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Abstract Oxides and carbon are commonly used as

supports for gold nanoparticles, but metal salts are barely

considered as suitable supports. Our group recently com-

municated that gold nanoparticles supported on nanosized

LaPO4 (6–8 nm) are active for CO oxidation (Yan et al.,

Angew Chem Int Ed 45:3614, 2006). In the current work,

we systematically developed an array of Au/M–P–O cata-

lysts and tested them for catalytic activity and stability. It

was found that 200 �C-pretreated Au/M–P–O (M = Ca,

Fe, Co, Y, La, Pr, Nd, Sm, Eu, Ho, Er) show high CO

conversions below 50 �C, and 500 �C-pretreated Au/M–P–

O (M = Ca, Y, La, Pr, Nd, Sm, Eu, Ho, Er) show high CO

conversions below 100 �C. These samples were charac-

terized by ICP-OES, BET, XRD, TEM, SEM, and H2-TPR.

The stability of selected catalysts was studied as a function

of time on stream. This work furnishes a new catalyst

system for further fundamental and applied research.

Keywords Gold catalysis � CO oxidation � Activity �
Metal phosphates � Nanoparticles

1 Introduction

Supported gold catalysts have many applications in ablat-

ing air pollutants, cleaning up H2 streams, and synthesizing

fine chemicals [1–5]. Most gold catalysts are prepared by

loading gold on oxide supports via deposition-precipitation

and other methods. In addition to the size of gold nano-

particles, supports also play a key role in determining

activity. It has been suggested that gold on reducible sup-

ports (e.g., TiO2, CeO2, Fe2O3) exhibits higher activity in

CO oxidation than gold on non-reducible supports (e.g.,

Al2O3, SiO2) because the former can activate oxygen

[6–8]. Nevertheless, properly prepared Au/Al2O3 [9–11]

and Au/SiO2 [12–19] can also show high activities in

CO oxidation.

Although certain metal salts (e.g., sulfates, phosphates)

are typical solid acid catalysts [20, 21], they have rarely

been used to support gold nanoparticles. Lian et al. [22]

found that Au/BaCO3 is active for CO oxidation at room

temperature, but it deactivates quickly on stream. Venug-

opal et al. and Phonthammachai et al. reported that Au/

Ca10(PO4)6(OH)2 catalysts show activity in water-gas shift

and CO oxidation above 100 and 50 �C, respectively [23,

24]. Au/Ca10(PO4)6(OH)2 catalyst is also useful for the wet

oxidation of organic compounds in aqueous media [25].

Our group recently communicated that gold nanoparticles

supported on nanosized LaPO4 (6–8 nm) are active for CO

oxidation below room temperature [26]. More recently, Li

and coworkers [27] developed Au/LaVO4 nanocomposite

active for CO oxidation below 50 �C. However, the

knowledge on the use of metal salts as supports for gold

nanoparticles is still quite limited.

The previous work on Au/nano-LaPO4 [26] prompted us

to raise further questions. Considering that there are

numerous metal phosphates, is it possible to use metal

phosphates other than LaPO4 to load gold nanoparticles?

Are these metal phosphate-based catalysts active in CO

oxidation, or is Au/nano-LaPO4 [26] a unique case? Are

these phosphate-based gold catalysts stable on stream? In
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addition, considering that the homemade supports prepared

using various methods under complicated conditions would

lead to different particle sizes, crystal phases, morpholo-

gies, levels of residual ions from the synthesis mixture, and

thus different catalytic performance, it is desirable to use

commercially available supports for initial screening, while

leaving the further optimization of catalysts the subject of

further research.

Herein, a number of commercial metal phosphates were

used as supports for loading gold via a deposition-precip-

itation method. The catalytic performance in CO oxidation

was studied following catalyst pretreatment in O2-He at

200 or 500 �C, and relevant characterization employing

ICP-OES, BET, XRD, TEM, SEM, and H2-TPR was car-

ried out. Interestingly, gold nanoparticles can be well

dispersed on many of these metal phosphate supports and

show significant activities at room temperature. Since

many metal phosphates are useful in acid catalysis and

selective oxidation [20, 28–32], Au/metal phosphates

developed here may be useful for many other reactions to

be explored in the future. In addition, gold on chemically

distinct supports may provide new opportunities for fun-

damental studies to elucidate the nature of active sites and

reaction mechanisms.

