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Abstract

This work aims to design an efficient Au single-atom catalyst (SAC) for aerobic glucose oxidation
and obtain a clear structure-activity relationship of the catalyst at the atomic level. Gold-containing
bi- or multi-metallic catalysts are widely used in many important chemical processes. Engineering
the electronic structure of surface atoms and downsizing the catalysts to single atoms are
challengeable issues to enhance the intrinsic activity. Here we report an effective and versatile
synthesis of colloidal Au/Pd SACs by using a facile successive reduction method. The prepared
colloidal Au/Pd SACs exhibit a significantly improved catalytic activity (up to 17 times) for
glucose oxidation over that of Au nanoclusters (NCs) with a similar size. High-angle annular
dark-field scanning transmission electron microscopy (HAADF-STEM) analysis and density
functional theory (DFT) calculation reveal that the presence of the low-coordinated and negatively
charged single Au atoms on Pd clusters is responsible for the excellent catalytic performance.
Keywords: Single-atom catalyst; Au; Catalytic activity; Au/Pd; Cluster; Colloidal catalysts;

Glucose oxidation
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1. INTRODUCTION

Catalysts play crucial roles in many chemical and energy conversion processes. Precious metals
and rare metals are often the major components of active catalysts. Many efforts have been made to
maximize the utilization of these metals [1-8]. The research into downsizing the metal particles to
nanoparticles, nanoclusters (NCs) and atoms, therefore, attracts much attention during recent
several years [1-10]. As the size of metal nanostructures is decreased from nanometer to
subnanometer scale and ultimately to single atoms, the catalytic performance may change
significantly due to the low-coordination environment, quantum size effect, and improved
metal-support interactions. [11].

The ultimate small-size limit for the precious and rare metal particles is the single-atom catalyst
(SAC), which contains isolated metal atoms singly dispersed on supports [11]. Single-atom
catalysis is of increasing interest as a novel branch of heterogeneous catalysis due to the high
activity and/or selectivity for numerous important catalytic reactions with low cost [12-20]. Zhang’s
group [14-15] reported that a Pti/FeOx SAC shows both excellent stability and high activity for CO
oxidation, and preferential oxidation of CO in the presence of Ha. It is proposed that the high
activity of the Pti/FeOx SAC correlates with the presence of high-valence Pt atoms (with partially
vacant 5d orbital and a slightly positive charge), which help to reduce both the CO adsorption
energy and activation energy barriers for CO oxidation. In addition, the activity of Ir/Fe(OH)x SAC
for preferential oxidation of CO was also reported by the same group [16]. The activity of the
Ir/Fe(OH)x SAC is at least one order of magnitude higher than traditional Ir-based catalysts. Szanyi
et. al [17] reported on the very unique catalytic properties of isolated Pd atoms for the reduction of

CO.. The results showed that atomically dispersed supported metals can be catalytically active even
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in the demanding reaction of CO; reduction. Heiz and co-workers’ experimental work [18-19]
established beyond doubt that a single metal atom of palladium, supported on magnesia (MgO)
facilitates the cyclotrimerization of acetylene [18] and the oxidation of CO by O, to CO2 [19]. More
recently, Sun et al. [20] reported a systematic study in which atomic layer deposition was used to
synthesize platinum SAC deposited on the surface of graphene nanosheets. The prepared Pt SACs
exhibit significantly improved catalytic activity (up to 10 times) over that of the state-of-the-art
commercial Pt/C catalyst. The less-coordinated and unsaturated 5d orbitals of the single Pt atoms
are responsible for the excellent electrochemical performance. Kyriakou et al. [22] reported that
individual, isolated Pd atoms dispersed onto Cu surfaces dissociated hydrogen and facilitated the
spillover of H, resulting in selective hydrogenation of styrene and acetylene. Even the supported
SACs are unique and indeed bridge the gap between homogeneous and heterogeneous catalysis.
However, the large-scale synthesis of SACs remains a significant challenge because single atoms
are too mobile and easy to sinter under realistic reaction conditions [23]. Up to date, almost all of
the SACs reported so far are limited to single metal atoms anchored to solid supports (metal oxides,
graphene nanosheets, carbon, metal surfaces, metal-organic frameworks and zeolites) [12-24]. It
should be emphasized that the annealing process of the supported catalysts will doubtlessly result in
the growth and aggregation of the prepared single metal atoms.

