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ABSTRACT

N,N-Dimethyldodecylamine N-oxide (DDAO), PVP and PVA capped supported AuPd bimetallic nanoparti-
cles (NPs) were prepared, and their catalytic activities were evaluated for the oxidation of 1,6-hexanediol
(HDO) to 6-hydroxycaproic acid (HCA) using H,0, in basic aqueous solution. Among three catalysts,
DDAO capped AuPd bimetallic NPs catalysts exhibited superior selectivity for HCA formation than PVP
and PVA capped catalysts. To explain the difference in the catalytic behavior, the catalysts were char-
acterized thoroughly. XRD, TEM and STEM-HAADF-EDS studies were employed to identify the structure
and morphology of capped AuPd-NPs, respectively. The chemical and electronic states were elucidated
using XPS and XAS methods. The characterization data revealed that the capping agent significantly influ-
ences the electron density on metals and extent of alloying between Au and Pd metals. It was revealed
that DDAO-capped catalyst induces appropriate negatively charged Au species with a few numbers of
Au-Pd interfaces for the highly selective formation of HCA via HDO oxidation in basic aqueous media.
Furthermore, other aliphatic diols, 1,7-heptanediol, 1,8-octanediol and 1,2-hexanediol, were also selec-
tively oxidized on AuPd-DDAO catalysts toward the corresponding w-hydroxycarboxylic acids in high

yields.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

The selective oxidation of aliphatic diol to mono-
hydroxycarboxylic acid is an important and a fundamental
organic reaction (Scheme 1) [1-5]. A variety of reaction systems
has been derived in traditional oxidation processes using homoge-
neous catalysts [6] or stoichiometric reagents such as chromates
[7] and permanganates [8]. However, these methods are not
environmentally sustainable due to generation of a large amount
of toxic wastes [9]. Thus, the development of environmentally
benign and clean oxidation reactions remains an important goal of
chemical research [10,11].

From the viewpoint of green and sustainable chemistry, metal-
lic nanoparticles (NPs) have received a great deal of attention in
the last decade because of their properties and potential applica-
tion in oxidation catalysis [12-14]. In order to improve chemical
and physical properties of metal NPs for catalysis, the addition of
second metal is often employed [ 15-17]. Combining the properties
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of associated two individual metal demonstrated many advantages
in various catalytic reactions [18-21]. The bimetallic NPs systems
have been noticed to improve the product selectivity, catalyst dura-
bility and the reaction kinetics [22,23]. The surpassing performance
of bimetallic NPs has been commonly ascribed to “electronic effect”
or “ensemble effect” [24-28]. The first affect could be accounted
for modification in electronic structure via bimetallic interactions
which alter the electron density of each metal. The second effect
corresponds to the relative location of two metals on NP sur-
face. Thus, the catalytic activity can be tuned by controlling the
electronic properties and local structure of bimetallic NPs. For
example, catalysis over Au-Pd bimetallic NPs has received the
greater consideration among noble metals [19,25,29], because it
exhibits a significant catalytic performance in comparison with
those of monometallic Au or Pd NPs.

It is well-known that the metal composition, size and shape of
NPs have notable influence on their catalytic properties. In addi-
tion, the surface capping agents (organics or polymers) which are
generally used in the synthesis of NPs to keep the particles sus-
pended [30], also influences the catalytic activity to a significant
extent; for instance, DDAO has been discovered as an efficient cap-
ping agent inducing special catalytic properties which lead to high
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Scheme 1. Selective oxidation of aliphatic diol to mono-hydroxycarboxylic acid.
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Fig. 1. Structure of capping agents used in this study.

selectivity of the product [31,32]. The development of colloidal syn-
thesis has the ability to precisely tailor the structural characteristics
(size, shape and distribution) usually by varying the amount of cap-
ping agent [33-35]. On the other hand, the choice of capping agent
would significantly affect the electronic structures of bimetallic
NPs along with the alterations in size- and/or shape-dependent
properties of the NPs. Multiple research groups have explained
the size-dependent properties of metal NPs but only few of them
have discussed the influences from stabilizers [31,32,36-38]. Over-
all, the role of capping agent in catalytic activity and selectivity is
not yet well-understood in spite of its importance in NP systems
for studying heterogeneous catalysis.

