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ABSTRACT

A mesostructured cellular foam (MCF) silica was applied to support gold (Au) —
platinum (Pt) alloy nanoparticles (NPs) for benzyl alcohol partial oxidation. A
catalytic synergy on bimetallic gold (Au)-platinum (Pt) nanoparticle (NP) catalyst,
referring to that introducing Au to Pt leading to a higher catalytic performance
has been observed. However, the essence of this synergistic effect is still under
debate. In this work, a series of MCF supported Au-Pt NP catalysts are
designed to reveal the essence. Well-developed porous structure of MCF support
eliminated the mass transfer limitation and intrinsic catalytic activity was obtained.
The improved catalytic performance on bimetallic catalyst is attributed to the
geometric and electronic changes of active sites after formation of Au-Pt alloy NPs.
Compared with monometallic catalyst, the formation of Au-Pt alloy results in the
changes of particle size and lattice structure. Electronic property analyses confirmed
the increase of d state electrons on Au-Pt alloy NPs, which are calculated from s-p-d
hybridization and intra-atomic charge redistribution, leading to the increased
abundance of transferable d electrons near Fermi level and further enhancing the
catalytic activity. These findings gain new insights into the catalytic synergy of

bimetallic nanoparticles and shed light on the optimization of these catalysts.

Keywords: Mesostructured cellular foam silica; Au-Pt bimetallic catalyst; promoter

effect; benzyl alcohol partial oxidation



1. Introduction

Noble metal nanoparticles (NPs) such as Au, Pt, Pd, Ru, Rh are receiving
extensive attention due to their important applications in heterogeneous
catalysis [1-4], sensors [5, 6], electronics [7-9] and biology [10, 11]. In the case
of catalysts based on noble metal nanoparticles, two important aspects were
usually investigated, geometrical and electronic effects, which are related to
particle size [12], metal-support interactions [13-15], chemical compositions
[16, 17], promoter effects [18, 19], etc. It is an effective strategy to optimize the
performance of catalysts through the variation of these two distinctive effects.
Among various catalytic applications, supported noble metal NPs, especially
Au, Pt, Pd, have been widely applied to partial oxidation reactions during the
past decade [20-24]. It has been frequently reported that the formation of
bimetallic alloy NPs after introducing another metal as a promoter leads to a
higher catalytic activity and/or selectivity [18, 25-27]. A catalytic synergy was
observed on Au-Pd/CeZrO, catalyst for benzyl alcohol oxidation, which was
ascribed to the electronic interaction between Au and Pd atoms [28]. In our
previous work, the activity enhancement on Au-Pd bimetallic catalyst was achieved,
which was attributed to the variation of surface chemical state, and the alloying of
Au-Pd retarded the formation of inert PdO species on the surface of alloy particles
[29]. Chen and co-workers observed the migration of Pd onto Au particles, resulting
in the formation of Au@Pd or AuPd@Pd core shell nanostructures with high activity

in the benzyl alcohol oxidation [25].
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Scheme 1 Proposed explanations for catalytic synergy in Au-Pt bimetallic
catalysts [30-33].

Similar catalytic synergy was also observed on Au-Pt bimetallic catalysts
[30-32]. Besson and co-workers found that alloying Au with Pt in Au-Pt/C
catalyst improved its catalytic activity and selectivity for 1,6-hexanediol
oxidation to adipic acid [31]. A higher catalytic activity for the selective aerobic
oxidation of polyols was obtained on catalyst PtgAugs—starch/HT than that on
monometallic Pt—starch/HT or Au-starch/HT [32]. Amal and co-workers also
observed the occurrence of catalytic synergy on bimetallic Au-Pt/TiO, catalyst,
and a UV light pre-treatment was applied to enhance this effect [30]. The
catalytic synergy between Au and Pt was commonly explained as geometric and
electronic effect as shown in Scheme 1. Mavrikakis and Herron [34] found that a

Pt-overlayer is thermodynamically preferred on PtAu alloy upon oxygen adsorption



by applying self-consistent density functional theory calculations. The surface Pt
segregation in bimetallic Pt-Au alloy surfaces at O, atmosphere is considered as an
important factor of geometric effect during oxidation reaction. Bokhoven and Bus
explained that the electronic effect originated from the interatomic charge transfer
from the Au 5d to the Pt 5d band, accompanied by intra-atomic charge re-distribution
[33]. Based on the work function difference between Au (5.1 eV) and Pt (5.65
eV), Pt was supposed to abstract electrons from Au in homogeneous Au-Pt
alloy NPs, which would result in an electron density loss in Au and an electron
density gain in Pt, corresponding to a positive shift of Au 4f binding energy
(BE) and a negative shift of Pt 4f BE in the XPS spectra. However, quite
unexpectedly, researchers have observed negative shifts in BEs of both Au 4f
and Pt 4f [30, 32, 35]. These negative shifts were commonly ascribed to the
increased electron density in both elements. Amal et al attributed these negative
shifts as electron transfer from TiO, support to Au and Pt atoms, however, no
positive shift in the Ti 2p BE was observed [30]. Tongsakul and co-workers [32]
postulated that these negative shifts were attributed to electron transfer both from
starch ligand to Au and Pt atoms and from Au to Pt on Pt,Auy-starch/HT catalysts,
and no experimental or theoretical evidences were provided. Later, a charge
compensation model was applied by Wang and coworkers to investigate the electronic
structure of Au-Pt bimetallic alloy, the negative shifts of both Au and Pt 4f were
attributed to the s-d hybridization and charge compensation [35]. In our previous

work, no ligand was present after high temperature calcination, and the negative



shifts in both Au and Pt 4f BEs were also observed on Au-Pt/SiO, catalysts
[36]. Therefore, the negative shifts in both Au and Pt 4f BEs appear to be a
common phenomenon in the Au-Pt alloy NPs. Hence, it is important to
understand this phenomenon, which may clarify the essence of the catalytic
synergy of bimetallic Au-Pt alloy NP catalysts.