There are several major advantages of colloidal catalysts compared with the supported ones [25].
For example, 1) the intrinsic properties of metal colloidal catalysts can be relatively easily
elucidated without the effect of the metal-support interaction, 2) the NCs with more uniform
particle sizes can be obtained in the dispersed systems than in the supported cases, especially under
conditions at a high metal concentration, and 3) high stability can be easily got for the colloidal

catalysts due to good protection of active sites by a protective agent. Colloidal SACs also exhibit
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excellent catalytic activity. Our group [26-27] prepared Crown Jewel-structured Au/Pd SACs by a
galvanic replacement reaction method, where gold atoms were atomically dispersed on the top sites
of Pd nanoclusters, and the as-prepared colloidal Au/Pd SACs showed unprecedentedly high
activity for glucose oxidation. Nevertheless, it should be noted that the applicability of the galvanic
replacement reaction for preparation of colloidal SACs is still limited, and that the method can only
lead to the deposition of more noble element and dissolution of the less noble component. Moreover,
the reaction process of galvanic replacement is somewhat complex and the final structure of the
prepared catalysts is highly dependent on the shape and size of the mother cluster and the kind of
protective reagent [27-28].

Au/Pd bimetallic nano-catalysts are one of the most interesting systems in catalysis research. The
catalysts have been studied for a number of reactions: direct synthesis of hydrogen peroxide from
H> and O2 [29-30], oxidation of alcohols to aldehydes [31], CO oxidation [32], gas-phase
hydrodehalogenation of fluorinated compounds [33], hydrogenation of 4-pentenoic acid [34], and
hydrodesulfurization of thiophenes [35]. We demonstrate here that an effective and versatile tool to
prepare colloidal Au/Pd SACs by a facile successive reduction method using L-ascrobic acid as
reducing reagent on a large scale. Characterization, catalytic activities for aerobic glucose oxidation
and DFT (Density Functional Theory) calculations of the colloidal SACs, and, in addition, the
correlations between the geometric/electronic structures of the single Au atoms and the catalytic
activity of the SACs were investigated. The studies demonstrated that the activity of the single Au
atoms for aerobic glucose oxidation is closely dependent on its geometric structures and its negative
charge density. These findings could be exploited to develop more efficient Au-containing bi- or
multi-metallic nanostructures by design and have also broad implications for making the most

efficient use of other precious metals in many and various electro- and/or thermal-catalytic
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technologies.

2. EXPERIMENTAL SECTION

Materials

Hydrogen tetrachloroaurate(lll) tetrahydrate (HAuCls-4H20, 99.9%) purchased from Tokyo
Kasei Kogyo, Ltd., and palladium chloride (PdClz, 99.9%) and PVP (poly(N-vinyl-2-pyrrolidone,
K35, molecular weight about 40,000) both purchased from Wako Pure Chemical Industries, Ltd.,
were used without further purification. All glassware and Teflon-coated magnetic stirring bars were
cleaned with aqua regia, followed by copious rinsing with purified water. The water was purified by
a Millipore Milli-RX 12 plus water system.

Preparation of PVP-Protected Pd NCs (Mother Clusters)

Preparation of the dispersions of the PVP-protected Pd NCs was carried out by an alcohol
reduction method [36]. A solution of PdCI, (50 mL, 0.66 mM, ethanol/water=1/4, v/v) was added to
a PVP solution (50 mL, 66 mM, ethanol/water=1/4, v/v) and then stirred at room temperature for 15
min. The mixed solutions were stirred and heated to refluxing at 90°C for 0.25, 0.5, and 1 h, and the
corresponding Pd mother NCs prepared were designated as Pd(0.25h), Pd(0.5h), and Pd(1h),
respectively. The color of the mixed solutions slowly changed from dark yellow to a transparent
brown at the beginning of the refluxing. The colloidal dispersions were filtered by an ultrafilter
membrane with a cutoff molecular-weight of 10,000 (Toyo Roshi Kaisha, Ltd.) and washed twice
with water and then once with ethanol under nitrogen to remove any extra reagents and byproducts.
The residual ethanol in the PVVP-protected Pd NCs was removed by using a rotary evaporator at
40°C.

UV-Vis spectra, TEM image and size distribution histogram of the PVP-protected Pd mother
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NCs are shown in Figures S1-S2, respectively. The average sizes (+ standard deviation) based on
the TEM images (Figure S2) are 1.7 + 0.3 nm for Pd(1h) NCs, 1.5 + 0.4 nm for Pd(0.5h) NCs, and
1.4 + 0.5 nm for Pd(0.25h) NCs, respectively. In the case of the Pd(0.25h) NCs mother clusters, the
population of the PVP-protected Pd NCs has a peak at a diameter of about 1.4 nm, indicating that
the Pd mother NCs consist of about 55 atoms in a particle on the average. We characterize this as
the size-selected Pdn (where N=55) NCs, where Pdss is known to be a possible ‘magic number’
cluster [37]. The Pdss NC with the ideal size of about 1.4 nm can be characterized as a truncated
octahedron with eight triangular {111} faces and six square {100} faces (Figure 1). The mean
particle diameters were used for the approximate calculation and preparation of the PVVP-protected
colloidal Au/Pd SACs in the following steps. Here, we simply consider that all the prepared ‘Pd
mother clusters’ possess the ideal structure of Pdss, and that the defect sites including kink atoms,
twinning boundaries, and stacking faults are not taken into consideration.