In a very recent study, we have communicated a highly active
and a selective N,N-dimethyldodecylamine N-oxide (DDAO, see
Fig. 1)-capped AuPd bimetallic NPs supported on hydrotalcite (HT)
surface asreusable heterogeneous catalyst for selective oxidation of
1,6-hexanediol (HDO) to 6-hydroxycaproic acid (HCA) using aque-
ous H,0; under high-pH conditions (Scheme 2) [32]. The results
suggested that the synergetic interactions between Au and Pd or
Au-Pd nanoalloy center played crucial role in the excellent catal-
ysis of AuPd-DDAO/HT for the selective oxidation of HDO toward
HCA.

Our previous communication with supported AuPd-DDAO
bimetallic NPs raises some additional interesting questions on the
role of DDAO as capping agent. In this paper, in order to explore
the influence of capping agent on the oxidation of HDO to HCA,
the catalytic activity of DDAO-capped AuPd bimetallic catalyst
was compared with those of AuPd capped with the two most
widely used capping agents; poly(N-vinyl-2-pyrrolidone) (PVP)
and poly(vinyl alcohol) (PVA) (Fig. 1).

The detailed characterizations of the catalysts have been carried
out using XRD, TEM, XPS, XAS and STEM-HAADF-EDS techniques,
and then the relationship between electronic structure and activ-
ity of AuPd nanostructures has been suggested. A suitable reaction
mechanism and a role of capping agent are also proposed based
on the experimental results. Finally, the catalysis of reusable and
highly selective AuPd-DDAO/HT is verified for the selective oxi-
dation of other long chain aliphatic diols like 1,7-heptanediol,
1,8-octanediol and 1,2-hexanediol.

2. Experimental
2.1. Chemicals

Hydrogen tetrachloroaurate (III) (HAuCly-4H,0), palladium
chloride (PdCly), ethylene glycol (EG), adipic acid (AA), 1,6-
hexanediol (HDO), 30% hydrogen peroxide (H,0;), 1-hexanol, hex-
anoic acid, potassium iodide (KI), chloroform (CHCl3), poly(vinyl
alcohol) (partially hydrolyzed) (PVA, Mw; 3500) and Au and

Pd standards (ICP grade) were obtained from Wako Pure
Chemical Industries, Ltd. Kanto Chemical Co., Inc. supplied
sodium hydroxide (NaOH), potassium chloride (KCl), and sulfuric
acid (H,SO4). N,N-Dimethyldodecylamine N-oxide (DDAO), 1,2-
hexanediol, 2-hydroxyhexanoic acid, 1,7-heptanediol, pimelic acid,
1,8-octanediol, 8-hydroxy octanoic acid and suberic acid were
purchased from Sigma-Aldrich, Co. LLC. Acros Organics provided 6-
hydroxycaproic acid (HCA) and poly(N-vinyl-2-pyrrolidone) (PVP,
K29-32, Mw; 58,000). Melatonin and hydrotalcite (HT, Mg/Al=5.4)
was obtained from TCI Chemicals Pvt. Ltd. and Tomita Pharmaceut-
icals Co. Ltd., respectively.

2.2. Catalyst preparation

Capped AuPd-X/HT catalysts have been synthesized as reported
in the literatures [32,39,40] with some modifications. In a typ-
ical synthesis, an aqueous solution (50mL) of HAuCly-4H,0
(0.04 mmol) and PdCl; (0.06 mmol) including KCI (0.18 mmol) were
mixed with DDAO, PVP or PVA and stirred for 5 min at room temper-
ature. Thereafter, EG (50 mL) was added into the aqueous mixture
and again stirred for 5 min at room temperature, then the obtained
mixture was refluxed for 2 h at 413K, followed by addition of HT
(1.0 g) into the formed colloidal dispersion to stabilize the formed
AuPd-X NPs onto the surface of HT. The resultant mixture was
stirred again for 1 h at413 K. The obtained precipitates were cooled,
filtered, washed and dried in vacuo overnight.

