adsorption of
cyclohexanone but have a strong adsorption of cyclohexanol
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The adsorption behavior of heterogeneous catalysts is generally determined by their 
surface geometric and electronic structures [13–15]. For a structure-sensitive reaction, dif-
ferent crystal planes might exhibit different adsorption behaviors towards reactants and 
products. In this situation, engineering the morphology and exposed crystal planes of na-
noparticles can regulate the adsorption behavior to optimize the catalytic performance. 
For example, Hong et al. reported a precise geometric control over Pt nanoparticles 
(PtNPs) by tuning the calcination atmosphere. They demonstrated that cubic PtNPs pos-
sessed stronger adsorption towards cyclohexanol than octahedral PtNPs and thus dis-
played better catalytic activity in oxidation of KA-oil [13]. Zhou et al. reported solvent 
post-treatment as an efficient process to manipulate the crossover of Au nanoparticles be-
tween multiply twinned nanoparticle (MTP) and single crystal. They found that twin 
boundaries exposed with {211}-like facets can significantly enhance the chemisorption of 
alcohol molecules and therefore greatly improve the ODH of alcohols [16]. In addition, 
introducing second component to block part of active sites might provide different sub-
strate coordination route that in turn modify the activity and the selectivity of the original 
catalyst [17]. For example, Villa et al. reported that the addition of Bi into PdAu/C can 
significantly improve the selectivity in ODH of benzyl alcohol because Bi blocks partial of 
active sites and suppress parallel reaction in ODH of benzyl alcohol [18]. In addition to 
geometric effect, creating metal-metal [15,19], metal-support [20] or metal-organic inter-
faces [14] to tune the electronic structures of metal nanoparticles is also an important strat-
egy to regulate their adsorption behaviors. Among them, p-electron metal Bi, is frequently 
used as a modifier to engineer the electronic structure of Pd and Pt as it can donate elec-
trons to these active species and prevent them from being overoxidized [21,22]. However, 
the promoting effect of Bi is usually reported in the low-temperature liquid-phase oxida-
tion of alcohols. Limited progress is reported in high-temperature gas-phase ODH of al-
cohols. Conventional studies usually use relatively high loading of metallic Bi. The pro-
moting effect of the very low loading of Bi2O3 is rarely reported. 

Here, we systematically studied the promoting effect of bismuth oxide in Pt-cata-
lyzed gas-phase ODH of KA-oil. We found that grafting a small amount of Bi2O3 onto 
PtNPs can significantly improve the cyclohexanone selectivity without compromising of 
cyclohexanol conversion. Kinetic studies and characterizations suggested that the engi-
neered Pt-Bi2O3 interface altered the geometric and electronic structure of Pt, which re-
sulted in weaker adsorption of cyclohexanone and thus prevented it from over-oxidizing 
to CO2. 

 
Scheme 1. Reaction route of catalytic oxidative dehydrogenation of KA-oil. 

2. Results 
Bi is a well-known promoter for Pt catalysts in alcohol oxidation [21]. The origin of 

the promoting effect, however, is still under debate [22]. Mondelli et al. suggested that 
metallic Bi can prevent active Pt species from being overoxidized [23]. Mallat et al. as-
cribed the promoting effect of Bi to the geometric blocking of poisonous intermediates on 
Pt particles [24]. Zhou et al. [25] believed that strong synergic interaction between partially 
oxidized BiOx and Pt made the major contribution to the promotion. To date, it remains a 
question whether Bi in totally oxidized form (i.e., Bi2O3) can still promote the Pt-catalyzed 
ODH of alcohols. To answer this question, we first performed density functional theory 
(DFT) calculations over Pt(111) and Bi2O3 modified Pt(111) surfaces considering that (111) 
is the most stable surface of Pt (Figure 1). The structure of Bi2O3-Pt(111) was built by the 
genetic algorithm optimization method inside the USPEX crystal structure prediction soft-
ware, which has been successfully applied in the prediction of stable structure of massive 
crystals, nanoclusters, and reconstructed crystal surface [26,27]. Bader charge analysis 

Scheme 1. Reaction route of catalytic oxidative dehydrogenation of KA-oil.