Preparation of Colloidal Au/Pd SACs

The colloidal Au/Pd SACs were prepared by a successive reduction method which is usually used
to prepare core/shell-structured NCs using L-ascrobic acid (CsHgOs) as reducing reagent (as shown
in Figure 1). For example, the SA-6 colloidal SACs (the atomic ratio of Au®* to Pd in the synthetic
solution = 3/55) were prepared as follows: Aqueous solutions of HAuCls-4H>0 (15 mL, 0.048 mM)
and PVP (15 mL, 4.8 mM) were mixed together for 0.5 h at room temperature at first, and then the
mixed solutions were rapidly added to an as-prepared PVP-protected colloidal dispersion of Pd
mother clusters (Pd(0.25h), 30 mL, 0.44 mM) containing L-ascrobic acid (0.0144 mmol) under
condition of continuous stirring at room temperature in an N2 atmosphere. The mixtures were then
further treated by heat for 0.25 h in a bath at 95°C. The transparent and brownish dispersions were

then obtained. The colloidal dispersions of Au/Pd SACs were purified and concentrated by washing
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and rotary evaporating. The PVP-protected Au/Pd SACs were finally obtained as powders by
vacuum drying at 40°C for 48 h.

In order to get the best conditions for preparing the SACs, the kinds of Pd mother clusters of
Au/Pd were varied as parameters, and three kinds of colloidal Au/Pd SACs were prepared and then
used as colloidal catalysts for the aerobic oxidation of glucose. (Preparation conditions varied with
kinds of mother cluster and composition of Au/Pd are shown in Table S1.) The UV-Vis absorption
spectra, TEM micrographs and size distribution histograms of as-prepared three kinds of AussPdss
catalysts are shown in Figures S3-S4, respectively. The average sizes (+ standard deviation) of
AussPdss catalysts prepared by using Pd(0.25h), Pd(0.5h), and Pd(1h) NCs as mother clusters were
estimated to be 1.8 £ 0.5 nm, 1.8 + 0.9 nm, and 2.0 + 0.9 nm, respectively. Comparing Figures
S3-S4 with Figures S1-S2 can give the following findings: 1) Au is deposited on the surface of Pd
mother NCs. 2) It is suggested that large Pd mother NCs (Pd(1h)) can catch a larger amount of Au
atoms than the small one, which form larger Au clusters on the surface of Pd NC. The chemical
compositions of the AussPdss catalysts were obtained from the ICP analysis as shown in Table S2.
Comparison of the Au atomic% in the final catalysts and that in the metal precursor feed indicates
that the atomic ratio of Au in the feed in the synthetic solution was approximately equal to that in
the final catalysts. The catalytic activity for the aerobic oxidation of glucose of the as-prepared three
kinds of AussPdss catalysts increased in the order AussPd(1h)ss <AussPd(0.5h)ss~AussPd(0.25h)ss5
(Figure S5). The highest catalytic activity of about 17,200 mol-glucose-ht-mol-Au* was achieved
for the smallest AussPdss catalysts prepared using Pd(0.5h) and Pd(0.25h) NCs as mother clusters.
Characterization of NCs

The UV-Vis (ultraviolet and visible light) absorption spectra were measured over the range of

200-800 nm by a Shimadzu UV-2500PC recording spectrophotometer using a quartz cell with a
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10-mm optical path length.

Transmission electron microscopy (TEM) images were obtained using a JEOL TEM 1230 at the
accelerated voltage of 80 kV. The specimens were obtained by placing one or two drops of the
colloidal ethanol solution of the Au/Pd SACs onto a thin amorphous carbon film-covered copper
microgrid and drying it in air at room temperature. Prior to the specimen preparation, the colloidal
ethanol solutions were sonicated for 10 min to obtain a better particle dispersion on the copper grid.
Image analysis was performed using iTEM software (Olympus Soft Imaging Solution GmbH). For
each sample, generally at least 200 particles from different parts of the grid were used to estimate
the mean diameter and size distribution of the particles.

Dark field scanning transmission electron microscopy (DF-STEM) was observed with a JEOL
TEM 2010F microscopy at accelerated voltage of 200 kV at UBE Scientific Analysis Laboratory,
Japan. Energy dispersion X-ray spectroscopy (EDS) measurements were carried out with a NORAN
UTW type Si(Li) semiconducting detector with about 1 nm beam diameter attached to the STEM
equipment.

The high-angle annular dark-field scanning TEM (HAADF-STEM) were observed using a JEOL
TEM 2010F microscope equipped with CEOS spherical aberration correctors at the accelerating
voltage of 120 kV in the UBE Scientific Analysis Laboratory, Japan. High-resolution electron
energy loss spectroscopy (EELS) measurements were carried out using an ENFINA1000 detector
(Gatan, Inc.) with about a 0.15 nm beam diameter attached to the HAADF-STEM equipment.