As can be envisaged, the interaction between Au and Pt atom nucleus
occurs during the alloying process, which may lead to the polarization of the
electron clouds, thus possibly influencing the electronic state of both atoms.
Moreover, the high availability of electrons near the Fermi level can enhance
surface phenomena in heterogeneous catalysis [37]. Thus, the catalytic synergy
on Au-Pt alloy NPs may be closely related to the available electrons near the
Fermi level. However, more experimental and theoretical investigations are
needed to clarify this fundamental issue. In this work, we designed a series of
mesoporous silica supported Au-Pt NPs catalysts with different Au/Pt ratios
through a one-pot synthesis method. Direct experimental evidences were
provided for the increased density of transferable d-orbital electrons in Au-Pt
NPs, which correlated well with the enhanced catalytic activity after alloying. The
density function theory (DFT) calculations were performed to understand the surface
electronic properties of Au-Pt alloy NPs. Combining the experimental and theoretical
results, the essence of surface electronic variation and the corresponding catalytic

synergy in Au-Pt alloy NPs was clarified.



2. Experimental
2.1. Chemicals

Triblock co-polymer PEO2,PPO7cPEO (P123) and
mercaptopropyltrimethoxysilane (MPTMS, 97%) were purchased from Aldrich.
HAuUCI4-xH,0, H,PtCls.6H,0, tetraethyl orthosilicate (TEOS, 98%), hydrochloric
acid (37%), benzyl alcohol (99.99%,), benzaldehyde (99.99%), benzoic acid (99.99%)
and absolute ethanol (99.98%) were purchased from Sinopharm Chemical. All
chemicals were used as received without further purification.
2.2. Preparation of catalysts

A mesostructured cellular foam (MCF) silica was applied as matrix to support
Au-Pt NPs and the catalysts were prepared following a one-pot synthesis procedure as
previously reported by us [29]. In a typical synthesis, 4 g of P123 was dissolved in a
mixture of 65 mL of deionized water and 5 mL of 37% HCI at room temperature.
Then, 3 g of 1,3,5-trimethylbenzene was added into the clear solution as a pore
swelling agent and stirred at 40°C for 2 h, followed by dropwise addition of 8.32 g
TEQOS and 0.78 g MPTMS into the mixture. Finally, HAuCl, and H,PtCl, (total metal
loading of 1 wt. %) solutions were introduced to the synthesis system. After stirring at
40 °C for 24 h, the mixture was transferred to a Teflon-lined stainless-steel autoclave
to undergo a hydrothermal treatment at 100 °C for 24 h. The solids were filtered off,
washed with deionized water, vacuum dried at 80 °C overnight and calcined in air at
500 °C for 6 h. Finally, the calcined samples were reduced in H, atmosphere at 300 °C

for 2 h. The obtained catalysts are denoted as Au,Pt,/MCF, where X, y represent the



molar percentages of Au and Pt from ICP analysis, respectively, with a total metal
weight loading of 1wt.%.
2.3. Characterization

X-ray powder diffraction (XRD) patterns of catalysts were recorded on a X’Pert
PRO MPD system with a Cu Ka radiation (4 = 0.154 nm) at 35 kV and 40 mA. N,
adsorption/desorption was carried out at —196 °C using an automatic volumetric
sorption analyzer (Micromeritics, TriStar 3000) after degassing at 300 °C for 4 h
under vacuum. The specific surface area was calculated using the
Brunauer-Emmett-Teller (BET) equation in the relative pressure range of 0.05-0.25.
The total pore volume of catalysts was obtained at the relative pressure P/P, of 0.998.
The cell sizes of MCF silica supported Au-Pt catalysts were determined by applying
the Broekhoff-de Boer-Frenkel-Halsey—Hill (BdB—FHH) method [38] from nitrogen
adsorption branches. The metals loading in the catalysts was determined by
inductively coupled plasma optical emission spectroscopy (ICP-OES) using a
VISTA-MPX Varian system. The microstructure of the catalysts was characterized by
high-resolution transmission electron microscopy (HRTEM) using a JEOL JEM 2010
microscope operated at 200 kV. Based on the TEM images of the Au-Pt bimetallic
catalysts, diameters of more than 200 randomly selected metal particles were
measured, and the average particle diameter was calculated based on following
equation: d=Xnidi/Eni, where ni >200. The metal dispersion was calculated using
GAUSS software from Nanomaterials and Catalysis Group of University of Cadiz

(Spain) assuming a spherical particle shape [39]. Scanning transmission electron



microscopy (STEM) high angle annular dark field (HAADF) images and X-ray
energy dispersive spectra (XEDS) were applied to analyze the element distribution of
bimetallic NPs. The solid-state ultraviolet-visible (UV-vis) spectra of catalysts were
measured on a Hitachi U-4100 UV-vis-NIR spectrophotometer using BaSO, as an
internal reference. The diffuse reflectance spectra from 200 to 800 nm were recorded.
The X-Ray Photoelectron Spectroscopy (XPS) analyses were performed on a
Thermo-VG Scientific K-Alpha spectrometer equipped with an Al anode (Al Ka =
1486.6 eV). C 1s electron binding energy corresponding to graphitic carbon at 284.5
eV was applied as a calibration binding energy reference.

In situ diffuse reflectance infrared Fourier transformed (DRIFT)spectroscopy
study using CO probe molecule (CO-FT-IR) on fresh catalysts (pretreated in H, at
300 °C with a flow rate of 20 mL min™ for 60 min, cooled down to 30 °C and purged
with He for 30 min) was conducted in a high temperature diffuse reflectance cell
(PIKE). The spectra were recorded on a BRUKER VERTEX70 FT-IR spectrometer at
room temperature in the range of 400-4000cm™*with a resolution of 4 cm™. Extended
X-ray absorption fine structure (EXAFS) and X-ray absorption near edge structure
spectra (XANES) were collected at the XAFCA beamline of Singapore Synchrotron
Light Source [40]. The measurements were carried out using a Si (111) double-crystal
monochromator. The size of the beam at the sample position was ca. 2 mm (h) X 1 mm
(v). Samples were measured in vacuum chamber. The data were collected both in
fluorescence mode, by means of a silicon drift detector (Bruker XFlash 6|100), and in

transmission mode simultaneously. The ion chamber before the sample was used for
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measurement of incoming photons. Data were normalized using the Athena program
with a linear pre-edge and polynomial post-edge background subtracted from the raw
data [40]. EXAFS fits were performed using ARTEMIS software [41]. The

interatomic distances were optimized by fitting the experimental data.