2.3. Catalytic testing

All experiments to test the catalytic activity were performed in
a Schlenk tube (50 mL vol.) attached to a condenser. The catalytic
activity was evaluated for HDO oxidation in basic aqueous media
with H,0, as oxidant to obtain HCA. In a typical reaction proce-
dure, aliphatic diol (0.5 mmol) and catalyst (25 mg) were weighed
and dispersed in deionized water (3.5mL) in a Schenk tube. 30%
H,0, (0.75 mL) and 0.5 M NaOH (0.75 mL) were added to the above
mixture, and then the Schlenk tube was mounted on a preheated
oil bath at 353 K. The mixture was allowed to react for various
time intervals with continuous magnetic stirring (500 rpm). After
the reaction, a part of the resultant solution was diluted 20 times
with an aqueous H,SO4 (10 mM) solution, and the catalyst was fil-
tered off using a 0.20 wm filter (Milex®-LG). The obtained filtrate
was analyzed by high performance liquid chromatography (HPLC,
WATERS 600) using an Aminex HPX-87H column (Bio-Rad Labo-
ratories, Inc.) attached to a refractive index detector. An aqueous
10 mM H;,S04 solution (eluent) was run through the column (main-
tained at 323 K) at a flow rate of 0.5 mLmin~'. The conversion and
yield(s) were determined with a calibration curve method using
commercial products.

2.4. Product isolation

The catalyst was separated from the reaction mixture via
centrifugation followed by filtration using a 0.20 pm filter (Milex®-
LG). The obtained mixture was acidified till pH=1-2 by adding
aq. H,SO4 drop wise. The compound was extracted with CHCl3
(four times). The combined organic layers were condensed under
reduced pressure to obtain product. The product was dissolved
in CDCl3 and subjected to NMR spectroscopy (Bruker BioSpin Inc.
AVANCE III) for identification of product.

2.5. Characterization
Crystal structure was analyzed by powder X-ray diffraction

(XRD) with a SmartLab (Rigaku Co.) using a Cu Ko radiation
(A=0.154nm) at 40kV and 30mA in the range of 260=4-80°.
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Scheme 2. Selective oxidation of 1,6-hexanediol (HDO) to 6-hydroxycaproic acid (HCA).

Ultraviolet-visible (UV-vis) spectrum was obtained by U-3900H
(Hitachi, Ltd.) with a diffuse reflection method (integration sphere
mode), and transformed by Kubelka-Munk (K-M) function. For
inductively coupled plasma atomic emission spectroscopy (ICP-
AES) analysis, an ICPS-7000 ver. 2 (Shimadzu Co.) was employed
to quantify the real Au and Pd amount loaded over HT. Contents of
metal (Au and/or Pd) in the catalyst and/or the reaction medium
were estimated by a calibration curve method with commercial
metal standards. An H-7100 (Hitachi, Ltd.) operating at 100 kV
was utilized to acquire the morphology of catalyst by a trans-
mission electron microscopy (TEM) image. High angle annular
dark-field scanning TEM (HAADF-STEM) images with energy dis-
persive X-ray spectrometry (EDS) analysis were obtained with
a JEOL-JEMARMZ200F operating at 200kV. The samples for TEM
measurements were dispersed in ethanol, and the supernatant lig-
uid was dropped onto a carbon-coated copper grid before drying
in vacuo overnight. The electronic states of capped AuPd NPs were
analyzed by X-ray photoelectron spectroscopy (XPS) conducted on
an AXIS-ULTRA DLD spectrometer system (Shimadzu Co. and Kratos
Analytical Ltd.) using an Al target at 15kV and 10 mA in an energy
range of 0-1200 eV. The binding energies were calibrated with the
C1slevel (284.5eV) as an internal standard reference. The samples
for X-ray absorption spectroscopy (XAS) study were pressed into a
pellet and measured in transmission or fluorescence mode. XAS was
performed at the BL-9C (Au Ly;-edge) and the BL-9A (Pd Lj;-edge)
of Photon Factory at High Energy Accelerator Research Organiza-
tion (KEK-PF), Tsukuba, Japan, under the Proposal No. 2013G586.
The BLO1B1 in the SPring-8 with the approval of the Japan Syn-
chrotron Radiation Research Institute (JASRI) (Nos. 2014B1036 and
2014B1472) was also used for Pd K-edge XAS studies. Data analysis
was performed with the use of the software package REX2000. After
the x(k) function was extracted from the extended X-ray absorption
fine structure (EXAFS) data, Fourier transformation (FT) was per-
formed on the k3-weighted data in the ranges of k=3.0-13.0A-!
and k=3.0-12.5A-1 for the Au Lj-edge and Pd K-edge EXAFS,
respectively.