The metal content of the colloidal Au/Pd SACs was determined by optical emission spectroscopy
with inductive coupled plasma (ICP-OES, Varian 720-ES). For this purpose, 2-3 mg of the samples
were solubilized in 2 mL of aqua regia (HCI/HNOs=3/1, vol) for 24 h, and then the solubilized

solution was diluted to 20 mL by using pure water for the measurement.



Page 11 of 41 Journal of Materials Chemistry A

Catalytic Properties

The catalytic performance of all the catalysts was evaluated using the glucose oxidation as a
model reaction. The reactions were carried out at 60°C in a 50-mL glass beaker placed in a
thermostat (about 2000 mL). During the experiment, the pH of the reaction suspension was kept
constant at 9.5 by the addition of a 1 mol L™ NaOH solution using an automatic potentiometric
titrator (Kyoto Electronics MFg., Co., Ltd., Japan). Oxygen was bubbled through the suspension at
the flow rate of 100 mL min and at atmospheric pressure. The suspension was vigorously stirred
by a magnetic stirrer. The starting concentration and volume of the glucose solution was 0.264 mol
Lt and 30 mL, respectively, and the charged weight of the catalyst was about 2 mg. The catalytic
reactions were automatically carried out for 2 h. The activity (mol-glucose-h’t-mol-M?) was
calculated from the slope of a straight line fitted using the NaOH amount vs reaction time curve.
The initial specific activity related to the metal content of the catalysts was calculated for
comparison. A typical NaOH amount vs time diagram with the fit line is shown in Figure S6. The
slope of the fit line reflects the initial activity of the catalyst. The catalytic activities of all the
samples were measured at least twice under the same conditions and the mean value of the
measuring results was used as for comparison.

The activities of the single Au atoms were approximately calculated by subtracting the catalytic
activity of Pd atoms in the AuxoPdso alloy nanoclusters from that of AuPd SACs by using the
following equation 1:

Grdatom X Xpd + Gauatom X Xau = Gaurd (1)
where Gaurd are the catalytic activities of the PVVP-protected Au/Pd SACs, which were evaluated by
the above-mentioned method. Xpq and Xau are the atomic ratios of Pd and Au in the colloidal Au/Pd

SACs, respectively, which were measured by ICP-OES. Gay, atom IS the calculated catalytic activity
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of the Au atoms in the prepared Au/Pd SACs. To eliminate the alloying effects upon the Pd atoms,
the normalized catalytic activity Gpg, atom (Mol-glucose-h™t-mol-Pd?) of the Pd atoms in AuzoPdso
alloy NCs but not the activity of pure Pd mother NCs (The activity for glucose oxidation of the
Pd(0.25h) mother clusters is very low with a value of about 2,670 mol-glucose-h™-mol-Pd?.) was
used for the calculation. Thus, the Gpg, atom With a value of about 5,000 mol-glucose-h-mol-Pd* was
approximately estimated by the following relationship; Gpd, aom (in alloy) =
(Gau20pds0-0.2Gauncs)/0.8, where Gauzopdso (5,250 mol-glucose-h™t-mol-M™?) and Gau, ncs (6,230
mol-glucose-h™:-mol-Au) are the catalytic activities for glucose oxidation of AuzPdso alloy NCs
and pure Au NCs prepared by rapid injection of NaBHa, respectively. The average particle sizes of
the AuzoPdsgo alloy NCs and pure Au NCs were 2.4 £ 0.8 and 1.4 = 0.5 nm, respectively.
Density Functional Theory (DFT) Calculation

The structure and properties of the Mss clusters are calculated using the DMol® DFT package. In
these calculations, an all-electron relativistic core treatment and a doubled numerical basis set with
polarization functions were employed. The rPBE functional is used for the DFT calculations. For all
calculations, the spin restricted SCF calculations were carried out with a convergence criterion of
10 a.u. for the total energy and the electron density. We used the convergence criteria of 0.004
hartree/A on the force parameters, 0.005 A on the displacement parameter, and 2x107 hartreee on
the total energy in the geometry optimization. The Hirshfeld population analysis was used for the
investigation of the atomic charges of the investigated clusters. For these calculations, DNP basis

sets are used for the atoms in the model systems.