The adsorption behavior of heterogeneous catalysts is generally determined by their
surface geometric and electronic structures [13–15]. For a structure-sensitive reaction,
different crystal planes might exhibit different adsorption behaviors towards reactants and
products. In this situation, engineering the morphology and exposed crystal planes of
nanoparticles can regulate the adsorption behavior to optimize the catalytic performance.
For example, Hong et al. reported a precise geometric control over Pt nanoparticles (PtNPs)
by tuning the calcination atmosphere. They demonstrated that cubic PtNPs possessed
stronger adsorption towards cyclohexanol than octahedral PtNPs and thus displayed better
catalytic activity in oxidation of KA-oil [13]. Zhou et al. reported solvent post-treatment
as an efficient process to manipulate the crossover of Au nanoparticles between multiply
twinned nanoparticle (MTP) and single crystal. They found that twin boundaries exposed
with {211}-like facets can significantly enhance the chemisorption of alcohol molecules
and therefore greatly improve the ODH of alcohols [16]. In addition, introducing second
component to block part of active sites might provide different substrate coordination
route that in turn modify the activity and the selectivity of the original catalyst [17]. For
example, Villa et al. reported that the addition of Bi into PdAu/C can significantly improve
the selectivity in ODH of benzyl alcohol because Bi blocks partial of active sites and
suppress parallel reaction in ODH of benzyl alcohol [18]. In addition to geometric effect,
creating metal-metal [15,19], metal-support [20] or metal-organic interfaces [14] to tune the
electronic structures of metal nanoparticles is also an important strategy to regulate their
adsorption behaviors. Among them, p-electron metal Bi, is frequently used as a modifier
to engineer the electronic structure of Pd and Pt as it can donate electrons to these active
species and prevent them from being overoxidized [21,22]. However, the promoting effect
of Bi is usually reported in the low-temperature liquid-phase oxidation of alcohols. Limited
progress is reported in high-temperature gas-phase ODH of alcohols. Conventional studies
usually use relatively high loading of metallic Bi. The promoting effect of the very low
loading of Bi2O3 is rarely reported.

Here, we systematically studied the promoting effect of bismuth oxide in Pt-catalyzed
gas-phase ODH of KA-oil. We found that grafting a small amount of Bi2O3 onto PtNPs can
significantly improve the cyclohexanone selectivity without compromising of cyclohexanol
conversion. Kinetic studies and characterizations suggested that the engineered Pt-Bi2O3
interface altered the geometric and electronic structure of Pt, which resulted in weaker
adsorption of cyclohexanone and thus prevented it from over-oxidizing to CO2.