2.4. Catalytic test

The solvent-free aerobic oxidation of benzyl alcohol with O, was conducted in a
100 mL autoclave with a polytetrafluoroethylene liner (Model: SLM100, Beijing
Easychem Science and Technology Development Company, China). In a typical
reaction, 0.1 mol of benzyl alcohol was introduced into the reactor followed by
adding 50 mg of solid catalyst. After purging with O, for three times, the reactor was
heated to 110 °C and the O, pressure was adjusted to 0.8 MPa under stirring. The O,
pressure was maintained at 0.8 MPa throughout the reaction. After 1 h of reaction, the
reactor was cooled down to room temperature and the pressure was released. Finally,
the reactor was opened and the products were separated by centrifugation. The
n-pentanol was added to the reaction products as an internal standard. Finally, the
reaction products were analysed using a gas chromatogram (Agilent 6870) equipped
with a flame ionization detector (FID) and a DB-1 column (30*0.32*0.25). The
turnover frequency (TOF) was calculated based on moles of benzyl alcohol converted
per mole of surface metals (Au + Pt) or Pt per hour, e.g., Mga converted h™M surface metal
while the amount of surface metals (Au + Pt) or Pt was calculated based on the total

moles of metals multiplied by the metal dispersion.
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2.5. Theoretical calculation

The Au, Pt and Au-Pt alloy NPs catalysts were simulated using 55 atoms (Auss,
Ptss, AugoPtis and AuysPtsp) models and also the Au(111) AusPt(111), AuPts(111), and
Pt(111) surfaces to eliminate the size effect. The surface model was established by a
four-layers periodic slab model with a p(4x4) unit cell and a vacuum region of 15 A,
The geometric structures of all the cluster and surface models were optimized by
using the spin-polarized DFT in the DMol® package [42, 43]. The
exchange-correlation term was treated by the general gradient approximation (GGA)
method with the Perdew—Burke—Ernzerhof (PBE) functional [44]. In addition, the
Grimme method for DFT-D correction (PBE + D2) was used to describe the van der
Waals interactions [45]. The localized double-numerical basis with polarization (DNP)
function was selected as the basis set [46]. The density functional semicore
pseudopotential (DSPP) method was used for the relativistic effect. The value of
global orbital cutoff was chosen to be 4.9 A. The tolerances of energy, gradient, and
displacement convergence were 1 x 10° Ha, 2 x 10° Ha/A, and 5 x 10° A,
respectively.

The projected density of states (PDOS) for Au and Pt atoms in the 55 atoms NPs
were calculated by CASTEP code with a cutoff energy of 571 eV [47]. The OTFG
ultrasoft pseudopotential was chosen in calculation, which provides results in close
agreement with all electron calculation and is very accurate for describing ground
state structure [48]. The other details were consistent with the above DMol®
computations. To explore valence electron distribution, the occupancies (N) of the s, p,

11



d electrons in the valence band range were calculated by the integral of the
corresponding density of states from about -10 eV to the Fermi level. In addition, the
PDOS for Au and Pt atoms in the Au(11l) AusPt(111), AuPt3(111), and Pt(111)
surfaces were also calculated to eliminate the size effect during the calculation.

The net charge density (pnet) Of the catalyst surfaces is calculated by :

Nau n
2% O + 257 Oy
net —
(nAu + nPt)S

where gay and gp; are the charges of the Au and Pt atoms in the surfaces, respectively;
nay and np; are the numbers of the Au and Pt atoms in the surface, respectively; S is
the surface area of the catalyst.

The adsorption energy (Eags) of an adsorbate on catalyst surfaces was defined as

Eads = Eadsorbatersubstrate — (Eadsorbate + Esubstrate),

where Eagsorbatersubstrate aNd Esupstrate COrrespond to the total energy of the catalyst
substrate with and without an adsorbed molecule, respectively; while Eagsorbate
represents the energy of the free adsorbate.
3. Results and discussion
3.1. Catalytic performance

The catalytic performances of AuxPt,/MCF catalysts for benzyl alcohol oxidation
were evaluated. The catalytic activity and benzaldehyde selectivity are shown in Fig.1;
detailed catalytic results and metal dispersions are summarized in Table S1. The blank
reaction was carried out under the same reaction conditions without a catalyst, a low
benzyl alcohol conversion (2.1%) was obtained with a relative low benzaldehyde

selectivity of 45.6%. Mono-metallic catalyst Ptioo/MCF exhibited a much higher
12



catalytic activity (TOF=30000 h™) than that of catalyst Auig/MCF (TOF=4900 h™).
Catalyst Au;0o/MCF exhibited the lowest benzyl alcohol conversion (4.9%) and the
lowest benzaldehyde selectivity (47.2%) among all catalysts, which is probably due to
its inert catalytic activity to benzyl alcohol activation [30]. The highest catalytic
activity (TOF = 37000 h™) was obtained on catalyst AuioPts:/MCF with a relatively
high benzaldehyde selectivity of 93.3%, which is probably due to the formation of
Au-Pt alloy NPs. Among Au-Pt bimetallic catalysts, the catalytic activity increased
with the increase of Pt content, while the benzaldehyde selectivity exhibited a reverse
trend. As shown in Table S1, the TOFs calculated based on Pt revealed that the
catalytic activity increased with the decrease of Pt ratio, indicating the catalytic
synergy on bimetallic Au-Pt NP catalyst. This is in good consistence with literature
results [30-32] which was previous ascribed to either size or electronic effect of metal
NPs. However, the actual mechanism of this catalytic synergy is still under debate and
no satisfactory theoretical explanation is achieved to interpret the alloying effects on
the reactant activation or reaction process. The obtained catalyst AujgPtg;/MCF
exhibited excellent stability for 6 consecutive reactions of the same catalyst after
regeneration as shown in Fig. S1, and no obvious leaching of metal components was
detected (shown in the last row of Table 1). This is because the partial encapsulation
of Au-Pt alloy NPs in the silica matrix inhibits the sintering/leaching of noble metal
NPs during reaction. The partial encapsulation of Au-Pt alloy NPs in the silica matrix
was deduced from our previous work which applied similar one-pot preparation
method and same functional ligand for supported Au-Pd alloy NPs synthesis, and both

13



TEM and 3D electron tomography analysis revealed the partial encapsulation of

Au-Pd alloy NPs in silica support [29].
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Fig. 1. Catalytic activity and benzaldehyde selectivity on Au,Pt,/MCF catalysts
(Reaction conditions : 50 mg of catalyst, 110 °C for 1 h under an O, pressure of 8
bars. The TOF was calculated based on moles of benzyl alcohol converted per mole
of surface metals (Au + Pt) per hour.)