3. RESULTS AND DISCUSSION

3.1 Preparation of Colloidal Au/Pd SACs
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Successive reduction involves the reduction of the first metal ions, followed by the reduction of
the second metal ions. The second metals are usually deposited on the surface of the first metals due
to the formation of the strong metallic bond, resulting in core/shell-structured BNPs. By using this
strategy, core/shell-structured BNPs with Au as a shell can be easily prepared [38-45]. We tried to
prepare colloidal Au/Pd SACs by a successive reduction method using L-ascrobic acid as a reducing
reagent. Herein, L-ascrobic acid acts as the suitable reducing agent to ensure the deposition of Au
atoms on the surface of Pd mother clusters due to its weak reduction ability, and then further
promote the formation of the Au/Pd SACs, rather than individual monometallic Pd and Au NCs. In
order to avoid the occurrence of galvanic replacement between Au®* and Pd mother clusters as
much as possible, heat treatment to reaction temperature was carried out as quick as possible after
L-ascrobic acid, Pd mother cluster dispersions and Au®* ion solutions were mixed together. The
standard reduction potentials (SRPs) (relative to the standard hydrogen potential, H*/H® = 0.00V) of
CsHs0s/CsHsOs and Pd?*/Pd° are -0.06 V and 0.951 V, respectively, both of which are lower than
that of Au*/Au° (1.498 V). The reducing ability of L-ascrobic acid is much stronger than that of Pd
mother clusters. Thus, it is reasonably estimated that most of the Au®* ions would react with
L-ascrobic acid first and then in-situ reduced on the surface of the mother clusters. The relative
standard deviations in the sizes of produced Au/Pd SACs are at the same level of those of mother
clusters, as mentioned later. This fact also supports the present idea that the produced Au atoms are
deposited on the surface of the Pd mother clusters.

A series of colloidal Au/Pd SACs with various Au contents were prepared to investigate the
relationship between Au contents and catalytic activity of SACs based on the previously mentioned
best conditions for Au depositions using Pd(0.25h) NCs as mother clusters. The details of

compositions and preparation conditions are shown in Table S3. Colloidal dispersions of Au/Pd
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SACs with Au contents varying from 5.2 to 62.6 atomic % (theoretical content) were obtained by
reduction of the corresponding Au®* ions with L-ascrobic acid under nitrogen atmosphere. The
resulting colloidal catalysts are homogeneous, dark-brown in color, and stable for months without
precipitation. The UV-Vis absorption spectra of the aqueous dispersions of Pdss mother clusters and
a series of Au/Pd SACs with various contents of Au are shown in Figure 2. The peak around 290 nm
in the curves of Figure 2 was caused by the presence of L-ascrobic acid since the samples for
UV-Vis measurement were original solutions without membrane filtration. Moreover, the results
show that the absorbance intensities of UV-Vis spectra of the Au/Pd SACs are higher in the entire
measuring range than those of the Pdss mother NCs (Figure 2) though the concentrations of the
Au/Pd SAC dispersions are almost same with that of Pdss mother NCs. The absorbance intensity
increases with the increasing Au content, and the absence of the surface plasmon peak of Au at 520
nm for SA-1, SA-2, SA-3, SA-4, and SA-5 NCs indicates that Au atoms are deposited only in
several areas across the surface of the Pdss NCs. However, a rather strong plasmon peak at 550 nm
was observed for the SA-6 NCs (AussPdg2), suggesting the formation of a core/shell structure with
Pd as a core and Au as a shell, where isolated Au clusters could be located on the surface of the Pd
NCs.

Figure 3 shows a representative set of TEM images (size distribution histograms are shown in
Figure S7) of the colloidal Au/Pd SACs. All the clusters are spherical and well-isolated, mainly
distributed within the range from about 0.75 to 4 nm. The average sizes (+ standard deviation)
based on the TEM images are 1.5 + 0.5 nm for SA-1, 1.5 + 0.4 nm for SA-2, 1.6 + 0.5 nm for SA-3,
1.7 £ 0.5 nm for SA-4, 1.8 + 0.5 nm for SA-5, and 2.6 + 1.5 nm for SA-6. All the average particle
sizes of the colloidal Au/Pd SACs are larger than the Pd mother NCs (1.4 nm) and increase with

increasing the Au®* ion contents fed. This is well consistent with the results of UV-Vis in Figure 2.
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Moreover, these results provide additional evidence that Au atoms are indeed deposited on the
surface of the Pd mother NCs. These results are also supported by the ICP analysis of the prepared
Au/Pd SACs. The chemical compositions of the SACs, obtained by the ICP analysis and shown in
Figure 4 and Table S4, indicate that the atomic Au ratio of the feed in the synthetic solution is
approximately equal to the resulting Au atomic ratio in the final Au/Pd SACs. Thus, it could be
reasonably suggested that all the Au®* ions in the synthetic solution were reduced to Au.
3.2 Structure Characterization and Catalytic Activity of the Colloidal Au/Pd SACs

Scanning transmission electron microscopy (STEM) in conjunction with atomic-scale EDS could
provide insight into the change of surface composition [46-48]. We demonstrate that the Au atoms
can be deposited on the surface of Pd mother NCs. To obtain detailed information about the
morphology and the particle size of the synthesized sample, STEM-EDS was carried out firstly.
Figure 5 represents the STEM (a) and STEM-EDS (b) images of AussPdss NCs prepared by
successive reduction with L-ascrobic acid. The STEM images in Figure 5a clearly illustrate again
that the prepared catalysts have a uniform size. Since the size of EDS electron beam is 1 nm in
diameter, the compositions of different parts of a nanoparticle can be examined independently. The
EDS analysis of the randomly chosen NPs (Figure 5b) confirms again that the prepared AussPdss
NC includes Au, which is in consistence with the ICP results. The reason for the appearance of Pd
in EDS may be due to the incomplete coverage of Au atoms on the surface of Pd mother NCs and
the diffusion of the incident electron since it is well known that 92 atoms would be needed to cover
a Pdss NC based on the knowledge of magic-number cluster. Moreover, the results show that the
deposition of Au atoms does not occur homogeneously on the surface of the AussPdss NC, and that
the deposition of Au atoms seems to result in the formation of Au clusters on the surface by case.