2. Results

Bi is a well-known promoter for Pt catalysts in alcohol oxidation [21]. The origin of
the promoting effect, however, is still under debate [22]. Mondelli et al. suggested that
metallic Bi can prevent active Pt species from being overoxidized [23]. Mallat et al. ascribed
the promoting effect of Bi to the geometric blocking of poisonous intermediates on Pt
particles [24]. Zhou et al. [25] believed that strong synergic interaction between partially
oxidized BiOx and Pt made the major contribution to the promotion. To date, it remains a
question whether Bi in totally oxidized form (i.e., Bi2O3) can still promote the Pt-catalyzed
ODH of alcohols. To answer this question, we first performed density functional theory
(DFT) calculations over Pt(111) and Bi2O3 modified Pt(111) surfaces considering that (111)
is the most stable surface of Pt (Figure 1). The structure of Bi2O3-Pt(111) was built by
the genetic algorithm optimization method inside the USPEX crystal structure prediction
software, which has been successfully applied in the prediction of stable structure of
massive crystals, nanoclusters, and reconstructed crystal surface [26,27]. Bader charge
analysis suggests that the Pt on Bi2O3-Pt(111) is −0.168 |e| while that for Bi2O3 is +0.168
|e|, indicating the electron transfer towards Pt across the Bi2O3/Pt interface. Interestingly,
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the modification of surface electronic structure as well as the inherent geometric blocking
effect eventually changes the adsorption energy of Pt towards cyclohexanone. As can
be seen from Figure 1, the adsorption energy of the most stable binding configuration
for cyclohexanone on Pt(111) is 1.02 eV, whereas this value decreases to 0.67 eV after
Bi2O3 modification. These results therefore predicted Pt- Bi2O3 interface engineering as an
effective strategy to regulate the adsorption of cyclohexanone, which is closely related to
the performance of the ODH of KA-oil.
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It has been reported that small Pt nanoparticles (2–5 nm in diameter) exhibited excel-
lent catalytic performances in the aerobic oxidation of KA-oil[8].Directed by the literature 
and our theoretical results, we synthesized PtBi/SiO2 materials by a wet impregnation 
method using bismuth nitrate and Pt nanoparticles (~3 nm) [28] as precursors. The loading 
amount of Pt was fixed as 1 wt.% while the mass ratio of Bi-to-Pt varied from 0.05 to 0.3. 
As shown in Figure 2, the average size of Pt particles remains 3–4 nm regardless of the 
bismuth content, suggesting the adding of Bi did not significantly change the particle size 
of Pt. It has been reported that surface structure of Pt nanoparticles within 5 nm are usu-
ally similar, with the exposure of low index surfaces [29]. HRTEM images of PtBi0.2/SiO2 
(Figure 3a,b) depicted characteristic spacing of 0.227 nm for Pt (111) surfaces. The corre-
sponding FFT pattern indicated that the nanoparticles are single crystals. Elemental map-
pings of PtBi0.2/SiO2 (Figure 3d,e) showed that the detected Bi signals generally located 
around Pt signals, which means that the introduced bismuth species preferred to graft 
onto Pt nanoparticles. The observation is in line with that of Ning et al., who found the 
selective adsorption of Bi on or near PtNPs when introducing bismuth precursor to carbon 
nanotubes supported Pt material by impregnation [30]. XRD patterns in Figure 4a showed 
that diffraction peak of Pt (111) did not show any deviation after the introduction of Bi, 
implying the absence of Pt-Bi alloy after the thermal calcination in air. No diffraction peak 
related to Bi was observed because the loading amount is very low [25,31]. 

Figure 1. Calculated structures and the adsorption energies of the cyclohexanone on (a) Pt(111)
and (b) Bi2O3 modified Pt(111). Pt, Bi, C, O, and H atoms are in blue, purple, gray, red, and white,
respectively. The results of Pt(111) is consistent with our previous work and is reproduced with
permission from [13]. Copyright 2018, Wiley-VCH.