To eliminate the effect of mass transfer limitations, benzyl alcohol partial
oxidation was performed on catalyst Au;oPts;/MCF at 110°C in a batch reactor with

different catalyst particle sizes (as shown in Fig. S2). The calculation was carried out

with Mears criterion for eliminating the external diffusion limitation ~TappRN <0.15
¢~ Ab

1 2
-r A(obs) pcR

[49] and Weisz—Prater criterion C,, = <1for eliminating internal

e~ As

diffusion limitation [50], and the details of the calculation process are provided in the

supplementary information. Under the reaction conditions, for the Mears criterion,
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was calculated to be 9.32 x 10, which is lower than 0.15, indicating that

no external diffusion limitations exist. For the Weisz—Prater criterion, Cyp was
calculated to be 1.18 x 10™ < 1, indicating that no internal diffusion limitations exist
[51]. Besides, for the slurry bed reactor with a stirring rate of 800-1000 rpm, the heat
transfer limitation is negligible.
3.2. Catalysts characterization

The detailed physicochemical properties of Au-Pt bimetallic catalysts are
summarized in Table 1. The total metal (Au+Pt) loading of all catalysts is
constant, i.e. in the range of 0.8-1.0wt.%. XRD patterns of catalysts are shown
in Fig. S3a. After introducing Au to Pt catalyst, the diffraction peaks of the
cubic Pt are shifted to lower angles and the peaks are located between the peaks
assigned to pure Au and Pt, implying the formation of Au-Pt alloy NPs. As
shown in Table 1, the values of lattice constants of bimetallic catalysts are
between those of the monometallic Au and Pt. The lattice constant increased
from 0.2618 nm (Pt100/MCF) to 0.2673 nm (AuzgPt2/MCF) with the increase of
AU/Pt ratio, thus revealing the formation of Au-Pt alloy NPs and incorporation
of Au into Pt lattice. As has been reported, the lattice structure variation
between Au and Pt usually causes a lattice contraction of Au and a lattice
expansion of Pt in the bimetallic NPs [32]. The increase of Pt lattice constant
will weaken/distort Pt—Pt bonds and may generate non-bonding electrons [33],
which may significantly influence the catalyst performance. The formation of

Au-Pt alloy NPs was further justified by solid-state UV-vis analysis (Fig. S3b).
15



The UV-vis spectrum of catalyst Au;00/MCF contains a band at 520 nm (see
inset of Fig. S3b) corresponding to the surface plasmon resonance (SPR) of Au®
NPs [52], while the broad peak at 420 nm is usually assigned to Aup, clusters
[53]. No surface plasmon resonance peak was observed on catalyst Pt;0o/ MCF
as expected in the range of 200 - 800 nm. After introducing Pt to Au catalyst,
the SPR peak of Au® NPs became broader or even disappeared with the increase
of Pt content. This indicates the surface electronic variation of Au NPs after

introducing Pt, and this was attributed to the formation of Au-Pt alloy NPs.
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Table 1

Textural properties of catalysts

Samples Au Pt di11 Ao SgeT Pore Cell Window Average

Loading b Loading b (nm) (nm) (m?/g) volume diameter diameter particle
(Wt.%) (Wt.%) (cm®/g) () (nm) size

[54-56] (nm)°©

Pt10o/MCF - 0.89 0.2267 0.2618 707 0.98 13.7 <5-6 9.6
AuigPtg; IMCF 0.16 0.67 0.2270 0.2621 709 1.03 16.9 <5-6 6.6
AusgPt,,/MCF 0.49 0.36 0.2290 0.2644 707 0.98 16.9 <5-6 5.6
AugPt/MCF 0.68 0.19 0.2315 0.2673 738 1.05 14.2 <5-6 4.4
Auyo/MCF 0.96 - 0.2353 0.2717 696 1.00 12.5 <5-6 2.7
Au;gPtg:/MCF 0.17 0.65 0.2271 0.2621 685 1.00 12.2 <5-6 6.7

? Physical and chemical properties of catalyst Au;qPts; /MCF after 6™ cycle reaction.

® The metal loading was evaluated by ICP-OES.

° The average particle diameter was calculated based on TEM images of the Au-Pt bimetallic catalysts, following equation: d=Znidi/Zni, where ni >200.
Sger, surface area calculated by the BET method. Vi, total pore volume calculated at P/P, = 0.998.

The cell diameters of Au-Pt catalysts were determined by applying the Broekhoff-de Boer-Frenkel-Halsey—Hill method from nitrogen adsorption branches.

8 = 2dm/\/5
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The textural properties of AuPt,/MCF catalysts were characterized by N,
adsorption-desorption analysis. The N, sorption isotherms of Au-Pt bimetallic
catalysts are shown in Fig. S3c. All catalysts exhibit a type-1V isotherm with a H-2
hysteresis loop, indicating the presence of ink-bottle type mesopores. The cell
diameters of Au-Pt catalysts were determined by applying the BdB-FHH method from
nitrogen adsorption branches [38], the pore size distribution curves are shown in Fig.
S4 and the textural properties are summarized in Table 1. The very steep desorption
branch and the closure point of the hysteresis loop at lower P/Py ~ 0.45 suggests the
cavitation-controlled evaporation with window sizes of <5-6 nm [54-56]. The cell
diameters are in the range of 12-20 nm and the window diameters are smaller than 5-6
nm [54]. No obvious difference of the textural properties (specific surface area, pore
volume and pore size) of these Au-Pt bimetallic catalysts with different Au/Pt ratios
was observed, probably due to the low metals loading ( ~ 1.0 wt.%) [21].
Well-developed porous structure of MCF support would eliminate the mass transfer
limitation and intrinsic catalytic activity was obtained.

