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Abstract In this study, Au/ZnO nanocomposites of dif-

ferent gold contents (0.8, 2.5, and 9%) and specific surface

areas (from 41 to 51 m2/g) were synthesized via a copre-

cipitation method. The pure ZnO was obtained at the same

experimental conditions. The samples were characterized

by XRD, SEM, TEM, HRTEM, and XPS. The influence of

gold nanoparticles (Au-NPs) loading on the catalytic

activity of Au/ZnO nanocomposite was studied in the

model reaction of CO oxidation. Spherical shape and

homogeneous distribution of Au-NPs were observed in all

samples prepared. The average size of Au-NPs in the

obtained catalysts are almost the same (about 4 nm)

allowing the studied effect to be manifested. The decrease

of intrinsic catalytic activity of the coprecipitated Au/ZnO

nanocomposites follows the sequence 2.5, 9, and 0.8% Au,

as corresponding to the decrease of relative surface content

of Au-NPs. It could be suggested that the catalytic activity

is noticeably influenced by the distribution of Au-NPs

between the bulk and surface of catalysts.

Introduction

In the middle of the 1980s, Mastake Haruta et al. [1, 2] and

Graham Hutchings [3] reported for the first time of the high

catalytic activity of the gold and their works were the

turning point in the investigations and application of gold

as a catalyst. This breakthrough provoked astonishing

escalation of the scientific interest in the nano-gold heter-

ogeneous and homogeneous catalysis, and today it is one of

the fastest developing subjects in material science [4]. The

results obtained have been summarized and analyzed in a

number of reviews and books [5–10].

Nanometer-sized gold particles (Au-NPs) supported on

oxides or carbides are extremely active in several reactions,

e.g., the partial oxidation of hydrocarbons, the water–gas

shift reaction, and the reduction of nitrogen oxides. How-

ever, their best performance is in the reaction of CO oxi-

dation, where they exceed the activity of catalysts based

upon the platinum group metals at temperatures below

400 K [11, 12]. CO oxidation is an important subject in a

large number of industrial and environmental protection

processes. On the other hand, it is a simple model reaction

for testing the catalytic activity and revealing the relation

between activity and preparation methods, composition,

and structure of the oxide-supported gold catalysts.

In reactions of complete oxidation ZnO has been less

studied as a support in comparison with other oxides, as

Fe2O3, Al2O3, NiO, and TiO2, due to its own lower

activity, but growing interest toward ZnO in the latest years

was observed. So far, there are studies in the literature on

the catalytic activity of ZnO-supported gold nanoparticles
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(Au-NPs) mainly in the reaction of CO oxidation [5, 13–

18], but also in PROX [19–21], WGS [22], and some other

reactions. Au/ZnO nanocomposites are also a promising

system for application as a photocatalyst [23] and sensor

for ethanol [24–26], CO [27–29], and VOCs [30].

Oxide-supported gold catalysts are traditionally pre-

pared using aqueous solution synthesis methods. The most

quoted ones are coprecipitation and deposition–precipita-

tion, which produce highly dispersed Au-NPs and more

active catalysts for CO oxidation, as compared to the

impregnation and photo-deposition [6, 7]. For the first time

small gold particles supported on various oxides, such as

Fe2O3, NiO, and Co3O4, were synthesized by Haruta et al.

applying a coprecipitation method [2, 31]. These catalysts

were prepared by adding sodium carbonate to aqueous

solution of HAuCl4 and the corresponding metal nitrate.

This relatively simple procedure has not been changed up

to the present and is also applied for the preparation of

Au-NPs supported on ZnO [5, 15–18, 32].

The dependence of the catalytic activity on the type of

precipitating agent, calcination temperature, acidity and

temperature of the synthesis procedure, and precipitate

aging were investigated in Ref. [17, 18]. It was established

that (i) Na2CO3 is a better precipitant than (NH4)2CO3,

NaOH, and NH4OH [17]; (ii) temperature of 80 �C and

aging time of 1 h lead to a better catalytic performance of

Au/ZnO [18]. These optimal reaction conditions were

adopted and applied in this study for the preparation of Au/

ZnO nanocomposite. The size effect of ZnO-supported Au-

NPs on the catalyst performance has been already reported:

the smaller the particle size, the higher the catalytic activity

is [14]. To the best of our knowledge, there are no literature

data concerned with the effect of gold loading on the

activity of coprecipitated Au/ZnO catalysts in the process

of CO oxidation. The aim of this study is the synthesis of

coprecipitated Au/ZnO nanocomposites with different gold

loadings, their structural characterization, and assessment

of the influence of Au-NPs loading on the catalytic activity

in the model reaction of CO oxidation. The Au-NPs in all

obtained so catalysts are of almost the same size (about

4 nm), thus allowing the studied effect to be manifested.