3. Results and discussion

3.1. Catalytic activity of AuPd catalysts with different capping
agents

Table 1 demonstrates the differences in the reactivity of AuPd-
X/HT (where X is the name of capping agents; i.e. DDAO, PVP or
PVA) catalysts for the oxidation of HDO to HCA using H,0, in an
aqueous NaOH solution. All three catalysts were found to be highly
active for converting HDO (>90% conversion), however, selectivity
for HCA was seen to be influenced with the kind of capping agent
used. For instance, about 65% HCA selectivity was obtained with
PVP and PVA capping agents (Table 1, entries 1 and 2) whereas 93%
HCA selectivity with DDAO capped AuPd bimetallic catalyst was
achieved (Table 1, entry 3). AA was formed as a major by-product
with yields >20% for PVP and PVA capped catalysts.

Table 1 also depicts the actual amount of metal loading on HT by
ICP-AES measurements and the average particle size of bimetallic
NPs observed by TEM. Similar metal loadings on HT surface were
noticed with PVP and DDAO capped catalysts complementing the

theoretical metal ratios of Au/Pd =40/60. When PVA was used as a
capping agent, however, lower metal loading of Au and Pd on HT
was observed. In spite of low metal loading in PVA capped cata-
lyst, an efficient catalytic activity for HDO conversion (90%) was
observed.

The TEM images showed that the NPs were well-dispersed on
heterogeneous surface and the capping agent influenced on the
average particle size and their distribution (see Supplementary
data, Figure S1). The mean particle size of the capped AuPd bimetal-
lic catalysts were observed in the range of 2.8-4.2 nm, where PVP
afforded the smallest AuPd NPs (2.8 nm) and DDAO forming the
largest NPs (4.2 nm). PVA had an intermediate particle size of 3.5 nm
for AuPd NPs. It is hard to correlate the catalytic activity with the
metal loading and the average particle size of these AuPd catalysts,
and thereby the progress of the reaction was studied to throw light
on observed behaviors.

The time course profiles of the HDO oxidation on AuPd-X/HT
catalysts are plotted in Fig. 2. The results indicated that the rate of
oxidation of HDO varied with the capping agents. For DDAO and
PVA capped catalysts, a steady increase in HDO conversion was
seen with the increase in time till 8 h (Fig. 2(A)). While with PVP
as capping agent, the HDO conversion rapidly shot up to 72% in
2 h of the reaction, and in the next 6 h only about 20% increment
was observed. An interesting pattern for yields of products was
seen in contrast to the HDO conversion over AuPd-X/HT catalysts
(Fig. 2(B)and (C)). HCA and AA were observed as the only two prod-
ucts formed under present reaction conditions. For instance, DDAO
capped catalysts resulted into a continuous increase in HCA yield
with negligible formation of AA. In the case of PVA capped catalysts,
a continuous increase in the yields of HCA and AA was observed
to afford HCA as a major product. On the other hands, 47% of HCA
yield was obtained in 2 h over PVP capped catalyst while only about
10% increase in HCA yield was noticed for another 6h, and the
yield of AA increased up to 30% in 8 h. It should be noted that we
could not observe any aldehyde or other intermediates, whereas
the transformation of alcohol to acid generally occurs via aldehyde
[41].

Considering the time courses of the HDO oxidation, two path-
ways can be proposed: (1) both the primary hydroxyl groups of
HDO have been oxidized simultaneously, and (2) the hydroxyl
groups are oxidized one after another; i.e. consequential reaction
such as HDO to HCA, and then HCA to AA. Thus, to further certify
the formation of AA is from HCA or HDO itself, the oxidation of HCA,
the expected intermediate, on AuPd-X/HT catalysts was performed
under the same reaction conditions (Figure S2). It was found that
the further oxidation of HCA to AA was the fastest for PVP (58%
HCA conversion), moderate for PVA (43% HCA conversion), and the
slowest for DDAO (25% HCA conversion) capped catalysts, hence
validating that the consequential oxidation of HDO as shown in
Scheme 3, and the lowest ability of the AuPd-DDAO/HT catalyst
for the oxidation of HCA into AA. This might explain the highest
HCA selectivity of the AuPd-DDAO/HT catalyst in the HDO oxidation
(Table 1).