The TEM and STEM-HAADF images revealing the size of the particles and
metals distribution in the catalysts are shown Fig. 2. Pure Ptyjoo/MCF exhibits the
largest size of metal NP in the range of 6-13 nm (average particle size of 9.6 nm),
while Auig0/MCF contains the smallest size of metal NP in the range of 1-5 nm
(average particle size of 2.7 nm) among all catalysts. The size of metal NP decreased
with the increase of Au/Pt ratio in the catalysts, which is due to the formation of
bimetallic Au-Pt alloy NPs, hampering their further aggregation during the one-pot

18



synthesis. The representative interplanar spacing of Au-Pt (111) phase (0.2295 nm)
measured from TEM image on catalyst AuioPts;/MCF (inset image) confirmed the
lattice contraction of Au (111) (0.2353 nm) and the lattice expansion of Pt (111)
(0.2267 nm), which is in a good accordance with the XRD results. For the pure Au
catalyst, the size of Au NPs has been considered as a main factor that govern the
catalyst activity [12]. Catalysts with smaller size of NPs usually exhibited better
catalytic activity due to the presence of more low-coordinated active sites exposed to
reactants [21]. However, in this work, catalyst Au;oo/MCF with the smallest average
particle size of 2.7 nm shows the lowest catalytic activity (TOF =4900 h™) shown in
Table S1, which was due to its inert catalytic activity to alcohol oxidative
dehydrogenation and H-abstraction, the critical steps for benzyl alcohol activation
[57, 58]. In contrast, catalyst Pt;oo/MCF with the largest size of metal NP in the range
of 6-13 nm exhibited a relative high benzyl alcohol activity (TOF = 30000h™), while
the highest catalytic activity (TOF = 37000h™) was obtained for catalyst
Au9Ptg:/MCF with NP size in the range of 4-10 nm. This indicates that introducing a
small amount of Au to Pt led to a higher metal dispersion on catalyst Au;9Pts;/MCF,
resulting in a higher catalytic activity than that of the monometallic Pt;oo/ MCF
catalyst. Since the other two bimetallic catalysts AusgPts,,/MCF and Au;gPts,,/MCF
with higher metal dispersions exhibit a lower catalytic activity than the
Aui9Ptg;/MCF, one can conclude that the metal dispersion is clearly not the main
factor determining the activity of bimetallic Au-Pt catalysts. In summary, Pt is the
predominant active component for benzyl alcohol oxidation in Au-Pt bimetallic
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catalyst, and the introduction of Au improved the Pt dispersion, however which is not

the main reason for the improvement of catalytic activity of Au-Pt bimetallic catalyst.

b) STEM-HAADF

Fig. 2. () TEM images and particle size distribution histograms of catalysts and (b)
STEM-HAADF image of sample AusgPt,,/MCF (Inset: energy dispersive line scan
across NPs using the Pt-M and Au-M X-rays with color-coded EDS spectral maps of

Pt (green) and Au (yellow).

Well-dispersed Au-Pt bimetallic NPs were found to be supported on the
foam-like mesoporous silica by TEM analysis. The STEM-HAADF analysis revealed
the consistent elemental distribution within particles, which has a profound effect on
the catalytic performance [58, 59]. As is shown in Fig. 2b, well-dispersed Au and Pt
were observed on catalyst AusgPt;,/MCF except for several aggregated Pt NPs,
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indicating easier agglomeration of Pt. Both the line scan (inset in Fig. 2b) and EDS
mapping indicated the even distribution of Pt and Au elements, and the formation of

Au-Pt alloy NPs.
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Fig. 3. (a) Au (4f) and (b) Pt (4f) XPS spectra of catalysts, (c) Au 4f and Pt 4f binding
energy shifts of catalysts with different Au/Pt ratios, and (d) DRIFT spectra of CO

adsorbed catalysts Au;0o/MCF, Pt10o/ MCF, Au1gPts:/MCF and AusgPts,/MCF.

The Au 4f and Pt 4f XPS spectra of catalysts are shown in Fig. 3a, 3b and the
binding energy shifts are indicated in Fig. 3c. The detailed bulk and surface atomic

ratio are summarized in Table S2. As shown in Fig. 3a, two peaks at 84.0 eV and 87.8
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eV were observed for catalyst Auioo/MCF, which are attributed to Au® 4f, (84.0 eV)
and AuC 4fs, (88.0 eV), respectively, indicating the presence of Au® species [60-62].
With the increase of Pt loading, a negative shift of Au 4f BE to 83.3 eV (4f;,) on
bimetallic catalyst AuigPts;/MCF was measured. The negative shifts were also
observed in Pt 4f spectra for all bimetallic catalysts (Fig. 3b). The peaks at 71.5 and
74.9 eV in the XPS spectrum of catalyst Pt;oo/MCF are due to the presence of Pt°
species (Pt° 4f;, at 71.6 eV, Pt° 4fs;, at 74.8 eV). While in the spectra of bimetallic
catalysts, these two peaks shifted to lower BE with the increase of Au content. These
negative shifts in BEs for both Au 4f and Pt 4f in Au-Pt alloy NP catalysts suggest a
decrease in binding energies of Au 4f and Pt 4f electrons, which is favorable for the
electron ionization or electron transfer during the reaction. The same phenomena were
also observed on Au-Pt bimetallic catalysts [26, 63] and in our previous work [36].
These results reveal a variation in the electronic structure of the surface Au and Pt
atoms after formation of Au-Pt alloy NPs. Previously, these negative shifts were
regarded as electron transfer between Au and Pt [26] or between noble metals and
support [30], resulting in the formation of negatively charged Au-Pt surface. However,
this is still under debate. As is shown above, in a bimetallic Au-Pt alloy NP, the
change in the electronic structure of the first metal is more evident when the content
of the second metal is higher than that of the first one, (see catalysts Au7gPt,,/MCF
and AuygPts;/MCF). The BE shift of Au 4f electrons is enhanced with the increase of
Pt content and vice versa (Fig. 4c). In contrast to the previous elucidations, we
suppose that these negative shifts of BE are closely related to the hybridization of
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s-p-d orbitals [33] that cause easy release of electrons from catalyst to the
adsorbent/reactants during the reaction. This explanation needs to be further clarified
by other characterization techniques and theoretical calculations. In the previous work
[33], a 13 atoms model was applied to reveal the essence of electronic effect on Au-Pt
bimetallic catalyst, however, which is quite different with nanoparticles. A more
appropriate model (such as 55 atoms model or Au, Pt, Au-Pt surfaces) should be
established and applied for the calculation. Furthermore, the adsorption/desorption
properties of the reactants/products on different model surfaces (Au, Pt, Au-Pt) need
to be analyzed to reveal the essence of catalytic synergy.