Experimental

Catalyst preparation

Three starting solutions of HAuCl4 with target molar

concentrations of 0.01, 0.02, and 0.09 mol/dm3 were pre-

pared using HAuCl4�3H2O (Panreac, Spain). The relevant

experimental values determined by atomic absorption

spectroscopy (AAS) were 0.007, 0.022, and 0.087 mol/

dm3, respectively. The analytical determination of the real

gold concentrations is necessary because of the substantial

inaccuracy in the concentration of the prepared solutions

that could be allowed, due to the dissolution of the gold

precursor in its own crystalline water.

A series of ZnO-supported Au catalysts with desired

metal loading were prepared by coprecipitation under the

experimental conditions recommended in Ref. [18]. In

brief, 100 mL of 0.1 M Zn(NO3)2 solution, heated to

80 �C, was mixed with 5 mL of HAuCl4 starting solution

under continuous stirring. Na2CO3 solution (0.25 M) was

then added dropwise until pH 8.5 was reached. The pre-

cipitate was aged for 1 h at synthesis conditions, after that

it was recovered by membrane filtration (Millipore mem-

brane filter 8 lm) and washed several times with cold and

hot water until no Cl- ions were detected by AgNO3. The

product was dried initially in air, subsequently in oven at

90 �C for 16 h. Finally, the sample was calcined at 400 �C

for 3 h. The nanocomposites obtained in this way are

denoted, respectively, as 0.8-Au/ZnO, 2.5-Au/ZnO, and

9-Au/ZnO, where the numbers indicate the gold content in

weight percentage. For comparison the pure ZnO was

synthesized using the same procedure and experimental

conditions.

Catalyst characterization

Atomic absorbance spectroscopy was used to determine the

actual amount of gold deposited on the ZnO support. The

Au/ZnO powder was dissolved in aqua regia, followed by

evaporation of the acid and dilution to the definite volume.

The X-ray diffraction (XRD) analysis was carried out on

a Siemens powder diffractometer model D500 using CuKa
radiation in a 2h diffraction interval of 25� to 85�. The

refinement with Powder Cell software was used to identify

the crystallographic phases present and to calculate the

crystal lattice parameters and crystallite sizes (by Scherrer

equation) from the XRD patterns. Diffraction data were

processed using the Powder Cell program [33].

The specific surface area of the sample was determined

by nitrogen adsorption at the boiling temperature of liquid

nitrogen (77.4 K) using a conventional volume-measuring

apparatus.

The morphological characterization was carried out by

scanning electron microscope (SEM) observation using a

JEOL JSM-5510 apparatus. The TEM investigations were

performed by TEM JEOL 2100 with an accelerating volt-

age of 200 kV. The specimens were prepared by dispersing

the nanocomposite powder in ethanol under ultrasonic

treatment for 6 min. The suspensions were dripped on

standard carbon/Cu grids. The histograms of Au-NP size

distribution and average diameters were determined from

different TEM images for each sample by measuring about

150 individual Au-NPs. The Image J software was used.
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The X-ray photoelectron spectroscopy (XPS) studies

were performed in a VG Escalab II electron spectrometer

using AlKa radiation with energy of 1486.6 eV. The

residual gas pressure in the analysis chamber was 10-7 Pa.

The line of C 1s at 284.6 eV was used as an internal

standard for calibrating the binding energies

(BE ± 0.2 eV).

Catalytic tests

The catalytic activity of the samples was studied in an

isothermal plug flow reactor enabling operation under

steady-state conditions without temperature gradients. The

size of the catalyst particles (0.3–0.6 mm) was chosen

taking into account the reactor diameter (6.0 mm) and the

hourly space velocity (20,000/h) to reduce the effect of the

pore diffusion. The gas feed flow rate was 4.4 l/h, the

catalyst bed volume was 0.2 cm3, and the mass of the

charged catalyst was 0.15–0.25 g. The catalytic oxidation

of CO was performed at the temperature interval

130–320 �C, the oxidizing agent used being oxygen from

synthetic air (a gas mixture: 21 vol.% O2; 79 vol.% N2).