It has been reported that small Pt nanoparticles (2–5 nm in diameter) exhibited excel-
lent catalytic performances in the aerobic oxidation of KA-oil [8].Directed by the literature
and our theoretical results, we synthesized PtBi/SiO2 materials by a wet impregnation
method using bismuth nitrate and Pt nanoparticles (~3 nm) [28] as precursors. The loading
amount of Pt was fixed as 1 wt.% while the mass ratio of Bi-to-Pt varied from 0.05 to 0.3.
As shown in Figure 2, the average size of Pt particles remains 3–4 nm regardless of the
bismuth content, suggesting the adding of Bi did not significantly change the particle size
of Pt. It has been reported that surface structure of Pt nanoparticles within 5 nm are usually
similar, with the exposure of low index surfaces [29]. HRTEM images of PtBi0.2/SiO2
(Figure 3a,b) depicted characteristic spacing of 0.227 nm for Pt (111) surfaces. The cor-
responding FFT pattern indicated that the nanoparticles are single crystals. Elemental
mappings of PtBi0.2/SiO2 (Figure 3d,e) showed that the detected Bi signals generally lo-
cated around Pt signals, which means that the introduced bismuth species preferred to
graft onto Pt nanoparticles. The observation is in line with that of Ning et al., who found
the selective adsorption of Bi on or near PtNPs when introducing bismuth precursor to
carbon nanotubes supported Pt material by impregnation [30]. XRD patterns in Figure 4a
showed that diffraction peak of Pt (111) did not show any deviation after the introduction
of Bi, implying the absence of Pt-Bi alloy after the thermal calcination in air. No diffraction
peak related to Bi was observed because the loading amount is very low [25,31].
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structure of Pt and Bi of PtBix/SiO2. Due to the very low concentration of Bi and the overlap 
of Si 2s, it is difficult to acquire a reliable Bi 4f spectrum for PtBi0.2/SiO2. However, once we 
increased the Bi loading to 0.5 wt.%, characteristic Bi 4d peaks at 464.9 and 441.8 eV could 
be observed, corresponding to Bi 4d3/2 and Bi 4d5/2 of Bi3+ [32,33]. It is reasonable that Bi 
species existed as Bi2O3 because the catalysts were pretreated in air before any characteri-
zations and catalytic tests. The Pt 4f XPS spectrum of PtBi0.2/SiO2 was nearly consistent 
with that of Pt/SiO2 (Figure 4b). After the reducing atmosphere (H2/Ar) and the following 
air treatment, the valence state of Pt is very abundant, varying from 0 to +4. The relative 
content of Pt0 calculated by peak area is also very similar to each other (56.0% for Pt/SiO2 
versus55.0% for PtBi0.2/SiO2). No significant shift of Pt 4f peaks corresponding to the elec-
tron transfer across Pt/Bi2O3 interface was observed, likely due to the relatively low con-
centration of Bi2O3 comparing with Pt. The signal of electron-rich Pt was likely over-
whelmed by the signal of unaffected Pt and was therefore not observed by XPS. 

Figure 2. TEM images of Pt/SiO2 and PtBix/SiO2, (a) Pt/SiO2, (b) PtBi0.05/SiO2, (c) PtBi0.2/SiO2,
(d) PtBi0.3/SiO2.
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the content of Bi. At the same time, the introduced bismuth also acts as electron donor for 
Pt resulting the obvious red-shift of all the bands for linear CO adsorption. The observed 
electron effect of Bi is in good agreement with of the above theoretical calculations. The 
Bader charge of Pt on Bi2O3-Pt (111) is −0.168 |e| while that for Bi2O3 is +0.168 |e|, indi-
cating creation of electron-rich Pt after Bi2O3 modification. 
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(c) HAADF-STEM image and (d) EDS mapping of PtBi0.2/SiO2.
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X-ray photoelectron spectroscopy (XPS) was performed to explore the electronic
structure of Pt and Bi of PtBix/SiO2. Due to the very low concentration of Bi and the
overlap of Si 2s, it is difficult to acquire a reliable Bi 4f spectrum for PtBi0.2/SiO2. However,
once we increased the Bi loading to 0.5 wt.%, characteristic Bi 4d peaks at 464.9 and 441.8 eV
could be observed, corresponding to Bi 4d3/2 and Bi 4d5/2 of Bi3+ [32,33]. It is reasonable
that Bi species existed as Bi2O3 because the catalysts were pretreated in air before any
characterizations and catalytic tests. The Pt 4f XPS spectrum of PtBi0.2/SiO2 was nearly
consistent with that of Pt/SiO2 (Figure 4b). After the reducing atmosphere (H2/Ar) and the
following air treatment, the valence state of Pt is very abundant, varying from 0 to +4. The
relative content of Pt0 calculated by peak area is also very similar to each other (56.0% for
Pt/SiO2 versus55.0% for PtBi0.2/SiO2). No significant shift of Pt 4f peaks corresponding to
the electron transfer across Pt/Bi2O3 interface was observed, likely due to the relatively
low concentration of Bi2O3 comparing with Pt. The signal of electron-rich Pt was likely
overwhelmed by the signal of unaffected Pt and was therefore not observed by XPS.