The DRIFT spectra of CO adsorbed on catalysts Auio/MCF, Ptioo/MCF,
Au1gPtgi/MCF and AusgPts,/MCF are shown in Fig. 3d and Fig. S5 (full range spectra).
The time-resolved DRIFTS spectra measured over Auio/MCF, Pt;oo/MCF and
AusgPt;,/MCF at 25 °C under 1% CO in He are shown in Fig. S6. The reported typical
CO adsorption bands over edge and corner Au sites at ~2110 cm * and on-top CO
adsorption on kinks at ~2070 cm™* was not observed [64] on catalyst Auig/MCF,
which is probably due to the strong interaction between Au NPs and silica support [29]
or low CO adsorption temperature (25 °C). As shown in Fig. S6 (B, D, F), the band
intensity at 2171 and 2118 cm™ gradually decreased over 24 min, indicating a weak
adsorption of CO on catalysts Au;0o/MCF, Ptigo/MCF and AusgPts,/MCF. Thus, the
bands at 2171 cm * and 2118 cm  observed on all samples are ascribed to the
vibration of gaseous CO [65]. The band in the region 2000-2100 cm™ is usually
assigned to the linearly adsorbed CO on Pt® (CO-Pt°) [66]. An intensive CO
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adsorption peak on Pt° at 2075 cm™ was observed in the spectrum of catalyst
Pt100/MCF, and upon alloying with Au, a red shift of the CO absorption band from
2075 to 2061 cm™ was detected. The red shift of CO absorption band on Au and Pt for
catalysts Au;gPtgi/MCF and AusgPts,/MCF is associated with the strengthened CO
absorption on both Au and Pt NPs, revealing more electronic back-donation from the
d orbitals of Au and Pt to the 2n* anti-bonding orbital of the adsorbed CO [67]. These
results are consistent with the XPS data, indicating that more electrons are available to

be donated to the adsorbent from Au and Pt in the Au-Pt alloy NPs.
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Normalized X-ray absorption near edge structure (XANES) spectra of Au Lz-edge
and Pt Ls-edge for monometallic and alloy catalysts and the reference metal foil are
shown in Fig. 4a and 4b. The white-line (WL) features in these XANES was
attributed to the electron excitation from the 2p to 5d states of absorbing atom (Au
and Pt) caused by X-ray, which indicates the unoccupied 5d states [26]. Theoretically,
XANES spectra of Au Ls-edge exhibited no WL feature because the 5d orbitals of Au
(5d'%sY) is full. However, a small WL intensity was observed which is possibly due
to the s-p-d hybridization and electron transfer from 5d to the s-p state [26]. The
XANES spectra of Au Lz-edge (Fig. 4a) highlighted with red circle revealed that Pt
doped with Au catalysts possess lower WL intensity than the pure Au catalyst,
indicating that 5d state of Au gains electrons after doping with Pt. The positions of Pt
L3 edge XANES of samples Pt10o/MCF and bimetallic catalysts are lower than that of
Pt foil in energy, implying that the Fermi level drops with diminishing of particle size
of the metals. The white lines around 1157 eV of Ptioo/MCF and AuxPt,/MCF are
higher than that of the Pt foil, indicating lower occupancy of 5d state. For
Au,Pt,/MCF catalysts, the intensity of WL decreased with increasing the Au/Pt ratio
in the alloy catalysts, indicating that the 5d state of Pt atom gains electrons when
doped with Au. The plots of WL intensity in Au and Pt Lz-edges XANES as a
function of Au content are shown in Fig. 4c. A decreasing tendency of WL intensity in
both Au and Pt Ls-edges on bimetallic catalysts were observed compare with pure Au
or Pt samples, indicating that both Au and Pt 5d states gain charges in the Au-Pt alloy
catalysts. The WL intensity in the Pt-L3 edges decreased and in Au-L3 edges increased
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with the increase of Au content, indicating the electron occupancy of Au 5d and Pt 5d
orbitals swing with variation of the Au/Pt ratio, which is consistent with XPS results.
These results further justified our hypothesis, that electrons do not invariably transfer
form one metal to another but deviate with Au/Pt ratio.

EXAFS spectra of the AuPt,/MCF catalysts for the Au Ls-edge and Pt Ls-edge
are shown in Fig. 4d, 4e along with the monometallic catalysts and reference metal
foil. The fitting of EXAFS results of the bond length (R) and the nearest metal-metal
coordination numbers are shown in Fig. 4f, 4g. The Au-Au/Pt distance decreased from
2.85A in pure Au to 2.81& for sample AusgPti,/MCF, while the Pt-Pt/Au bond
distance increased from 2.75A in pure Pt to 2.76 A for sample AusgPts,/MCF. The
interatomic distances followed the following sequence Au-Au>Au-Pt>Pt-Pt as shown
in Fig. 4f. These results indicated the contraction of Au-Au/Pt bond and expansion of
Pt-Pt/Au bond, which is further revealing the formation of well-defined Au-Pt phase,
the EXAFS in K and R spaces as shown in Fig. S7 and in good accordance with the
XRD data.

Based on the correlation of the benzyl alcohol oxidation results with
characterization of the catalysts, we could conclude that Pt is the primary active site in
benzyl alcohol oxidation. The introduction of Au increased the metal dispersion
through the formation of Au-Pt alloy NPs on catalysts AuxPt,/MCF, and also resulted
in the presence of more d electrons on the surface of bimetallic alloy catalysts, leading
to the enhanced catalytic activity. A close relationship between surface electron
properties and catalytic activity was observed. The negative shift of Au 4f and Pt 4f
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electrons BE (Fig. 3a, 3b) together with the red shift of CO absorption bands on
bimetallic catalyst (Fig. 3d) indicate the increased availability of easily transferable
electrons on Au and Pt atoms, which provides the direct evidence for the catalytic
synergy of Au-Pt alloy catalysts. Au Ls-edge and Pt Ls-edge XANES spectra revealed
that both Au and Pt 5d states gain electrons in the Au-Pt alloy NPs compared to their
monometallic counterparts, which may provide transferable d electrons in valence
band during the adsorption and reaction. However, the origin of these transferable
electrons is still obscure. And, to date no theoretical explanation on this effect for
reactants/products activation/desorption was presented.
3.3 Theoretical study