The preliminary treatment of the catalyst included heating

in dry air flow at 120 �C for 1 h to remove moisture and

adsorbed impurities. The CO flow was fed into the reactor

by an Ismatex M62/6 pump (Switzerland).

The initial concentration of carbon monoxide was

0.5 vol.%. The carrier gas was synthetic air. A Maihak (O2/

CO/CO2) gas analyzer was used to measure the CO and

CO2 concentrations with an accuracy of ±0.1 ppm, while

the oxygen measurement accuracy was ±100 ppm.

Results and discussion

Nanocomposite characterization

The values of the specific surface area, nominal, and the

actual gold loading of the obtained samples are presented

in Table 1. The nominal loading of gold is calculated from

the data of AAS analysis of the initial HAuCl4 solutions,

while the real loading is determined after dissolving the

calcined samples in aqua regia. The efficiency of gold

loading, calculated as a ratio of the real to nominal values,

is also shown in Table 1.

The specific surface area of catalysts varies in the range

of 41–51 m2/g and is comparable to the values obtained by

other authors [15, 17]. It is important to note that the gold

content in the initial reaction mixture does not have an

effect on the efficiency of gold loading in the ZnO matrix

at the studied experimental conditions. An efficiency of

gold loading in the range of 86–93% is achieved for all

nanocomposites prepared. These values are significantly

higher than the 37.1%, calculated from the data in Ref. [18]

for Au/ZnO obtained at similar experimental conditions

without aging. Moreover, the reported decrease of gold

content in Ref. [18] (from 2.6 to 1%) after the precipitate

aging before the filtration step is not observed in our study.

The X-ray diffraction analysis was carried out for all

synthesized samples, but only diffractograms for pure ZnO

and Au/ZnO with highest gold loading are shown in Fig. 1.

The refinement with Powder Cell software shows the

presence of hexagonal phase (wurzite structure) of ZnO

(JCPDS 36-1451) in all studied samples. The diffraction

peaks of cubic gold in the studied range should be sought at

2h of 38.2178, 44.4318, 64.6368, 77.6248, and 81.8048
(JCPDS 04-0784) corresponding to the crystal planes

(111), (200), (220), (311), and (222). These reflections are

detected only in the diffractogram of the 9-Au/ZnO sam-

ple—that with the highest gold loading. Broad peaks are

observed, due to the high dispersion of gold and the small

particle size. As a result, most of them are overlapped by

ZnO diffraction peaks. As expected, the gold peaks were

not observed in the XRD patterns of other Au/ZnO nano-

composites, due to the low content of gold.

The ZnO crystal lattice parameters and average crys-

tallite sizes derived from the XRD data are listed in

Table 2, together with those of a standard (JCPDS

36-1451). The obtained values show that there is no sub-

stitution of zinc by gold atoms in the oxide crystal lattice.

Despite of the different gold loadings in the Au/ZnO

nanocomposites studied, the incorporation of Au-NPs in

the ZnO matrix does not influence the crystal lattice

parameters and the average crystallite size of the matrix.

The crystallite size of Au-NPs was not determined from

XRD data because the reliable estimation of gold crystal-

lites requires higher peak intensities.

The SEM images depicted in Fig. 2 show that crystals of

pure ZnO represent ‘‘rose-like’’ agglomerates with irregu-

lar arrangement of their rounded nanosized ‘‘leaflets’’

(\100 nm in thickness). The same morphology is observed

for Au/ZnO nanocomposites even for the sample with the

highest gold loading of 9%.