In order to find out the reason for such a different activity in
the oxidation reaction, the capped AuPd bimetallic catalysts were
thoroughly characterized by various instrumental techniques as
follows.
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Table 1
Selective oxidation of HDO to HCA over AuPd-X/HT catalysts.?

o (0]

H AUPG-X/HT e~ HO
HO/\/\/\/O HO OH -+ OH

Hzo, H202, NaOH O
1,6-hexanediol (HDO) 353K,8h 6-hydroxycaproic acid (HCA) adipic acid (AA)
Entry Catalyst Conv./%" Yield (sel.)/%" Metal Loading®/mmol g~ Metal Particle Size!/nm
HDO HCA AA Au Pd
1 AuPd-PVP/HT 94 58 (62) 29(31) 0.037 0.057 2.8
2 AuPd-PVA/HT 90 61(68) 19(21) 0.012 0.021 3.5
3 AuPd-DDAOJHT 87 81(93) 4(5) 0.034 0.056 42

2 Reaction Conditions: HDO (0.5 mmol), catalyst (25 mg), 30% H,0, (0.75mL), 0.5M NaOH (0.75 mL), H,0 (3.5mL), 353K, 8 h.
b Analysed by HPLC.

¢ Analysed by ICP-AES.

d Determined from TEM.
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Fig. 2. Time course for selective oxidation of HDO over AuPd-X/HT, where X is PVP (a), PVA (®) and DDAO (H). (A) Conversion of HDO, (B) Yield of HCA and (C) Yield of AA.
Reaction Conditions: HDO (0.5 mmol), AuPd-X/HT (25 mg), H,0 (3.5 mL), 0.5 M NaOH (0.75 mL), 30% H,0, (6 mmol), 353 K.
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Scheme 3. Reaction pathway for HDO oxidation.
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Fig. 3. Au 4f XPS spectra of AuPd-X NPs.

3.2. UV-vis spectrum and XRD pattern analyses

UV-vis spectrum was measured for supported capped AuPd
bimetallic NPs and presented in Figure S3. From the literature, it
is known that Au NPs shows a characteristic surface plasmon reso-
nance (SPR) peak around 520 nm while Pd NPs does not show such
absorption around here [42-46]. It was seen that the SPR band of the
Auwas completely damped in the supported capped AuPd bimetal-
lic NPs (Figure S3). Therefore, the formation of Au-Pd bimetallic
alloy NPs was suggested rather than separated monometallic Au
and Pd NPs.

XRD patterns of capped AuPd bimetallic NPs (Figure S4) were
monitored to verify the formation of Au-Pd bimetallic alloy
NPs. The Au-Pd bimetallic NPs showed a broad band at around
20 =38-39° which is somewhat closer to the mean value of Pd(11 1)
plane (40.06°)and Au(11 1) plane (38.19°) reflecting AuPd alloy for-
mation [43-46]. The (1 1 1) diffraction signals for fcc structure were
clearly visible in the case of DDAO capped NPs, while such features
were not so clear in the case of PVP and PVA. The difference in XRD
diffraction signal and intensity indicated that the extent of Au-Pd
alloying is significant when NPs were synthesized with PVP and
PVA as compared to DDAO as capping agent.

3.3. XPS analysis

XPS helps us to determine the surface composition and elec-
tronic properties of capped AuPd-X NPs. In general, the change in
the core level binding energy (BE) as compared to pure metal is
a strong indication of alloy formation because of charge transfer
between metals. Fig. 3 shows the Au 4f XPS spectra of AuPd-X NPs.
In AuPd bimetallic NPs system, it is more advantageous to specify
the chemical state with the Au 4f;, peak because of the overlap-
ping of core level of Au(0) 4fs;, (87.7eV) with Pd(0) 4s (88.2eV)
[47,48]. A significant negative shift (or shift to lower BE) for the Au
4f peaks of AuPd-X NPs was observed as compared to bulk Au(0) 4f.
The negative shift in BE of Au 4f;, electrons for AuPd-X NPs was
1.2, 1.0 and 0.5 eV for PVA, PVP and DDAO capped AuPd bimetallic
NPs in comparison to bulk Au 4fyj,. Such negative BE shift in the
Au 4f peak for capped AuPd bimetallic catalysts has been reported
exclusively in literatures [47-50], and attributed to charge trans-
fer effects either from Pd or from capping agents to Au [49]. Here,
we propose that the two major factors could be responsible for
the observed difference in BE of Au 4f electrons for AuPd-X NPs as

Fig. 4. Au Lj-edge XANES of AuPd-X/HT catalysts.

follows: (a) the difference in number of Au-Pd heterometallic bond
(b) the difference in electron donation from their respective cap-
ping agents.