Since the high angle annular dark field (HAADF) method has been used to detect variation in

14
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chemical composition down to a single atom level in proper samples, so it is ideally suitable for
composition analysis of the internal structures of nanosized particles. To clarify the morphology and
composition profile of the as-prepared Au/Pd SACs at atomic-scale resolution, we secondly studied
several independent Au/Pd SAC NCs in Figure 6 and Figure S8 using a probe-corrected (HAADF)
STEM. Figure 6a shows the HAADF-STEM images (also known as Z-contrast images) of the
AusPdss SACs roughly oriented along the [110] zone axis, clearly demonstrating the truncated
octahedra morphology. The corresponding fast Fourier-transform (FFT) pattern (in the inset)
indicates that the surface of the NC is enclosed with both {111} and {100} facets. It clearly shows
the existence of columnar atoms in the AusPdss SACs of ~2.5 nm diameter. A close inspection of
the atom arrangement within the individual NC image further reveals that some arrangement
possesses orderly alignments, suggesting that they are Pd atoms (dark green dashed rectangle).
However, it should be pointed out that the NC in Figure 6a does not form orderly atom alignments
around some sites, and clear mismatches are observed in these sites (red circle), which might be
caused by the different diameter of Au and Pd atoms (0.276 nm for Pd atom and 0.292 nm for Au
atom). The contrast difference caused by the atomic number Z between metal atoms and oxide
solids is usually chosen to confirm the presence of single atoms for supported catalysts [14-16].
Nevertheless, even though the atomic number difference between Pd(46) and Au(79) is not small,
this method is still hard to be applied to characterize the presence of single Au atoms for the Au/Pd
SACs because of the insufficient contrast. It is because that the contrast difference depends not only
on the atomic number, Z, of the observed atoms [49-50], but also on the number of total atoms of
the observed column.

EELS has been widely used to study the surface composition. In order to confirm the presence of

single Au atom on the surface of Pd mother NCs, the EELS measurement was also performed. The
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elemental distribution of Pd and Au was obtained by sorting out a specific atom by means of EELS
at various locations of an Au/Pd SAC NC. Since the size of the electron beam in EELS is about
0.15 nm ( < Au atom diameter, 0.292 nm), the mapping of a NC by elements can be carried out in
detail. Figures 6b and 6¢c show Au and Pd EELS map (2.86x2.86 nm, 20x20 pixels, and 0.15
nm/pixel), respectively, of an Au/Pd SAC NC accompanied. In the Au EELS map (Figure 6c), the
bright areas show the presence of Au atoms. The brighter the area, the more probable it corresponds
to Au atom. The corresponding EELS maps of the red circles in Figure 6a are also approximately
marked in Figure 6b (the green circles), which suggests that theses atoms in the mismatched sites
should be Au atoms, and that Au-single atom distributes in the whole surface of the NC. The
presence of Au-single atom on the surface of the mother cluster can be also easily recognized by the
composite Au and Pd EELS map shown in Figure 6d (Pd: red; Au: green). However, it should be
pointed that the distribution of Au is not completely orderly in the NC, and the Au atoms seem to
move in a certain area. This phenomenon can be ascribed to the following two factors. First, the
heterogeneous deposition of Au atoms on the surface of Pd mother NCs as shown in Figure 5.
Second, the prepared single Au atoms are unstable and easily move during the electron beam
irradiation. The similar results were also observed in our previous report of Crown Jewel-Au/Pd
NCs [27]. However, the most striking observation is that some single Au atoms do locate at the
surface of the Pd mother NC (Figures 6a-6b). Based on the EELS results, the HAADF-STEM
images, and the ball schematic sketch shown in Figure 6e, we can conclude that the prepared Au
atoms or, at least, parts of them present as single atoms on the surface of the Pd mother NCs.

Using electron tomography to obtain an unambiguous image of the three-dimensional structure of
the ultra-small NCs is challenging because these ultra-small NCs are intrinsically structurally

unstable and may interact with the incident electron beam [51]. We tried to characterize the surface