Table 1 Specific surface area (ABET), nominal gold content, real gold

content in weight percentage (Wt, %), and gold loading efficiency (%)

of the samples studied

Sample A,

m2/g

Aunominal,

%

Aureal,

%

Loading

efficiency, %

ZnO 46 – – –

0.8-Au/ZnO 46 0.85 0.78 91.8

2.5-Au/ZnO 51 2.66 2.49 93.6

9-Au/ZnO 41 10.52 9.06 86.1
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Bright field micrographs of Au/ZnO samples are pre-

sented in Fig. 3a–c. Small uniform Au-NPs (black dots)

with prevailing spherical shape and homogeneous distri-

bution in the ZnO matrix are observed. All the synthesized

samples show a narrow size distribution of Au-NPs

(Fig. 3d–f) with almost the same average particle diameter

of ca. 4 nm (Table 2) that is typical for Au-NPs in copre-

cipitated Au/ZnO catalysts [15–17]. Moreover, our results

show that the size of the deposited Au-NPs is not affected

by the different gold loadings in Au/ZnO nanocomposites,

as varying from 0.8 to 9% Au.

Experimental HRTEM image of 0.8-Au/ZnO sample is

shown in Fig. 4, and the lattice spacing of 0.325 nm corre-

sponding to hexagonal ZnO is measured and labeled on the

Fourier filtered image. The higher values of lattice spacing,

measured in areas AI and AII (labeled on HRTEM), could be

attributed to several of the basic zinc carbonates. This result

is an evidence of some insignificant amount of ZnO pre-

cursor, present in Au/ZnO nanocomposites, calcined at

temperature of 400 �C. According to the literature data,

based on DTA, TG, and XRD analyses, the basic zinc car-

bonate (Zn5(CO3)2(OH)6 or Zn4(CO3)(OH)6�H2O) disap-

pears at temperatures above 240 �C [17, 34]. However, the

higher sensitivity of HRTEM analysis allowed us to identify

traces of basic zinc carbonates in Au/ZnO composites, which

could not be detected by XRD.

Selected area electron diffraction (SAED) patterns of

samples with the lowest and the highest gold contents
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Fig. 1 X-ray diffraction patterns of pure ZnO (a) and 9-Au/ZnO (b) (inset: the region of 2h with the most intensive diffraction peaks of gold

nanoparticles)

Table 2 ZnO crystal lattice parameters, average crystallite sizes of ZnO, and average Au-NPs diameter of samples studied

Sample Lattice parameters, Å SG P63mc dcryst. ZnO, nm from XRD dmean. Au, nm from TEM

a ± 0.0002 c ± 0.0002

Ref. 36-1451 3.2509 5.2071

ZnO 3.2505 5.2067 15 –

0.8-Au/ZnO 3.2514 5.2086 13 4.0 ± 1.1

2.5-Au/ZnO 3.2508 5.2078 16 4.1 ± 1.2

9-Au/ZnO 3.2520 5.2088 15 3.7 ± 0.7

Fig. 2 SEM images of pure

ZnO (a) and 9-Au/ZnO

(b) samples
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(0.8-Au/ZnO and 9-Au/ZnO) are presented in Fig. 5. The

diffraction rings correspond to both the ZnO and the gold

phases. SAED pattern in Fig. 5b is complex and composed

of rings and spots. The arrangement of spots unambigu-

ously shows a preferred orientation of ZnO particles along

the (0001) planes. The SAED data are summarized in

Table 3, with interpretation accuracy of 1%. It was estab-

lished that dominant phases in both samples are the hex-

agonal ZnO (PDF 89-1397) and Au (PDF 65-2870), but

some impurities of cubic phase ZnO (PDF 65-0682)

appear. Therefore, the SAED analysis confirms the results

obtained from XRD and gives additional information for

the presence of trace amounts of cubic ZnO, which could

not be detected by XRD.

XPS study of pure ZnO and Au/ZnO nanocomposities

was carried out for obtaining some important information

about surface compositions and chemical states. The Au 4f

and Zn 3p photoelectron spectrum of the sample with

highest gold content (9-Au/ZnO) is presented in Fig. 6a

together with the Zn 3p spectrum for pure ZnO. It can be

seen that the Au 4f peaks partially overlap with that of Zn

3p. The Au 4f7/2 peak is clearly observed at binding

energy of 83.2 eV, while the Au 4f5/2 peak is buried in the

strong Zn 3p. Figure 6a shows also the reduced Au 4f

spectrum after the Zn 3p peak was subtracted from the

spectrum. So, in the difference spectrum the Au 4f7/2 and

Au 4f5/2 peaks are located at 83.2 and 87 eV, with a spin–

orbit splitting of 3.7 eV. The BE positions are much lower

than that of bulk metallic gold (84.0 and 87.6 eV [35]).