For AuPd-X NPs, where Au 4f showed much different electronic
properties for different capping agents used, not significant infor-
mation could be extracted from XPS spectra of Pd 3d (Figure S5)
because of low intensity and overlapping peak in Pd 3d with Au
4ds, [39]. The observed BEs at 335.0 and 340.1 eV were assigned
to Pd(0) 3ds, and 3d3),, respectively, and it was noticed that Pd 3d
XPS spectra of all three capped AuPd bimetallic NPs corresponds to
Pd(0).

The information from the above XRD and XPS observations infer
that there is a difference in the extent of alloying between two
metals and electronic state of Au species in AuPd-X NPs.

3.4. X-ray absorption spectroscopy analysis

To get more information on the electronic effect and nanostruc-
ture caused by capping agents and its correlation with the catalytic
activity, the XAS spectra were measured for Au-Ly; and Pd-Ly; and
Pd-K edge for AuPd-X/HT catalysts and qualitatively compared to
reference materials like foil and oxides.

3.4.1. XANES studies in Au and Pd Ly;-edges

The Au Lj-edge probes the transition of 2p electrons to the 5d
orbitals; the X-ray absorption near-edge structure (XANES) spectra
of the Au Ly-edge of AuPd-X/HT are shown in Fig. 4. For all three
bimetallic AuPd catalysts, a decrease in the white line (WL) inten-
sity which is the first feature after the edge jump around 11,921 eV
was observed, corresponding to the possibility of electron transi-
tion from 2p to 5d state in Au Ljj-edge case. In other words, the
decrease in WL intensity is observed for increase in the d-electron
density of Au, which might possibly be due to electron transfer from
Pd into 5d Au orbitals via Au-Pd alloying [51].

The inset image of Fig. 4 clearly shows a more electronegative
Au species in case of PVP and PVA capped catalysts as compared
to DDAO capped catalysts, lower intensities of these in WL area
than DDAO, indicating more prominent Au-Pd alloying in case of
PVP and PVA. Another important feature at the Au-Ly; edge was the
lower intensity of the second band (11,932 eV) with DDAO capped
catalysts opposed to that of PVP and PVA capped ones. This feature
again signified the lower mixing of the Au and Pd metals in DDAO
capped catalyst.

http://dx.doi.org/10.1016/j.cattod.2015.09.034
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Fig.5. AulLy-edge (A) k3-weighted EXAFS and (B) FT spectra of AuPd-X/HT catalysts.

The Pd Lj;-edge XANES spectra are shown in Figure S6. A sig-
nificant decrease in WL intensity was seen from PVA > PVP >DDAO
capped catalysts. The less intense WL for DDAO capped catalyst
indicated the presence of more 4d-electrons in Pd [50], because
the WL intensity is attributed from the transition from 2p to 4d
state in Pd Ljj-edge case. Similarly, above Au Lj-edge data sug-
gested the lowest electronegativity of Au for DDAO capped catalysts
among the three. Combining the results from both Au and Pd Ly;-
edge XANES suggested the lesser electronic interactions between
Au and Pd metals (or low extent of Au-Pd alloying) when bimetal-
lic NPs were synthesized with DDAO in contrast of PVP and PVA as
capping agent.