16



Journal of Materials Chemistry A Page 18 of 41

composition of a small Au/Pd SAC NC with size less than 2 nm using HAADF-STEM
accompanying with EELS (Figure S8). The results show that the small NC may not form a stable
structure and easily change its crystalline structure during the HAADF-STEM observation. The
geometrical shape of the particle was changed under the irradiation of electron beam. The
comparison of the HAADF-STEM image and the EELS Pd map clearly demonstrates this
phenomenon. Both the HAADF-STEM image and the EELS Pd map share the same NC but
different shapes. Moreover, the widely distributed Au in EELS suggests the breakup of the small
Au/Pd SAC NC to atoms under the electron beam irradiation for EELS measurement. Thus, how to
get a suitable way to characterize the present Au/Pd SACs is still a problem for us, and further
investigations should be carried out in the future. In a word, according to our analysis and
interpretation based on the UV-Vis, ICP, TEM, HAADF-STEM and EELS mapping results, it can
be concluded that single Au atoms, or at least some of them, formed by the present successive
reduction method, are indeed situated on the surface of the Pd mother NC.
3.3 Correlation between Structures of Single Au Atoms and Its Catalytic Activity

We evaluated the catalytic activity of the colloidal Au/Pd SACs for aerobic glucose oxidation.
The glucose oxidation measurements were performed in water at 60°C at pH of 9.5 under bubbling
O>. Generally Au NCs are more active than Pd NCs for this reaction [52], and the active sites can be
considered to be Au atoms rather than Pd atoms in the AuPd ally NCs [52, 26]. Thus, the catalytic
activity of Au atoms in Au/Pd SACs was evaluated by using equation 1 as mentioned in
Experimental section. The initial catalytic activity for the glucose oxidation varies with the
elemental composition of the Au/Pd SACs as shown in Figure 7. It clearly indicates that the
activities of the Au atoms decrease with the increasing Au content, and that the Aug2Pdss NCs with a

Pdcore/Aushen structure have a low activity of 5,640 mol-glucose-h-mol-Au?. However, the
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maximum catalytic activity of AusPdss SACs is about 142,040 mol-glucose-ht-mol-Au, which is
about 17~40 times higher than those of the monometallic Au NC (even the activity was normalized
to the surface atoms) and the Pd NC catalysts, and 5 to 8 times higher than that of the Au/Pd alloy
NCs (Figure 8), although all of these NCs possess almost the same particle size. (The TEM images
of the Au and Pd monometallic NCs and the Au/Pd alloy NCs are shown in Figure S9.) This result
demonstrates that the prepared Au/Pd SACs possess a special structure different from that of the
monometallic Pd and Au, and the Au/Pd bimetallic alloy and core/shell NCs. This amazing catalytic
activity provides additional indirect proof for the presence of the single Au atoms in the present
Au/Pd catalysts. It should be pointed that the catalytic activity of present AusPdss SACs is much
lower than that of Crown Jewel-structured Au/Pd SACs (194,980 mol-glucose-h*-mol-Au?) [26],
suggesting that most of the reduced Au atoms in present AusPdss SACs are located on the surface of
the Pd mother cluster rather than the top sites, and that the structure of the catalyst is crucial for the
catalytic activity.

As for the stability of the colloidal Au/Pd SACs, the prepared Au/Pd SACs still held its high
catalytic activity for aerobic glucose oxidation even after kept at room temperature for more than 3
months. However, Figure S6 of the titration curve shows that the activity of the AusPdss SAC is
high during initial 10 min, and then gradually decreases with the reaction time. This result suggests
that the stability of the prepared Au/Pd SACs at 60°C is not good enough. We think that the single
Au atoms may move into the inside of the NCs or aggregate each other during the catalysis process
because the particle size of the catalyst after glucose oxidation did not change too much in the TEM
images, but the single Au atoms in the Pd clusters, on the other hand, had a tendency to move even
under the irradiation of electron beam in the HAADF-STEM observation. It is well-known that

metallic oxide supported Au catalysts always show a high stability than that of colloidal catalysts.
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Hence, we also consider preparing supported Au/Pd SAC catalysts, and the work along these lines
IS now in progress.

Density functional theory (DFT) has been shown as a powerful tool to provide detailed insight of
the interaction between active metal sites and solid supports at the atomic level [53]. To elucidate
the nature of the binding of Au single atoms to the Pd NC and the exceptionally high catalytic
activity of single Au atoms, theoretical investigations were carried out by using DFT. The Pdss
mother NCs with the ideal size of about 1.4 nm can be characterized by a cuboctahedron with eight
triangular {111} faces and six square {100} faces. Thus, it is a very interesting question which face
the first Au atom prefers to be located at, {111} or {100} face, during the preparation process of the
successive reduction. To answer the question, we compared the stabilities of Au atoms located at
different facets on the Pd mother NCs by the theoretical calculation with DFT. As shown in Figure 9
and Table S5, our DFT calculations indicate that the most preferable facets for the location of the
first reduced Au atoms on the Pd surfaces should be the {111} plane, where each Au atoms is
coordinated by three surface Pd atoms. The calculation results show that the adsorption energy of
one Au atom on {100} plane is estimated to be 108.5 kJ/mol. In contrast, the adsorption energy on
{111} plane is 171.5 kJ/mol. Thus, the adsorption of single Au atoms on {111} plane is concluded
to be more stable than that on {100} plane.