To further investigate the electronic effects of bismuth oxides on Pt/SiO2, we per-
formed in situ diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) using
CO as the probe molecule (Figure 5). The signals at 2050–2100 cm−1 can be assigned to
linear CO adsorption on metallic Pt [34]. As for Pt/SiO2, the frequency bands at 2088 and
2095 cm−1 originate from CO adsorbed on the terrace sites, and the weak shoulder band
observed at 2075 cm−1 is assigned to CO adsorbed on the step sites of Pt [30,35]. With the
introduction of 0.1 wt.% bismuth, one can find that both peaks move to the low frequency
region. In addition, the relative intensity of band assigned to step sites adsorption also
increases (blue line). When the bismuth amount increased to 0.2%, only one broad peak
located at 2052 cm−1 is left and the stretching frequency is red-shifted by 12 cm−1 with
respect to PtBi0.1/SiO2. Possible explanations include both geometric and electronic inter-
actions between Pt and Bi2O3. The introduced bismuth species prefer to occupy the terrace
sites of Pt which caused contribution of the assigned band gradually reduces as increased
the content of Bi. At the same time, the introduced bismuth also acts as electron donor for
Pt resulting the obvious red-shift of all the bands for linear CO adsorption. The observed
electron effect of Bi is in good agreement with of the above theoretical calculations. The
Bader charge of Pt on Bi2O3-Pt (111) is −0.168 |e| while that for Bi2O3 is +0.168 |e|,
indicating creation of electron-rich Pt after Bi2O3 modification.
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Combination of both theoretical calculations and experimental characterizations re-
vealed both geometric and electronic effects of small amount of Bi2O3 on the Pt structure,
which might affect its catalytic performance as suggested by literatures [15,18,36]. The
as-prepared PtBix/SiO2 (x = 0–0.3) was then applied in the selective oxidative dehydro-
genation of KA-oil. CO2 is the main side-product in the current work. Other potential
side-products are benzene, cyclohexene and 2-cyclohexanone and their total selectivity is
negligible (less than 0.1%). As shown in Figure 6a, bare Pt/SiO2 catalyst performed poor
selectivity of cyclohexanone (only 16.2%) with 60.1% conversion of cyclohexanol. Inter-
estingly, once bismuth was added, the selectivity of cyclohexanone was greatly improved.
Specifically, when the loading of Bi increased from 0, 0.05, 0.1 to 0.2 wt.%, the cyclohex-
anone selectivity increased accordingly from 16.2%, 40.9%, 68.7% to 75.4%, respectively. It
is important to note that in this range, the improvement of cyclohexanone selectivity does
not compromise the cyclohexanol conversion. These results suggest that grafting small
amount of Bi2O3 onto Pt surface will not geometrically block many active Pt sites. The
geometric and electronic effect of these small amount of Bi2O3 are beneficial to the selective
ODH of cyclohexanol. In contrast, once the loading of Bi reached 0.3 wt.%, although the
cyclohexanone selectivity increased to 81.9%, the cyclohexanol conversion declined to
30.4%. This is likely due to the blocking of active Pt sites by excess Bi2O3. The inhabitation
effect of bismuth on the catalytic activity also indicated that Bi2O3 itself is not reactive in
this process. Taking together the conversion and selectivity data, the optimal Bi amount is
0.2 wt.% and is therefore adopted in the following study. Furthermore, we investigated
the stability of PtBi0.2/SiO2 in the 100-h test as depicted in Figure 6b. Unlike Pt/SiO2
which experienced 17.7% activity loss in our previous work [13], PtBi0.2/SiO2 exhibited
excellent stable activity with a cyclohexanol conversion at about 56.2% to 63.4%. More
importantly, we did not observe any obvious decrease of cyclohexanone selectivity. The
catalytic test results here indicated that promotion effect of bismuth on Pt/SiO2 catalyst
system is stable and potential for industrial application. The XRD pattern of the spent
PtBi0.2/SiO2 composite after the long-term test did not appear to have any new diffraction
peaks, which verified the stability of the Pt-Bi system and good dispersion of Bi (Figure 4a).
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The promoting effect of bismuth towards the cyclohexanone selectivity is interesting
and worth further investigation. As demonstrated before, the main byproduct in the
catalytic process is CO2. CO2 could be produced by either cyclohexanol or cyclohexanone
considering each of them account for 50 wt.% of the KA-oil substrate. The overoxidized
cyclohexanone could come from the substrate, as well the as-generated one by cyclohex-
anol oxidation. Thus, studying the generation processes of CO2 will indirectly shed light
on the Bi promoting effect on the reaction mechanism. First, we applied Pt/SiO2 and
PtBi0.2/SiO2 in the gas-phase ODH of cyclohexanol to confirm whether the overoxidation
of cyclohexanol dominates for the CO2 generation. The conversion-selectivity relationship
was obtained by carefully adjusting reaction conditions. As shown in Figure 7a, cyclohex-
anone selectivity decreased along with the increasing of conversion in both cases. One
can notice that the red line (PtBi0.2/SiO2) is much higher than the black one (Pt/SiO2) in
the high-conversion area, which is in good line with the catalytic behavior in the ODH of
KA-oil (Figure 6a). Considering that a large amount of ketone is generated when more
than 50% alcohol converts, the selectivity difference between Pt/SiO2 and PtBi0.2/SiO2 in
low conversion degree is more persuasive for the investigation of CO2 production. When
the conversion of cyclohexanol is in low degree (<15%), cyclohexanone selectivity in both
cases is higher than 88% whereas CO2 production is limited, which indicated taht CO2
generation from cyclohexanol could be reasonably excluded.
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Second, we carried on experiments using cyclohexanone as the substrate to compare
the overoxidation of cyclohexanone over Pt/SiO2 and PtBi0.2/SiO2. As shown in Figure 7b,
the cyclohexanone conversion over PtBi0.2/SiO2 was only one third of that over Pt/SiO2
(4.4% versus 13.8%,), which provided solid evidence that overoxidation of ketone con-
tributes to the CO2 generation in the ODH of KA-oil greatly, and this reaction route was
deeply inhibited by introduction of Bi2O3.