The projected density of states (PDOS) for Au and Pt atoms in the NPs using
optimized 55 atoms model were calculated and shown in Fig. S8. The related primary
PDOS peaks of Au and Pt atoms in Auss, Ptss, AugsPti;s and AuisPty NPs and the
deformation electronic density map of the AugPt;s and AuisPts NPs are shown in Fig.
5; detailed primary PDOS peaks are summarized in Table S3. The calculated PDOS
peaks of the s, p, d, f states of Au atoms are lower than those of the corresponding Pt
atoms in both the pure metals and alloy NPs, suggesting that the Au atoms have a
stronger electron BE than the Pt atoms. After formation of Au-Pt alloy NPs, the PDOS
peaks of the s, p, d, f states move up for Au and Pt atoms (Fig. 5), revealing that both
the Au and Pt valence bands have been pushing toward the Fermi level. For example,
the PDOS peaks of Au f and Pt f states shifted from -77.31 eV in Auss to -77.05 eV in
AuisPty and from -66.17 eV in Ptss to -65.11 eV in AugoPtis (Table S3). The upward

28



shift of the s, p, d, f energy level revealed that more electrons in the corresponding
energy level move close to the Fermi level. The high availability of electrons
near the Fermi level is usually considered to enhance surface phenomena in
heterogeneous catalysis [37]. The upward shift of energy level is in good
accordance with the XPS and XANES results, indicating that more electrons are
available on the surface of Au-Pt alloy NPs. In the literature, these electrons were
reported as electron transfer from the support or functional ligands [26, 30]. However,
in this work, an increase of surface electron density on both Au and Pt atoms were
observed and no electrons transfer from others was detected. Thus, the electron
variation on Au-Pt bimetallic NPs was due to s-p-d hybridization and intra-atomic
charge redistribution, which is probably related to the lattice structure variation as
shown by XRD, TEM and EXAFS. The deformed electronic density maps of the NPs
AuoPt; and AusPtyp shown in Fig. 5 indicate the rearrangement of surface electrons
with different Au/Pt ratios. After the formation of Au-Pt alloy NPs, a hybridization of
s-p-d orbitals occurred, electrons rearranged with different Au/Pt ratios. Further
validation of these results by calculating the occupancies of s, p, d states will be
provided below. In addition, the PDOS for Au and Pt atoms in Au-Pt surfaces
(optimized models are shown in Fig. S9) were also calculated to eliminate the size
effect, and the results are shown in Fig. S10 and Table S4. The same trend was

observed for Au-Pt surface model, indicating the rationality of the calculation results.
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The occupancies of the 6s, 6p, 5d electrons of Au and Pt atoms in the Auss, Ptss,

AugoPt;s and AuisPtyy NPs were further calculated to explore the origin of surface

electrons (Table 2). The calculated total valence electrons (6s + 6p + 5d) for Au and Pt

are about 11 and 10, respectively, which are in good accordance with the theoretical

values, i.e. Au: 5d'%6s'6p° and Pt: 5d°6s'6p°. In theory, the value of 6p electrons in Au

and Pt atoms should be zero, however, on bulk Au (0.696) and bulk Pt (0.756) the 6p

band is partially occupied because of orbital hybridization and electrons transfer from
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5d, 6s bands to 6p. On Auss and Ptss NPs, an obvious decrease of both Au and Pt 6p
electrons were observed while the amount of 6s and 5d electrons increased, which is
due to the lattice shrinkage of Au/Pt after formation of NPs and electron transfer from
out layer to inner layer. This is confirmed by calculating the lattice parameter of bulk
and Au/Pt NPs (Table S5), which indicates that the distance d (A) between adjacent
metal atoms decreased after formation of Au (from 2.885 A for bulk Au to 2.757 A for
Auss) or Pt (from 2.775 A for bulk Pt to 2.640 A for Ptss) NPs. Moreover, the lattice
structure variation was confirmed by theoretical calculations, i.e. a lattice contraction
of Au and a lattice expansion of Pt were obtained in the Au-Pt bimetallic NPs as
shown in Table S5. Furthermore, an electron transfer from 6s/6p band to 5d band after
the formation of Au-Pt alloy NPs was noted. Specifically, the 5d electrons of Pt
increase from 8.699 (Ptss) to 8.819 (AuisPty) and 8.901 (AugoPtss), while the Pt 6s
electrons decrease from 0.812 (Ptss) to 0.776 (AuisPts) and 0.811 (AugoPtis), and Pt
6p electrons decrease from 0.391 (Ptss) to 0.364 (AuisPts) and 0.323 (AugoPtss),
indicating the electrons transfer from 6s and 6p states to 5d. These results are
consistent with the XANES showing that 5d state gained charges from conduction
band.

The electron occupancies of the 6s, 6p, 5d states of Au and Pt atoms in Au(111),
Pt(111), AuPt3(111) and AusPt(111) surfaces were also calculated to justified the
above conclusion (Table S6), the similar trend was detected. In addition, an electron
density oscillation on bimetallic Au-Pt alloy NP catalyst was observed. The calculated
total valence electrons (6s + 6p + 5d) on Au decreased from 11.085 (AugoPtis) to
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10.953 (Au;sPtyo) with the decrease of Au content, while the total valence electrons on

Pt increased from 9.995 (AuisPty) to 10.035 (AugoPtis) with the decrease of Pt

content, which is in accordance with XPS and XANES results. These results further

indicate the presence of hybridized orbitals and intra-atomic re-distribution of

electrons on Au or Pt atoms with different Au/Pt ratios, rather than simple electrons

transfer from Au to Pt or vice versa.

Table 2

The occupancies (N) of the s, p, d states of Au and Pt atoms in the Auss, Ptss, AugoPtis

and Au1sPtsg NPs.

AugoPtis  AuisPtyy  AusPtis  AugsPtsg
State Bulk Au Auss Ptss Bulk Pt
-Au -Au -Pt -Pt
6s 0.693 0.909 0.949 0.886 0.811 0.776 0.812 0.631
6p 0.696 0.433 0.462 0.401 0.323 0.364 0.391 0.756
5d 9.549 9.700 9.674 9.666 8.901 8.819 8.699 8.629
Total
10938 11.042 11.085 10.953 10.035 9.995 9.902 10.016
(s, p, d)

3.4. Reaction mechanism

Based on the above experimental and PDOS results, the presence of s-p-d

hybridization and electrons re-distribution on the surface of Au or Pt atoms was

confirmed. To theoretically reveal the surface properties of Au-Pt alloy NPs which are

related with their catalytic activity for benzyl alcohol oxidation, DFT calculations on
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Au(111), AusPt(111), AuPt3(111), and Pt(111) were performed. The adsorption and
desorption properties of reactants (benzyl alcohol and O,) and products (benzaldehyde)
on the surfaces were investigated, and the charge densities of different alloy surfaces
were obtained.