2 Experimental

HAuCl4, Mg3(PO4)2 � xH2O, AlPO4, [Ca5(OH)(PO4)3]x,

FePO4 � 2H2O, Co3(PO4)2, Zn3(PO4)2, YPO4, LaPO4 �
xH2O, PrPO4, NdPO4 � xH2O, SmPO4 � xH2O, EuPO4 �
xH2O, HoPO4, and ErPO4 � xH2O were obtained from

Aldrich. TiO2 was Degussa P25. These materials were used

as received, except that NdPO4 � xH2O and SmPO4 � xH2O

were dried at 85 �C before testing their activities in control

experiments or conducting H2-TPR experiments. Zr–P–O

support was prepared by dissolving 3.2 g ZrOCl2 � 8H2O

in 100 mL deionized water followed by adding 100 mL

0.5 M H3PO4, magnetic stirring for 2 h, centrifuging,

thorough washing by water, and drying.

Gold was loaded onto supports via a deposition-pre-

cipitation method [1–5]. One hundred milliliters of HAuCl4
solution containing 0.6 g HAuCl4 � 3H2O was sampled

into a beaker, and the pH value was adjusted to 10 by

adding droplets of 1.0 M KOH with vigorous magnetic

stirring and monitored with a pH meter. The resulting

solution was heated at 80 �C, 2.0 g support added, the pH

value readjusted to 10, and the slurry magnetically stirred

for 2 h. Note that some metal phosphate supports may

contain residual acids, so the pH value was readjusted to 10

during synthesis to remedy the decrease in pH value. After

2 h, the precipitate was centrifuged, washed four times

with water, and dried at 40 �C for 2 days.

CO oxidation was tested in a plug-flow microreactor

(Altamira AMI 200). Unless otherwise specified, 50 mg

catalyst was loaded into a U-shaped quartz tube (4 mm i.d.)

supported by quartz wool. The catalyst was pretreated

online in flowing 8% O2 (balance He) at 200 or 500 �C for

2.5 h. The catalyst was cooled down before the gas was

switched to the reaction mixture (37 cm3/min of 1% CO in

air), and the reaction temperature was varied by immersing

the U-shaped tube in cold-bath or a furnace. A portion of

the product gas stream was extracted periodically with an

automatic sampling valve, and analyzed using a dual-col-

umn gas chromatograph with a thermal conductivity

detector.

Elemental analysis was conducted using inductively

coupled plasma-optical emission spectroscopy (ICP-OES)

on a Thermo IRIS Intrepid II spectrometer. BET surface

areas were measured by N2 adsorption-desorption at 77 K

using a Micromeritics Gemini instrument. XRD data were

collected on a Siemens D5005 diffractometer with Cu Ka
radiation. TEM and SEM images were taken on a Hitachi

HD-2000 STEM operating at 200 kV. H2-TPR experiments

were conducted using a Micromeritics AutoChem II

chemisorption analyzer. The solid sample (50 mg) was

flushed by 10% H2 in Ar (50 mL/min) for 10 min, and then
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the temperature was ramped to 800 �C at a rate of 10 �C/

min. The uptake of H2 was recorded with the aid of a TCD

detector.

3 Results and Discussion

3.1 Au/M–P–O Catalysts Pretreated in O2-He

at 200 �C

To run gas-phase catalytic reactions, it is necessary to

pretreat catalysts at elevated temperatures to remove

adsorbed water and volatile contaminants. Figure 1 sum-

marizes CO conversion curves of catalysts that were

pretreated at 200 �C. Au/M–P–O (M = Ca, Fe, Co, Y, La,

Pr, Nd, Sm, Eu, Ho, Er) catalysts show high CO conver-

sions when the reaction temperature is below 50 �C,

whereas Au/M–P–O (M = Mg, Al, Zn, Zr) samples are

poorly active below 200 �C. Therefore, certain metal

phosphates other than LaPO4 [26] can also be suitable

supports for making active gold catalysts.