The possible explanation could be that Bi2O3 might weaken the adsorption ability
of cyclohexanone on PtNPs and thus prevent cyclohexanone from being overoxidized.
To explore the adsorption behavior of cyclohexanone, kinetic studies over Pt/SiO2 and
PtBi0.2/SiO2 were conducted in the total oxidation of cyclohexanone. In the cyclohexanone
partial pressure test (Figure 7c), the apparent reaction order of cyclohexanone on Pt/SiO2
and PtBi0.2/SiO2 is 0.06 and 0.39, respectively. The former value is similar to that of
benzene [37] or o-xylene [38] in their complete combustion reaction catalyzed by Pt/Al2O3,
which is quite close to zero. The smaller reaction order means stronger adsorption of ketone
on Pt/SiO2 comparing to PtBi0.2/SiO2. Furthermore, temperature-programmed desorption
(TPD) of cyclohexanone was also measured on Pt/SiO2 and PtBi0.2/SiO2. TPD curves in
Figure 8 show three distinct desorption peaks. The one located at 160 ◦C is associated with
the physical adsorption while the two located at high-temperature region origin from the
chemisorbed species on the catalysts [13]. It is noted that the amount of chemisorption on
Pt/SiO2 is much more than that on PtBi0.2/SiO2. If we assume that all desorbed species
are cyclohexanone, the chemisorbed amount of cyclohexanone on Pt/SiO2 is 618 mg gPt