However, similar binding energy was reported for sup-

ported Au-NPs on c-Al2O3 [36] and on TiO2 [37, 38]. One

reason for such pronounced negative shift could be the

larger electronegativity of gold relative to Zn, leading to a

charge transfer from the support to the Au-NPs. Besides,

the particle shapes could be a critical factor in determining

the negative BE shifts of gold-supported nanoparticles

[38]. Radnik et al. [38] found that the more spherical the

nanoparticles, the lower the binding energy is (down to
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Fig. 3 Bright-field micrographs of synthesized nanocomposites 0.8-Au/ZnO (a), 2.5-Au/ZnO (b), 9-Au/ZnO (c) (scale bar correspond to 20 nm)

and corresponding size distribution histograms of Au-NPs: (d), (e), and (f)

7138 J Mater Sci (2011) 46:7134–7143

123



83.0 eV for Au on TiO2). This shift is attributed to initial

state effects, since the spherical particles have less coor-

dinated surface atoms, which reduces their binding ener-

gies relative to nanoparticles with large faces. This low

coordination of surface Au atoms is the most possible

reason for the observed lowering in the binding energy in

this study, as the nanoparticle sizes of the 9-Au/ZnO

sample are spread between 1 and 6 nm, with the average

size of 3.7 ± 0.7 nm.

The O 1s spectra of all studied samples are presented in

Fig. 6b. The asymmetric shoulder at a higher binding

energy of the O 1s peak is generally ascribed to the

adsorbed OH- (or H2O) species on the surface. The

insertion of Au-NPs leads to gradual decrease of the

intensity of the oxygen peak.

In order to determine the influence of the gold loading

on the chemical environment of zinc, we calculated the

modified Auger parameter a9 for the different samples. It is

shown [39] that a9 (a9 = EK(Zn LMM) ? EB(Zn 2p3/2) can

be used for more exact determination of the chemical state

of Zn, thus eliminating the surface effects of the electro-

static charging. The obtained values (Table 4) show no

noticeable changes in the oxidation state of Zn2? and its

chemical environment with the increase in gold content

from 0.8 to 9%.

To estimate the elemental composition on the surface,

the Zn 2p, O 1s and Au 4f (when it is detected) peak areas

were divided by the corresponding photoionization cross

sections. The data are represented in Table 4. The gold is

detected on the surface only for samples 2.5-Au/ZnO and

Fig. 4 HRTEM image of the

sample 0.8-Au/ZnO (left) and

enlargement Fourier filtered

area (right) (scale bar

correspond to 10 nm)

Fig. 5 Selected area electron

diffraction (SAED) patterns of

samples with the lowest and the

highest gold contents [0.8-Au/

ZnO (a) and 9-Au/ZnO (b)]
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9-Au/ZnO which means that its surface content in the 0.8-

Au/ZnO is lower than the detection limit of the XPS

method. Surprisingly, the surface content of gold obtained

for both samples (2.5-Au/ZnO and 9-Au/ZnO) is quite low

and almost the same, despite of the significant difference in

their total gold loading. Probably, the segregation of gold

species on the crystallite surface of ZnO precursor (basic

zinc carbonate) exists as a result of coprecipitation method

used, which leads to the interment of significant part of

Au-NPs in the volume of ZnO in course of catalyst

preparation.

As it can be seen from Table 4, the samples are non-

stoichiometric with respect to the Zn/O ratio, which is

lower than the value (1.0) for ZnO. With increasing the Au

loading, the total surface concentration of oxygen gradually

decreased. This is probably due to the fact that the quantity

of adsorbed OH- groups on the surface of ZnO particles

decreases upon the gold loading. Moreover, for sample

with highest content of buried Au-NPs (9-Au/ZnO sample),

the surface Zn/O ratio is more close to the stoichiometric

value, compared to other two samples. It can speculate that

the Au-NPs in the bulk ZnO provoke local deformations in

the support structure and subsequent migration of intersti-

tial zinc from the volume to the surface of 9-Au/ZnO

nanocomposite catalyst.