We first present the characterization of active catalysts

(Au/M–P–O, M = Ca, Fe, Co, Y, La, Pr, Nd, Sm, Eu, Ho,

Er). According to the XRD data in Fig. 2, the metallic gold

peaks (2h = 38, 44, 65, and 78�) of these 200 �C-pre-

treated catalysts are either quite broad (Au/M–P–O,

M = Co, Nd, Sm, Eu, Er) or not appreciable (Au/M–P–O,

M = Ca, Fe, Y, La, Pr, Ho), because the gold particles on

these supports are either small or the gold contents are low

[4]. According to our systematic electron microscopy
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experiments, the sizes of gold nanoparticles of these

200 �C-pretreated active catalysts are generally within a

few nanometers (Table 1). For instance, gold nanoparticles

(1–3, 2–6, and 3–6 nm, respectively) are well dispersed on

Fe–P–O, Eu–P–O, and Er–P–O supports (Fig. 3). There-

fore, some metal phosphates other than LaPO4 can also be

good supports for dispersing gold nanoparticles. Interesting

is that some supports, such as Eu–P–O (Fig. 3d) and Er–P–

O (Fig. 3f), have nanosized pore structures, contributing to

the relatively high surface areas of Au/Eu–P–O (61 m2/g)

and Au/Er–P–O (206 m2/g), whereas Fe–P–O support is

relatively smooth (Fig. 3b), and the surface area of Au/Fe–

P–O is relatively low (28 m2/g).

After characterizing active catalysts, we then turn to

inactive Au/M–P–O (M = Mg, Al, Zn, Zr) samples. The

gold loadings of Au/M–P–O (M = Mg, Al, Zr) are low

(0.63, 0.31, and 0.58 wt%, respectively, Table 1), possibly

due to the low isoelectric points of these supports (e.g., the

isoelectric point of Zr–P–O is about 4 [33]). However, their

low activities may not be solely attributed to low gold

loadings because: (1) For comparison, Au/M–P–O (M = La,

Pr, Ho) catalysts have low gold loadings (0.50, 0.90, and

0.66, respectively), but they are much more active; (2) The

gold loading of Au/Zn–P–O is relatively high (2.4 wt%), but

it is still not particularly active; (3) We obtained high-gold-

loading Au/Mg–P–O (8.6 wt% Au) and Au/Al–P–O

(2.4 wt% Au) by adjusting the pH value of the Au(OH)xCl4-x
-

solution to lower values instead of 10. We additionally

prepared Au/Al–P–O (3.9 wt% Au) by using Au(en)2Cl3 as

the precursor according to the procedure used for the syn-

thesis of Au/SiO2 [18, 19]. These three samples are not

particularly active, either (Fig. S1 in the Supporting

Information).

As shown in Fig. 4a and b, gold nanoparticles with sizes

of 2–4 nm and mostly 3 nm are well dispersed on the

Al–P–O support. The gold particle sizes of 200 �C-pre-

treated Au/Mg–P–O (data not shown) and Au/Zn–P–O

(e.g., Fig. 4c and d) are 2–6 and 2–5 nm, respectively. On

the other hand, gold particles on 200 �C-pretreated Au/

Zr–P–O have diameters of 2–12 nm, and 30–50 nm parti-

cles are occasionally seen (e.g., Fig. 4e and f). Therefore,

although the big gold particle sizes of Au/Zr–P–O may

play a role in the low activity of Au/Zr–P–O, the low

activities of Au/M–P–O (M = Mg, Al, Zn) catalysts are

clearly not due to the lack of small gold particles. In fact,

Yan et al. [34] previously found that gold nanoparticles on

zeolite AlPO4-H1 are also not particularly active. Appar-

ently, different phosphate supports are different for gold

catalysis, which may be vaguely called ‘‘support effects’’.

This could be due to different reaction mechanisms, dif-

ferent adsorption/activation modes of CO and O2 on gold

catalysts made of different supports, and other factors

beyond the current understanding. Further infrared spec-

troscopic research is in progress to shed light on the

reaction mechanisms and support effects [35].

3.2 Au/M–P–O Catalysts Pretreated in O2-He

at 500 �C

Although Au/M–P–O (M = Ca, Fe, Co, Y, La, Pr, Nd, Sm,

Eu, Ho, Er) catalysts pretreated at 200 �C already show

high CO conversions, we are curious about whether these

Table 1 Physiochemical properties and T50 values of Au/M–P–O and Au/TiO2

Surface

area (m2/g)

Gold

loading (wt%)

T50 of

200 �C-pretreated

sample (�C)

Gold size

of 200 �C-pretreated

sample (nm)

T50 of

500 �C-pretreated

sample (�C)

Gold size of

500 �C-pretreated

sample (nm)