−1,
whereas the adsorption amount on PtBi0.2/SiO2 reduces to 479 mg gPt

−1. Combination
of the ketone partial pressure test and TPD results indicated that the added Bi greatly
impaired the cyclohexanone adsorption ability of Pt/SiO2, which is main factor of the
improvement of the cyclohexanone selectivity by protecting is from overoxidation. The
weak adsorption behavior of cyclohexanone originates from the geometric and electronic
effects of bismuth and the resulting Pt-Bi2O3 interface as suggested in both characterizations
and DFT calculations.
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3. Materials and Methods
3.1. Catalyst Preparation
3.1.1. Synthesis of Silica Nanospheres

The reagents used for SiO2 synthesis were purchased from Sinopharm Chemical
Reagent Co., Ltd. Shanghai, China. A previously reported Stöber method was applied
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to synthesize spherical SiO2 [39]. Typically, 6 mL of deionized water and 18 mL of 25%
ammonium hydroxide aqueous solution were added into 360 mL of ethanol and stirred for
30 min at room temperature. Subsequently, 13.8 mL of tetraethyl orthosilicate was added,
followed by vigorous stirring for 6 h. The mixture was centrifuged and washed with EtOH
several times before being dried at 65 ◦C. Silica nanospheres were obtained after calcination
at 400 ◦C for 5 h.

3.1.2. Synthesis of Pt Nanoparticles

Pt nanoparticles were synthesized according to the reference [28]. 133 mg of polyvinyl
pyrrolidone (Aladdin Chemistry Co., Ltd., Shanghai, China) and 20 mL of 6 mM H2PtCl6·H2O
solution (Macklin Biochemical Co., Ltd., Shanghai, China) were added into 180 mL ethanol,
followed by reflux for 3 h. The solution was then redispersed in deionized water after
rotatory evaporation until no ethanol was left.

3.1.3. Preparation of Pt/SiO2 and PtBix/SiO2

The loading amount of Pt was fixed as 1 wt.% for all samples. X was the mass ratio of
Bi to Pt which varied from 0.05 to 0.3. In a typical preparation process, certain amount of
bismuth nitrate and the previously prepared Pt colloidal solution were dissolved in water
before the addition of SiO2 nanospheres. The mixture was continuously stirred at 60 ◦C
until the water totally dried. The acquired products were calcined at 400 ◦C for 5 h in 5%
H2/Ar and then 250 ◦C for 2 h in air.

3.2. Catalyst Characterization

X-ray diffraction (XRD) patterns were recorded on a Rigaku Ultimate IV diffractometer
(Rigaku, Tokyo, Japan) using Cu Kα radiation (40 kV, 40 mA). Transmission electron
microscopy (TEM) images were collected on a FEI Tecnai G2 F20 S-TWIN microscope (FEI,
Hillsboro, OR, USA) and a Hitachi HT-7700 microscope (Hitachi, Tokyo, Japan). High
angle annular dark field scanning transmission electron microscopy (HAADF-STEM) was
carried out on a FEI Titan ChemiSTEM (FEI, Hillsboro, OR, USA) operated at 200 kV.
X-ray photoelectron spectroscopy (XPS) was performed in a Thermo Scientific K-Alpha+
spectrometer (Thermo Scientific, Waltham, MA, USA). In situ Fourier transform infrared
(FT-IR) adsorption spectroscopy experiments (Thermo Scientific, Waltham, MA, USA) were
conducted by using CO as probe molecule and was recorded on a Nicolet iS50 instrument
at room temperature. Typically, 100 mg of samples were pretreated in N2 at 200 ◦C for 1 h
and then cooled down to room temperature before a background spectrum was collected.
A CO flow was introduced into the sample pool for 30 min followed by a flush of N2 flow
to desorb most of the physically adsorbed CO. IR spectra was collected till the signals
remained unchanged. The temperature-programmed desorption (TPD) of cyclohexanone
were performed on a home-made machine using N2 as the carrier gas. The desorbed species
was detected by a flame ionization detector(Shanghai Kexiao Technology Instrument Co.,
LTD, Shanghai, China). Typically, 50 mg of samples was pretreated by cyclohexanone
at 165 ◦C for 1 h and then flushed by a N2 flow to remove the weakly adsorbed species.
After the temperature cooled down to room temperature, the TPD data were collected at a
heating rate of 5 ◦C min−1 to 650 ◦C. The adsorption amount of cyclohexanone is calculated
by an external standard method.