3.4.2. FT and EXAFS studies in Au Ly-edge and Pd K-edge

Fig.5 shows (A) the k3-weighted EXAFS and (B) FT of EXAFS of the
catalysts and Au foil in Au Ljj;-edge XAS. Some interesting features
were seen in the EXAFS oscillation patterns of catalysts compared
to that of Au foil. Fig. 5(A) shows that PVP and PVA capped catalysts
exhibited quite different oscillation pattern to that of Au foil. For
example, a clear diminshment of doublet character was seen in the
region of 5-7 A-1, and another siginificant feature was the shift in
oscillation waves. On contrary, no significant shift in the periodicity
of the EXAFS wave was observed for DDAO capped catalysts. The

Fig. 6. Pd K-edge (A) k*-weighted EXAFS and (B) FT spectra for AuPd-X/HT catalysts.

diminishment of doublet character in the range of 5-7 A~! for AuPd
bimetallic catalysts in contrast to Au foil is attributed to increase
in neighboring Pd atoms in Au atoms, resulting in the formation of
Au-Pd bonds [46]. The absence of any shift in the oscillation peaks
for AuPd-DDAO/HT catalyst and partial diminishment of doublet
peak (in the region of 5-7 A-1) suggests that the extent of alloying
between the two metals is very low.

The FT of Au Lj;-edge EXAFS spectra (Fig. 5(B)) for all catalysts
exhibited sharp features in the region of 1.5-3.5 A due to the first
shell backscatter contributions [52]. For all the AuPd-X/HT cata-
lysts, an intense doublet peak was seen in contrast to the Au foil
(reference), indicating the occurrence of Au—Pd bond formation.
The shift in the peak position of catalysts to 2.2 A in reference to Au
foil 2.6 A reflected the significant contribution from backscattering
of Au—Pd. Comparing the FT spectra of catalyst within themselves
revealed that the splitting pattern in the range of 1.5-3.5A was
quite different for DDAO from PVP and PVA capped catalysts. This
splitting of the peak mainly arises from the interference between
the EXAFS oscillations of the Au—Au and Au—Pd bonds [53]. The
DDAO capped catalyst exhibits less intense doublets than the PVP
and PVA capped catalysts, which supports the formation of less
Au—Pd bonds in DDAO capped catalysts. Thus, the results from Au
Lj-edge EXAFS study can be summarized as, the less intense split-
ting and similar EXAFS oscillation patterns of DDAO capped catalyst
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Fig. 8. AuPd-DDAO/HT-catalyzed selective oxidation of other aliphatic diols.

hints that the extent of alloying between Au and Pd is very low. On
contrary, the extent of alloying is high when bimetallic NPs are
capped with PVP or PVA.

To get additional information, we also studied the EXAFS at Pd
K-edge. The Pd K-edge k-space EXAFS had very similar patterns for

all the AuPd bimetallic catalysts and the reference Pd foil (Fig. 6(A)).
Whereas, some alteration have been observed in the FT of Pd K-edge
EXAFS spectra for catalysts as compared to Pd foil in Fig. 6(B). Sim-
ilarly to FT of Au Ly;-edge, in Pd K-edge also splitting occurs in the
region of 1.7-3.3 A which again confirms the formation of Au-Pd
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random alloy in bimetallic capped catalysts. The intensification of
doublet in case of PVP and PVA capped adds on to the previous
suggestion that the extent of alloying between two metals is low
in DDAO and high in case of PVP and PVA capped catalysts.

3.5. HAADF-STEM study with EDS analysis

HAADF-STEM analysis as shown in Fig. 7 further supports
a structure of capped-bimetallic AuPd NPs on HT surface (see
Figures S7-S9). Inspection of the elemental mapping image shows
the uniform distribution and homogenous mixing of Au and Pd ele-
ments within the PVA-capped NPs (Fig. 7a). The PVP-capped NPs
were also composed from homogenous Au-Pd elements (Fig. S9).
In the elemental mapping line analysis of AuPd capped with DDAO,
a higher concentration of Au atom can be seen around the cen-
ter of the NPs (Fig. 7b) supporting low degree of AuPd alloying;
i.e. Au-concentrated AuPd core@Pd-rich AuPd shell structure was
expected in AuPd-DDAO NPs.

Combining all the studies of UV-vis, XRD, XPS and XAS (Au
Liy-edge, Pd K- and Lj;-edge) and STEM-EDS together, we can say
that the electronic properties of Au and numbers of Au-Pd inter-
faces have been altered in the presence of different capping agents.
The high electronegative Au species and more prominent alloying
homogeneously were noticed for PVP and PVA capped catalysts,
whereas moderately negative Au species owing to a small num-
bers of Au-Pd interactions in Au-concentrated AuPd core@Pd-rich
AuPd shell structure was observed with AuPd-DDAO/HT. Choice
of capping agent is crucial to control the electronic and geometric
properties of metal nanoparticles [30,31,54].