Table 3 SAED data of the sample 0.8% Au/ZnO and 9% Au/ZnO; (hkl)f—double electron diffraction effects; SAED interpretation: accuracy

1%

d (Å) Relative intensity ZnO PDF 89-1397 a = 3.253 Å,

c = 5.213 Å SG P63mc

ZnO PDF 65-0682

a = 4.270 Å SG Fm�3m

Au PDF 65-2870

a = 4.079 Å SG Fm�3m

0.8% Au 9% Au 0.8% Au 9% Au 0.8% Au 9% Au 0.8% Au 9% Au

2.817 vs 100 – –

2.816 vs 100 – –

2.039 vs – – 200

2.038 s – 200

1.760 vs s (003)f (003)f (211)f (211)f – –

1.589 s 110 – –

1.493 vs 103 202 –

1.408 s 200 (030)f –

1.285 m 004 311 (310)f

1.091 vs 203 – (321)f

1.068 vs 210 400 –

vs—very strong; s—strong; m—middle

Fig. 6 Au 4f and Zn 3p photoelectron spectra of pure ZnO and 9-Au/

ZnO (a) and the O 1s spectra of all studied samples (b)

Table 4 Surface composition (in atomic percents—At.%) of the studied samples estimated from the XPS data, the Auger parameter values for

Zn (in eV), and relative surface content of gold (in %)

Sample Content, At.% Auger parameter, a9 (eV) Relative surface Au contenta, %

Zn O Au

Pure ZnO 36.6 63.4 2010.5 –

0.8-Au/ZnO 37.4 62.6 Not detected 2010.3 \1.0

2.5-Au/ZnO 37.7 61.9 0.4 2010.4 16.1

9-Au/ZnO 44.8 54.6 0.6 2010.1 6.6

a Relative surface Au content is calculate as a ratio of surface Au content to the total Au content
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Catalytic activity

Figure 7a represents the catalytic activity (expressed as a

degree of CO conversion-g, %) of pure ZnO catalyst and

coprecipitated Au/ZnO nanocomposites with different gold

loadings (0.8, 2.5, and 9% Au). The results show that the

catalytic activity of all Au/ZnO nanocomposites is much

higher as compared to pure ZnO. Unexpectedly, the

obtained catalytic results show no gradual increase of the

catalytic activity with the increase in gold loading from 0.8

to 9% Au. Despite of the 11-fold higher gold content of

9-Au/ZnO as compared to 0.8-Au/ZnO, only a minor

increase in the activity is observed. The most active cata-

lyst is 2.5-Au/ZnO nanocomposite. Conversion degree of

93% is reached with this catalyst at 220 �C, while only 7%

CO is converted by pure ZnO at this temperature. Another

way for estimating the catalytic activity is the comparison

of the temperatures for attaining 50% conversion of CO. In

the comparison with Tg950% of pure ZnO, the nanocom-

posites show a decrease in Tg950% between 45 and 80 �C

depending of the gold loading.

The results of catalytic activity presented as a degree of

CO conversion are influenced by the gold loading, the mass

of the charged catalysts, and their specific surface area. To

estimate separately the effect of gold loading on the

effectiveness of catalysts, the temperature dependence of

the so called intrinsic activity—Is (gram of CO converted

by 1 m2 surface of 1 g of catalyst per hour) is found as

presented in Fig. 7b. The mutual location of curves

remains the same, but their slope decreases to a different

extent at the end of the catalytic process, depending on the

gold loading. As estimated, the effective purification

accomplished by 1 m2 of catalyst surface is promoted by

Au-NPs from 7 (0.8-Au/ZnO) up to 13 times (2.5-Au/ZnO)

at 220 �C.

It is important to note that the catalytic activity of the

nanocomposites is not affected by the nanoparticle size,

since the Au-NPs average diameter for the different sam-

ples synthesized is almost the same (*4 nm). Therefore,

the results from Fig. 7 manifest the influence of the gold

loading level on the catalytic activity. The increase of

activity follows the sequence 0.8, 9, and 2.5% Au, i.e., the

catalytic activity is not proportional to the gold loading.

Hence, an optimal content of the Au nanoparticles corre-

sponding to the best catalytic performance exists for

coprecipitated Au/ZnO catalyst. Such optimum has been

already reported for Au/MgO and Pd/MgO catalysts

obtained by a deposition precipitation method and

explained by an increase in the number of dispersed active

sites before reaching the aggregation limit of the nano-

particles on the MgO cubes after that the decrease in the

catalytic activity is observed [13].