1. Au/TiO2 50 2.3 -36 2–8 140 5–30

2. Au/Mg–P–O 14 0.63 – 2–6 279 2–6, occasionally 12–40

3. Au/Al–P–O 79 0.31 – 2–4 – 3–10

4. Au/Ca–P–O 21 1.3 -18 2–5 16 2–5

5. Au/Fe–P–O 28 5.5 -31 1–3 244 2–20

6. Au/Co–P–O 2 5.0 24 2–3 362 4–18, occasionally 200

7. Au/Zn–P–O 3 2.4 – 2–5 – 4–12

8. Au/Y–P–O 54 2.4 42 2–6 22 2–5

9. Au/Zr–P–O – 0.58 – 2–12, occasionally 30–50 – 10–65

10. Au/La–P–O 56 0.50 29 5–20 36 5–20

11. Au/Pr–P–O 57 0.90 11 3–8 -49 3–15

12. Au/Nd–P–O 77 11.8 27 2–5 82 3–12

13. Au/Sm–P–O 85 11.9 22 2–5 18 2–10

14. Au/Eu–P–O 61 8.5 –28 2–6 68 6–15

15. Au/Ho–P–O 24 0.66 11 2–7 62 2–15

16. Au/Er–P–O 206 20.4 25 3–6 58 5–12
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catalysts are still active if they are pretreated at higher

temperatures. This question is related to the thermal sta-

bility of gold catalysts in practical applications where high-

temperature environments are encountered [36, 37]. The

thermal behavior of supported gold nanoparticles is of

fundamental interest as well [38, 39].

Figure 5 shows the CO conversions of gold catalysts

pretreated in O2-He at 500 �C. Au/M–P–O (M = Ca, Y,

La, Pr, Nd, Sm, Eu, Ho, Er) catalysts still show high

conversions below 100 �C, and Au/M–P–O (M = Mg, Al,

Zn, Zr) are again not active below 200 �C. Compared with

the corresponding 200 �C-pretreated samples, 500 �C-pre-

treated Au/M–P–O (M = Fe, Co) are much less active.

Additional control experiments indicate that all of the

neat metal phosphate supports are not active below 300 �C

(Fig. S2). In contrast, although Au/TiO2 shows high

activity after 200 �C-pretreatment (T50 = -36 �C,

Fig. 1a), its activity dramatically decreases (T50 = 140 �C,

Fig. 5a) due to the sintering of gold nanoparticles [40–43].

We first address the relatively active catalysts (Au/M–P–

O, M = Ca, Y, La, Pr, Nd, Sm, Eu, Ho, Er). According to the

XRD data in Fig. 2, the gold peaks (2h = 38, 44, 65, and

78�) of 500 �C-pretreated Au/M–P–O (M = Ca, Y, La, Ho)

catalysts are not appreciable, but the gold peaks of 500 �C-

pretreated Au/M–P–O (M = Pr, Nd, Sm, Eu, Er) catalysts

are clearly seen. According to the TEM data in Table 1, the

gold particles sizes of the latter group are generally larger

than those of the former. Typical TEM images of 500 �C-

pretreated Au/M–P–O (M = Ca, Y) and Au/M–P–O

(M = Nd, Sm) are presented in Figs. 6 and 7, respectively.

Fig. 3 Bright-field TEM (left)

and SEM (right) images of Au/

Fe–P–O (a, b), Au/Eu–P–O (c,

d), and Au/Er–P–O (e, f)
collected after 200 �C-

pretreatment and subsequent

reaction testing
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The gold nanoparticles on Ca–P–O and Y–P–O are small, in

the range of 2–5 nm, whereas those on Nd–P–O and Sm–

P–O are relatively bigger, in the range of 3–12 nm and

2–10 nm, respectively. Nevertheless, compared with that of

Au/TiO2, the sintering of active Au/M–P–O catalysts is less

severe. The gold nanoparticles on TiO2 are big (5–30 nm)

after 500 �C-pretreatment (Table 1).

Next, we address the less active or relatively inactive

catalysts (Au/M–P–O, M = Al, Fe, Co, Zn, Zr). As shown in

Fig. S3, small gold nanoparticles are uniformly dispersed on

Al–P–O and Zn–P–O support, whereas big gold particles are

populated on Zr–P–O support. These TEM data are consis-

tent with the XRD data (Fig. 2). It is noteworthy that 200 �C-

pretreated Au/Fe–P–O and Au/Co–P–O are active (Fig. 1),

whereas the 500 �C-pretreated samples are not particularly

active (Fig. 5). XRD data show that the gold peaks of

200 �C-pretreated Au/Fe–P–O and Au/Co–P–O are not

particularly obvious, whereas those of 500 �C-pretreated

samples are obvious (Fig. 2), indicating the sintering of gold

nanoparticles. The TEM data in Fig. S4 corroborate the XRD

results.