3.3. Catalytic Measurement

The gas-phase oxidative dehydrogenation (ODH) of KA-oil (50 wt% cyclohexanol
and 50 wt% cyclohexanone) was performed in a glass fixed-bed tube reactor with an inner
diameter of 12 mm under atmospheric pressure. Standard air was used as oxidant and
the flow rate was set at 16 mL min−1. The liquid reagent was supplied through a syringe
pump (0.4 mL h−1) and was gasified on the reactor wall before the catalytic bed at 180 ◦C.
The products were collected at reaction equilibrium after running for 1.5 h. The condensed
liquid-phase products were analyzed by GC equipped with a flame ionization detector
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using triethylene glycol dimethyl ether as internal standard. CO2 was the only gas-phase
product and was analyzed by GC equipped with a thermal conductivity detector. The ODH
of cyclohexanol and cyclohexanone tests were similar to the process mentioned above.
The catalysts (10–200 mg) were mixed with quartz sand before loading. Flow rate of air
varied from 16 to 48 mL min−1 and that of liquid reactants is 0.2–0.6 mL h−1. As for partial
pressure experiment of cyclohexanone oxidation, O2 partial pressure was fixed. The partial
pressure of cyclohexanone was adjusted by charging rate of the liquid flow rate while N2
was used as balance gas. In all cases, the carbon balance was >95%.

3.4. DFT Calculations

The Vienna Ab-initio Simulation Package (VASP) was applied for the density func-
tional theory (DFT) calculations [40]. Spin-polarized projector augmented wave (PAW)
method [41] and Perdew–Burke–Ernzerhof (PBE) [42] electron exchange-correlation func-
tion of the generalized gradient approximation (GGA) [43] were used. The kinetic energy
cut-off for the wave function expanded in the plane-wave basis was set as 400 eV. The
vacuum height was set as 15 Å to eliminate the interaction between neighboring slabs.

The adsorption energy (Eads) was calculated as follows:

Eads = − (Etotal − Esubstrate − Egas-phase adsorbate) (1)

where Esubstrate is the energy of the clean substrate, Etotal is the calculated total energy of
the adsorption system, and Egas-phase adsorbate is the energy of the gas-phase molecule.

The structure of Bi2O3-Pt(111) was built by the genetic algorithm optimization method
inside the USPEX crystal structure prediction software, which has been successfully applied
in the prediction of stable structure of massive crystals, nanoclusters, and reconstructed
crystal surfaces [26,27]. A 4 × 4 surface cell was used to construct a four-layer Pt(111) slab,
the top two layers of the Pt(111) were allowed to relax. At the same time, other atoms
(bottom two layers) were fixed, and each possible structure was allowed to relax until the
maximum force was less than 0.05 eVÅ−1. The Brillouin-zone integration was performed
along with a 2 × 2 × 1 Monkhorst-Pack grid for the different surface slabs.

4. Conclusions

In short, we successfully designed and synthesized a Bi2O3 modified Pt/SiO2 catalyst
directed by the theoretical calculations. Characterizations displayed that the introduced
small amount of Bi2O3 barely blocked the active sites of Pt but can donate electrons to
Pt. The PtBi0.2/SiO2 exhibited a 5 times higher cyclohexanone selectivity than Pt/SiO2 at
the same conversion of cyclohexanol in the selective oxidation of KA-oil with excellent
stability. Experimental results revealed that the engineered Pt-Bi2O3 interfaces help to
weaken the adsorption of cyclohexanone, which effectively prevents the latter from being
over-oxidized and thus leads to outstanding catalytic performances. The outcome of the
current work paves a new way to optimize the adsorption capability for the noble metal
catalysts for the structure-sensitive reactions and enriches our understanding of promoting
effects of bismuth.
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