We think the high catalytic activity of the Au/Pd SACs should be related to not only the unique
geometrical structure but also the electronic properties of the single Au atoms. In order to confirm
the electronic properties of the catalytically active Au/Pd SACs, DFT calculations were also carried
out to study the electronic states of the single Au atoms in the Au/Pd SACs. DFT calculations of an
AugPdss model NPs, where the subscripts stand for the number of atoms in the BNPs, were

preformed to assist understanding the electronic states of Pd and Au atoms in the Au/Pd SACs
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(Figure 10). The calculations show that Au atoms are indeed negatively charged (-0.197 Mulliken
charges), whereas the Pd atoms positively charged, due to the electronic charge transfer from the Pd
atoms to the Au ones. This similar electronic charge transfer effect is also observed for Au/Ag [54],
Au/Pt/Ag [25] and Pd/Au NCs [26, 55-57]. The possible electronic charge transfer effects in the
Au/Pd SACs are illustrated in Figure S10. It is considered that the negatively charged Au atoms

acted as catalytic active sites for the glucose oxidation [25-26, 58].

4. CONCLUSIONS

Downsizing catalyst nanoparticles to single atoms is very challenging to maximize the utilization
efficiency. SACs have been considered a promising avenue to develop future advanced catalysts.
For the first time, colloidal Au/Pd SACs with an average diameter of 1.5 nm were prepared by a
facile and convenient successive reduction method. This route requires neither annealing process
which usually result in the growth and aggregation of the prepared single metal atoms, nor the
complex galvanic replacement reaction which was limited to the deposition of more noble element
and dissolution of the less noble component.

The activity for glucose oxidation of the colloidal Au/Pd SACs prepared by the successive
reduction method is 17-40 times higher than that of the monometallic Au and Pd NCs, and 5 to 8
times higher than that of the Au/Pd alloy NCs with nearly the same particle size. The high catalytic
activities of the Au/Pd SACs can be ascribed to the presence of the negatively charged single Au
atoms which are formed due to the charge polarization effect induced by the charge transfer from
the Pd atoms to the single Au atoms.

Our finding significantly expands the field of single atom catalysts. Although the present study

only focused on Au atoms decorating Pd mother clusters used for aerobic glucose oxidation, we
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believe that this strategy is also applicable to other kinds of SACs for other catalyzed reactions. We
anticipate that the results obtained in this study will provide a clue for the creation of highly
efficient novel colloidal Au-containing bi- or multi-metallic catalysts, and that our finding will play
an important role to form the basis for exploration of highly efficient single-atom catalysts of the

next generation for various applications.
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Figure captions

Figure 1. Schematic illustration for the deposition of single Au atom on Pd mother clusters by
successive reduction method using L-ascrobic acid as reductant.

Figure 2. UV-Vis spectra of colloidal dispersions of Au/Pd SACs with various compositions
prepared by L-ascrobic acid reduction (Preparation conditions of Pd: 90°C/15min; Reaction
conditions of Au/Pd BNCs: 95°C/15min).

Figure 3. TEM micrographs of Au/Pd SACs with various compositions prepared by L-ascrobic acid
reduction (reaction conditions: 95°C/15min).

Figure 4. Composition data of Au content in Au/Pd SACs derived from ICP analysis (The plot
shows the relationship between the Au% from the synthetic feed and Au % in the final NCs, the
dotted line shows the theoretical contents of Au.).

Figure 5. HR-STEM (a) image, and EDS results (b) of the final AussPdss catalysts prepared by
L-ascrobic acid reduction.

Figure 6. HAADF-STEM image and EELS mapping of AusPdss Au/Pd SACs. (a) HAADF-STEM
image of a single AusPdss SACs, (b) and (c) EELS element map of Au and Pd shows the segregated
distribution of Pd and Au atoms in a NC, (c) Composite EELS map of a HAADF image showing
mainly Pd (red) and distribution of Au (green) in a NC, (d) Ball schematic sketch shows the NC
model along the [110] zone axis of AugPdss SACS.

Figure 7. Catalytic activity of Au/Pd SACs for glucose oxidation with various compositions
prepared by L-ascrobic acid reduction.

Figure 8. Comparison of the catalytic activity of Au/Pd SACs, Au, Pd, and Au/Pd alloy NCs for

aerobic glucose oxidation. (Schematic inserts and numbers shown at the top of each bar indicate the
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structure models and the average particle sizes, respectively, of the NCs ; Au*, the activity was
normalized by the number of surface Au atoms in NCs; Pd*, the activity of the mother clusters
which was normalized by the number of surface Pd atoms with a value of 3, 500
mol-glucose-h™-mol-surface Pd?.)

Figure 9. Calculated adsorption energy of single Au atoms anchored to {100} and {111} face by
DFT.

Figure 10. DFT calculations of electronic structure of (a) core/shell-structured Au/Pd NCs and (b)

Au/Pd SACs (Yellow: Au atoms; Dark blue: Pd atoms).
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(a) STEM of SA-5
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