3.3 H2-TPR Characterization of Supported Gold

Catalysts and Supports

Above, we reported the activity tests and ICP-OES, BET,

XRD, TEM, and SEM characterization of a series of

Fig. 4 Bright-field (left) and

dark-field (right) TEM images

of Au/Al–P–O (a, b), Au/Zn–P–

O (c, d), and Au/Zr–P–O (e, f)
collected after 200 �C-

pretreatment and subsequent

reaction testing
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Au/M–P–O catalysts. Since we are using metal phosphates

as a new class of supports for gold nanocatalysts, one

relevant question refers to the reducibility of these metal

phosphate supports. Therefore, H2-TPR characterization of

supports and as-synthesized gold catalysts was conducted.

According to Fig. 8, there are obvious H2 uptakes with

standard CuO and Fe2O3 samples used for comparison, but

the reduction of most of the bulk metal phosphates (except

for Fe–P–O, Co–P–O, and Zn–P–O) is not obvious. This is

consistent with the finding in the literature that Ca–P–O is

not reducible [23] whereas Fe–P–O is reducible [44]. When

gold is loaded onto metal phosphate supports, the reduction

of gold cations below 200 �C is obvious when the gold

contents of the samples (Au/M–P–O, M = Fe, Co, Zn, Nd,

Sm, Eu, Er) are high (Fig. S5). The reducibility trend

established using neat supports is still valid in the H2-TPR

experiments involving supported gold catalysts. Combin-

ing our catalysis results (Figs. 1 and 5) and H2-TPR data

(Figs. 8 and S5), it can be said that gold nanoparticles on

non-reducible bulk metal phosphate supports can also be

active for CO oxidation [23]. The question then arises:

what is the role of reducible and non-reducible metal

phosphate supports in catalytic CO oxidation? This is an

interesting question desiring further research [35].

3.4 Stability Tests

The stability of gold catalysts as a function of time on

stream should be sufficiently tested [45]. Figure 9 shows

the room-temperature CO conversions on different 200 �C-

pretreated gold catalysts as a function of reaction time. The

CO conversions on most of these catalysts undergo deac-

tivation or activation in the initial 20–30 h, and the

conversions then stabilize afterwards during the testing

periods. Such deactivation or reactivation is still observed

when the catalysts are pretreated at 500 �C, and the cata-

lysts are still relatively stable after reaching the steady state

(Fig. S6). Most of the catalysts were sufficiently tested at

room temperature for more than 70 h. We selected 200 �C-

pretreated Au/ErPO4 and tested the stability for a longer

time. After 300 h on stream, the CO conversion is still

88%, compared to the 91% value at 30 h.

We explored the nature of the initial deactivation by

doing further experiments. In one, Au/Ca–P–O was pre-

treated at 500 �C and cooled down to room temperature,

and the stability was tested. The initial deactivation is very

obvious. After the stability test, the catalyst was regener-

ated in O2-He at 400 �C for 1 h and cooled down to room

temperature for reaction. The initial deactivation is still

observed and the steady-state conversion is the same as that

in the first run (Fig. 10a). We carried out another experi-

ment by testing the stability of 500 �C-pretreated Au/

PrPO4 (Fig. S6B), stored the used catalyst in the U-shaped

quartz tube for 3 months, and then regenerated the catalyst

in O2-He at 400 �C and re-tested the stability. The initial

conversion is 86%, compared to the 96% value of the

catalyst in the first run, whereas the conversion at 72 h on

stream is 65%, comparable to the 62% value of the catalyst

in the first run. The fact that the deactivated catalysts may

be partially regenerated following thermal treatment

implies that such deactivation may be due to the slow build

up of a certain type of carbonate or other surface species

that can be eliminated at elevated temperatures [46–50].

Further infrared spectroscopic research is in progress to pin

down the evolution of surface species during the course of

reaction [35].