The existence of optimum gold loading in our copre-

cipitated Au/ZnO catalysts could not be related to the

surface state of Au-NPs because their surface amount is a

minor fraction of the total gold loading (Table 4). The

optimum could not be connected with the surface content

of Au-NPs also because the latter increases with the total

gold loading, albeit disproportionately. As it can be seen

from Table 4, the optimum gold loading for best catalytic

performance corresponds to a maximum value of the rel-

ative content of Au-NPs on the catalyst surface, calculated

as a ratio of surface content to the total content of gold.

Therefore, the catalytic activity of coprecipitated Au/ZnO

catalysts is noticeably influenced by the distribution of

Au-NPs between the bulk and surface of catalysts. It is

difficult to distinguish the role of the surface and subsur-

face Au-NPs on the catalytic performance of the copre-

cipitated Au/ZnO catalysts, but the effect of buried gold

NPs is clearly expressed. According to Nickolov et al. the
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activity of supported heterogeneous catalysts depends to a

large extent on the formation of catalytic active complex

(CAC) on the support surface. It contains catalytic active

sites, which may be separate species of the supported

phase in different oxidation states, and surface groups of

the support as well, each of them playing a definite role in

the catalytic process [40]. The structural data and catalytic

test results of our coprecipitated catalysts show that the

subsurface Au-NPs affect the stoichiometricity of the sup-

port, thus changing the activity of CACs probably through

the modification of electrostatic interaction between the

support and surface Au-NPs. The last suggestion is in accord

with conclusions of Phala et al. that the role of ZnO in Au/

ZnO catalysts is not merely to disperse gold atoms/particles,

but also modify their electronic properties [41].

In order to prepare low cost catalysts containing noble

metals, it is important toestimate thecatalyticeffectivenessof

thenoblecomponent introduced in thenanocomposite (IsAu in

our case). The values of IsAu are calculated as the intrinsic

activity Is is normalized to the total gold loading in the

nanocomposites. The results are depicted in Fig. 8. In con-

tradistinction from the catalytic activity of nanocomposites

(Fig. 7), which passes through a maximum, the catalytic

effectiveness of Au-NPs decreases with increasing the gold

loading: the lower the total gold loading, the higher the

effectiveness of Au is. It can be concluded that the gold in the

nanocomposite with the lowest Au content is the most effi-

cient in the catalytic reaction studied, even though this is not

the sample that exhibits the highest catalytic activity.

Conclusions

The Au/ZnO catalysts with gold loading of 0.8, 2.5, and

9% Au are synthesized by a coprecipitation method, and

efficiency of gold loading in the range of 86–93% is

achieved. The size of the deposited Au-NPs is not affected

by the different gold amounts in the nanocomposites, and

an average particle diameter of ca. 4 nm is established

from the TEM observation. Spherical shape and homoge-

neous distribution of Au-NPs in the Au/ZnO nanocom-

posites are observed in all the samples prepared.

The surface morphology, crystal lattice parameters of

ZnO, average crystallite size of the matrix, and chemical

environment of Zn2? are not influenced by incorporation of

Au-NPs in the ZnO matrix and do not show noticeable

changes upon increasing gold loading from 0.8 to 9%.

However, a gradual decrease in the total surface oxygen is

observed, probably due to the decrease of adsorbed OH-

groups upon gold loading. The migration of interstitial zinc

from the volume to the surface of support is established,

influenced by the high amount of Au-NPs buried in ZnO

matrix at gold loading of 9%.

The Au-NPs considerably promote the catalytic activity

of zinc oxide for CO oxidation. The conversion degree of

93% is reached with the most active catalyst at 220 �C,

while only 7% CO is converted by pure ZnO at this tem-

perature. At the same Au-NP size, the decrease of catalytic

activity of the nanocomposites follows the sequence 2.5, 9,

and 0.8% Au, so an optimal total loading of the Au

nanoparticles exists for the best performance of coprecip-

itated Au/ZnO catalyst. This optimum corresponds to the

optimal distribution of Au-NPs between surface and vol-

ume of the support, which ensures both maximum relative

surface content of Au-NPs and high nonstoichiometricity

of the support.
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