The adsorption/desorption configurations of benzyl alcohol, O,, and
benzaldehyde on Au (111), AusPt (111), AuPt; (111) and Pt (111) surfaces are
presented in Fig. S11, and the calculated energies are summarized in Table S7. It
reveals that the improved catalytic activity of Au-Pt bimetallic NPs is not only related
to adsorption energy of benzyl alcohol but most importantly to the enhanced O,
activation on Au-Pt bimetallic surfaces. The calculated desorption energies of
benzaldehyde on Au (111), AuzPt (111), AuPt3(111) and Pt (111) surfaces indicate that
the benzaldehyde selectivity decreases with the increase of benzaldehyde desorption
energies (Table S1 and Table S7), as a result of the impeded desorption of
benzaldehyde.

A good agreement between the performance of catalysts and reactants/products
adsorption/desorption properties is obtained experimentally and theoretically,
suggesting the significance of the adsorption property of materials on the catalytic
performance. To verify this, the Hirshfeld charge population on Au(111), AusPt(111),
AUuPt3(111) and Pt(111) surfaces was calculated by DFT and the results are
summarized in Table S8. The net charge density of the Au(111), AusPt(111),
AuPt3(111) and Pt(111) surfaces are all negative, and the absolute values increase with
the Pt content. The observed negative value of net charge density is consistent with
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XPS and XANES results. A relation of net charge density with benzyl alcohol/O,
adsorption energy and electron transfer is established and shown in Fig. 6. The benzyl
alcohol (BA) adsorption energy increases linearly with the surface net charge density
as the Pt content increases (Fig. 6a). A similar linear trend is also observed on electron
transfer between BA and different catalyst surfaces, which is enhanced with the
increase of surface net charge density. In addition, the electrons are found to transfer
from the adsorbate (BA) to the catalyst surfaces, evidenced by their positive values.
These results indicated that the net charge density of the catalyst surface is the
primary factor for BA activation. The O, adsorption and electron transfer exhibited a
different trend (Fig. 6b). It was noted that with a small amount of Au introduced, the
highest adsorption energy of O, and the largest electron transfer from surface to O,
are obtained on the AuPt3(111) surface, indicating that the O, activation leads to
formation of active intermediates (O,%) and this is enhanced by introducing a small
amount of Au. Furthermore, the relation of catalytic activity with net charge density
on different surfaces is shown in Fig. 6¢c. The results indicate that the more charge
transfer to O, the higher the catalytic activity of samples was obtained. The XANES
and PDOS data revealed that both Au and Pt 5d states gain charges in the Au-Pt alloy
NPs, which can provide more transferable d electrons during the adsorption and the
reaction. These results confirmed that the enhanced catalytic activity of Au-Pt alloy

NPs was obtained through accelerating the O, activation (Fig. 6d).
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transfer scheme of different surfaces.

To summarize, introducing a small amount of Au enhanced the electron transfer
between catalyst surface and O,, leading to a high O, activation capacity. This is due
to the formation of Au-Pt alloy NPs that provide more transferable d electrons during
the reaction as indicated by FT-IR and XANES results. Based on the experimental and
theoretical results, the reaction mechanism is proposed and illustrated in Scheme 2.
The benzyl alcohol adsorption is closely related to surface net charge density. In the
first step, the BA is easily adsorbed on pure Pt (111) surface and a proton is abstracted

from the BA to form the alkoxide. Then the O, was adsorbed through electrons from
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Pt (111) surface to form O,% species, which is combined with the proton to produce
H,O. While the alkoxide undergoes structural rearrangement and desorbs as
benzaldehyde. After introducing Au to Pt (111) surface, the adsorption and activation
of O, is enhanced on AuPt; (111) surface, because more transferable d electrons can
be easily donated and/or transferred to reactants. It has been previously reported that
the geometric and electronic changes of the Pt sites by alloying with adjacent Au
atoms can improve the catalytic activity and selectivity.[26] Hence, this phenomenon

was theoretically explained herein and the essence of catalytic synergy was clarified.
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Scheme 2 Reaction scheme of benzyl alcohol oxidation on Pt (111) and AuPts
(111) surfaces.
4. Conclusions
A series of Au-Pt NPs catalysts supported on mesoporous silica was designed
to reveal the essence of promoter effect of Au to Pt on bimetallic catalyst.

Highly dispersed Au-Pt alloy NPs supported on foam-like mesoporous silica were
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obtained by a one-pot synthesis method and applied for benzyl alcohol oxidation.
MCF support with developed porous structure leads to the well dispersion of noble
metal NPs and eliminated the mass transfer limitation during the reaction, thus
intrinsic catalytic activity was obtained. The catalytic results show that the bimetallic
Au-Pt alloy NPs exhibit higher catalytic activity (TOF = 37000 h™) than the
monometallic Pt (TOF = 30000 h™) and Au (TOF = 4900 h™*) catalysts. The formation
of Au-Pt alloy NPs resulting in the lattice structure variation was confirmed
experimentally. Electronic property analyses (XPS, XANES and CO-FT-IR) identify
the presence of easily transferable d electrons on Au and Pt atoms after the formation
of alloy NPs. Furthermore, the theoretical PDOS results verify that the enrichment of
d state electrons on Au-Pt alloy NPs is due to s-p-d hybridization and intra-atomic
charge redistribution, leading to the electron transfer from 6s and 6p bands to 5d. The
improved catalytic performance of the Au-Pt alloy NPs is found to be attributed to the
geometric and electronic changes of the catalytically active Pt sites after introducing
Au atoms. Based on the correlation between experimental and theoretical results, it is
concluded that the enhanced catalytic activity is attributed to the orbital hybridization
and intra-atomic electron redistribution in Au-Pt alloy NPs, leading to the increased
abundance of transferable d electrons near Fermi level, which results in a high O,
activation capacity. These results provide general theoretical guidance for the rational

design of bimetallic catalysts with superior catalytic performance.
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