Finally, we obtained some preliminary information on

the nature of the initial activation. In one, Au/Sm–P–O was

pretreated at 500 �C and cooled down to room temperature,

and the stability was tested. The initial increase in CO

conversion is obviously seen. After the stability test, the

catalyst was treated in O2-He at 400 �C for 1 h and cooled

down to room temperature for reaction. The initial acti-

vation process is again seen, and the steady-state

conversion is consistent with the one in the first run

(Fig. 10b). Although we cannot exclude other reasons such

as the gradual reduction of cationic gold to metallic gold as

seen in the case of Au/SiO2 [51], we speculate that the
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Fig. 7 Bright-field (left) and

dark-field (right) TEM images

of Au/Nd–P–O (a, b) and Au/

Sm–P–O (c, d) collected after

500 �C-pretreatment and

subsequent reaction testing

Fig. 6 Bright-field (left) and

dark-field (right) TEM images

of Au/Ca–P–O (a, b) and Au/Y–

P–O (c, d) collected after

500 �C-pretreatment and

subsequent reaction testing
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temporal activation of certain catalysts may be due to the

accumulation of adsorbed water that may increase the CO

conversion [52]. Note that the water vapor level of the as-

supplied 1% CO is less than 4 ppm, so it takes hours to

reach adsorption-desorption equilibrium at room tempera-

ture. To further verify our hypothesis, we pretreated Au/

Sm–P–O in O2-He at 500 �C, cooled it down to room

temperature, let the O2-He flow through the catalyst for

3 days, and then measured the CO conversion as a function

of time on stream. As shown in Fig. S7, the initial induc-

tion period is significantly shortened (Fig. S7).

4 Discussion and Conclusions

In a previous communication [26], our group communi-

cated that gold nanoparticles supported on nanosized

LaPO4 (6–8 nm) are active for CO oxidation. However, it

was not clear from that communication whether the use of

LaPO4 as the support is a serendipitous choice, or repre-

sents a general direction for further catalyst development.

In fact, our group later found that gold nanoparticles on

zeolite AlPO4-H1 are not particularly active for CO oxi-

dation [34]. The key contribution of our current work is not

only to confirm the usefulness of LaPO4 [26] in this regard,

but also to demonstrate for the first time that a number of

other metal phosphates can also be good supports for gold

nanoparticles. It should be reiterated that the majority of

the metal phosphate-supported gold catalysts developed

herein have not been reported in the literature [1–5], and

metal salt-based gold catalysts are scarce [22–27, 34].

Among the catalysts reported here, Au/M–P–O (M = Ca,

Y, La, Pr, Nd, Sm, Eu, Ho, Er) catalysts show high CO

conversions below 50 or 100 �C when they are pretreated in

O2-He at 200 or 500 �C. In particular, the specific rates of
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200 �C-pretreated Au/M–P–O (M = La, Pr, and Ho) at

30 �C are calculated to be as high as 1.9, 1.9, and

2.3 mmol gAu
-1 h-1, respectively. Au/M–P–O (M = Mg,

Al, Zn, Zr) catalysts are always not particularly active,

regardless of the pretreatment temperature. On the other hand,

Au/M–P–O (M = Fe, Co) catalysts are active after 200 �C-

pretreatment, but significantly deactivate after 500 �C-pre-

treatment. Although 200 �C-pretreated Au/M–P–O catalysts

show lower CO conversions than 200 �C-pretreated Au/TiO2,

many active Au/M–P–O catalysts can withstand high-tem-

perature treatment without dramatic loss of activity. Sizes of

gold nanoparticles may play an important role in determining

catalytic activity, but support effect is also important.

It should be mentioned that the scope of the current

work is to screen new gold catalysts and develop new

catalyst systems, whereas the other technical details (e.g.,

influences of gold loadings, pH values, delicately synthe-

sized supports) may be systematically studied in the future.

We believe that the development of such new catalyst

system (metal phosphate-based gold catalysts) is important

because further research can be carried out to elucidate the

nature of active sites and to use these catalysts to run new

reactions. Although herein we used CO oxidation as a

probe reaction to screen the activity of new gold catalysts,

we believe that our new catalysts should be useful in

organic catalysis, considering that gold nanoparticles may

catalyze oxidation and hydrogenation reactions [1–5]

whereas metal phosphates possess acid-base and oxidation

properties [20, 28–32].

Acknowledgements This work was supported by the Office of

Basic Energy Sciences, U.S. Department of Energy. The Oak Ridge

National Laboratory is managed by UT-Battelle, LLC for the U.S.

DOE under Contract DE-AC05-00OR22725. This research was sup-

ported in part by the appointment for Z. Ma and H.F. Yin to the

ORNL Research Associates Program, administered jointly by ORNL

and the Oak Ridge Associated Universities.

References
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