4. Proposed reaction mechanism and role of capping agent

A suitable reaction pathway has been proposed based on the
experimental facts combined with knowledge of literatures. In our
previous paper, we confirmed a necessity of H,O, and optimized
its amount [32]. However, H,0, completely disappeared during
initial 20 min on all catalysts by a titration method accompanied
with a fizzing from the reaction mixture. Therefore, the first step of
the present HDO oxidation is proposed to be the catalytic decom-
position of H,0, into oxygen gas. It has been well-known that
Au is able to decompose H,0, by electron donation from Au to
LUMO orbital of Hy0; [55]. To ensure the role of O, in the reac-
tion, we performed the HDO oxidation under an O, flow without
addition of H, 0, to afford 48% HCA yield with 75% HDO conversion
[56]. In the case of the reaction with H,0,, the yield of HCA and
HDO conversion were 81% and 87%, respectively (Table 1). These
results confirmed a significant role of O, in the HDO oxidation: O,
molecule from H,0, is able to oxidize HDO by these AuPd-X/HT
catalysts.

In the alcohol oxidation into carboxylic acid using O, and sup-
ported metal catalysts under high-pH conditions, O, is proposed
to participate in the catalytic cycle not be dissociation to atomic
oxygen but by regenerating hydroxide ions via the catalytic decom-
position of a peroxide intermediate as follows [41].

0,(ad) + H0O(ad) — OOH(ad) + HO(ad)

OOH(ad) + Hy0(ad) — H,03(ad) + HO(ad)

HO(ad) + e~ — HO (ad)

The nature of surface hydroxide is probably influenced by the
ability of metal to accommodate the excess negative charge to
form AuO~ peroxo and/or AuO,~ superoxo species as a key inter-
mediate species [57]. The electronegativity of Au species attained

in the presence of different capping agents explains the differ-
ence in catalytic behavior. The electronegativity of Au species is
the order as PVA >PVP>DDAO (vide supra). It is suggested that
PVP-capped AuPd surface is highly active leading to very fast con-
version of HDO into HCA, and HCA is readily converted to AA due to
highly reactive OH species (low HCA selectivity). In case of DDAO-
capped catalyst, the oxidizing ability of AuPd NPs is low to further
transform HCA to AA, leading to the highest selectivity for HCA
[58].

It is concluded that the role of capping agent is to control
electronegativity of Au species by charge transfer from Pd and/or
capping agent through alteration of AuPd NP morphology; i.e. the
formation process of AuPd alloy is differed from the type of capping
agent presents in preparation.

5. Catalytic oxidation of other aliphatic alcohols

After successful completion of the selective oxidation of C6
aliphatic diol (HDO), the catalytic system was further verified for
selective oxidation of longer chain aliphatic diols such as C7 and C8
aliphatic diols.

The results clearly show that the system is acceptable for the
selective synthesis of the mono-hydroxycarboxylic acids from 1,7-
heptanediol and 1,8-octanediol with high selectivities (Fig. 8(1)
and (2)). The reaction under the same condition oxidizes primary
alcohol group selectively when both primary and secondary alco-
hol group were present; 1,2-hexanediol was selectively oxidized
to 2-hydroxyhexanoic acid over AuPd-DDAO/HT in high yield and
selectivity (Fig. 8 (3)) [59].

6. Conclusion

DDAO, PVP and PVA capped AuPd bimetallic NPs supported
on HT (AuPd-X/HT) were prepared and their catalytic activi-
ties were explored for selective oxidation of long chain aliphatic
diols in the presence of aqueous H,0,. High selectivity of
mono-hydroxycarboxylic acid was achieved with reusable AuPd-
DDAO/HT catalyst. The investigation on catalytic activity of
supported AuPd bimetallic NPs capped with other capping agents
such as PVP and PVA highlights the important role of capping
agent for the selective oxidation. The characterization of differ-
ently capped catalysts concluded that the DDAO as capping agent
could lead to synthesis of moderately negatively charged Au species
in AuPd bimetallic NPs system with a few heterometallic Au—Pd
bond. These particular sites of Au—Pd bond and specific Au®-
species were found to play the key role in the production of mono-
hydroxycarboxylic acids from long chain aliphatic diols with high
selectivity.
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