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A method for the preparation of gold nanoparticles supported on glassy carbon by direct spray

pyrolysis in air at low temperature is presented. The procedure is based on the property of some gold

salts which, unlike many other metal salts, decompose by heating at low temperature to produce

metallic gold and gaseous species which depend on the salt nature. In the case of the present work,

HAuCl4.nH2O was used, which decomposed to solid Au and gaseous H2O and chlorine containing

compounds such as HCl and Cl2. This behaviour was verified by thermogravimetric analysis and X-ray

diffraction. The gold nanoparticles supported on a glassy carbon electrode were obtained by the impact

of HAuCl4 solution droplets generated by an ultrasonic atomizer. These droplets are directed through

a nozzle towards the glassy carbon substrate located on a stainless steel block heated by electrical

resistance. The supported gold nanoparticles were electrochemically characterized by cyclic

voltammetry in acid solution and the surface morphology was characterized by SEM and AFM

operated in the tapping mode.
1. Introduction

Synthesis and characterization of nanosize metal particles has

drawn great interest due to their unique properties and potential

applications in nanoelectronics, optics, biomedicine, catalysis,

etc.1–5 In particular many studies have focused on metallic

nanoparticles supported on carbon substrates, which can be

applied as electrochemical sensors,6 where the particles must be

immobilized on a conductor substrate,7 catalysts,8,9 and electro-

catalysts.8,10–12 In the last case, new electrocatalysts with lower

cost and higher efficiency are needed for the development of

more effective low temperature fuel cells. In this sense, several

studies are oriented to reduce Pt loadings for both reactions, as

well as to improve the electrocatalytic activity of the hydrogen

electrooxidation in the presence of CO.13 A successful approach,

recently proposed, is based on carbon supported gold nano-

particles decorated with precious metals.14–18 It was established

that these Au-core/M-shell structures (M: Pt, Pd), synthesized

with minimal use of M, can improve the electrocatalytic

activity14–17 as well as the electrode stability.18

Among the methods that have been applied for the prepara-

tion of supported nanoparticles, we can mention the deposition

of colloidal dispersions,19–21 electrodeposition,22–26 and spray

pyrolysis.27–29 In the last method, the thermal decomposition of

precursor salts in air usually leads to the formation of simple or

complex oxides,30 and only a subsequent heat treatment in

reducing atmosphere can lead to the formation of metal nano-

particles. This is because the thermal decomposition requires

high temperatures, where the metal is not thermodynamically

stable in its elemental form in the presence of oxygen, the change
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of the Gibbs free energy of the oxidation reaction being Dg < 0.

The case of gold can be considered an exception, as the spray

pyrolysis of gold nitrate at temperatures of 800–1200 �C gener-

ated a gold powder with a particle size between 0.4–2 mm.31 It has

been also reported that the oxides (Au2O and Au2O3) are

unstable above 345 �C, decomposing into Au and oxygen.32

Moreover, AuCl3 decomposes at 250 �C and there is strong

evidence that this process leads to the formation of metallic

gold.33,34 Therefore, if the decomposition of a gold precursor salt

is thermodynamically feasible at low temperatures, with

a reasonable kinetic rate, it will be possible to obtain gold

particles by thermal decomposition in a single step and without

using an inert atmosphere. Furthermore, if the precursor is

confined in micrometric droplets and forced to impact onto

a substrate heated at a temperature slightly higher than that

needed for the precursor decomposition, it will be possible to

deposit particles the size of which will be determined by the

radius of the droplet and the concentration of the precursor salt.

In this context, spray pyrolysis could be a simple and straight-

forward method to prepare in a single step gold nanoparticles

supported on an appropriate substrate at low temperatures.

In this work, we present the results obtained in the spray

pyrolysis of tetrachloroauric acid (HAuCl4) solutions on a glassy

carbon support. The resulting gold nanoparticles were charac-

terized by scanning electron microscopy (SEM), atomic force

microscopy (AFM) and by electrochemical techniques. Ther-

mogravimetric analysis (TGA) was also performed to study the

decomposition of the reagent HAuCl4 and the final product of

these treatments was characterized by X-ray diffraction (XRD).

2. Experimental

2.1 Materials

All chemicals were of analytical grade, purchased from Sigma-

Aldrich and Merck, and used as received. Aqueous solutions
This journal is ª The Royal Society of Chemistry 2009
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were prepared by using ultra-pure water (PureLab, Elga

LabWater). The glassy carbon plate was purchased from SPI

Supplies.
2.2 Thermal decomposition of HAuCl4

The thermal decomposition of solid hydrogen tetrachloroaurate

(tetrachloroauric acid) hydrate HAuCl4.nH2O (n $ 3) was

evaluated by thermogravimetric analysis (TGA). A Mettler-

Toledo TGA/SDTA 851 equipment was used, operated with an

air flow of 100 cm3 min�1 and a heating rate of 1 �C min�1 from

room temperature to 400 �C. The sample was placed on

a disposable fuse alumina crucible. Then, in order to identify the

final product of the HAuCl4 decomposition, X-ray diffraction

(XRD) was applied. To carry out this measurement, a carbon

cloth was impregnated with a HAuCl4 solution and heated at

300 �C to cause the thermal decomposition of the salt. XRD data

were taken on a Shimadzu DX-1 diffractometer with Cu Ka1

radiation (l ¼ 1.5406 Å) in the range 30� # 2q # 85� and

scanning steps of D2q ¼ 0.1�.
2.3 Preparation of gold nanoparticles supported on glassy

carbon

Fig. 1 shows a simplified scheme of the apparatus developed for

the application of the spray pyrolysis technique. It consists of an

ultrasonic atomizer (100 MHz) that produces droplets from the

precursor solution placed in a small vessel. The droplets are

carried by an air gas flow through a tube ending in a nozzle,

which is positioned at 2 mm above the glassy carbon substrate

and sweeps the carbon surface at a rate of 5 cm s�1. This is

located on top of a stainless steel block of dimensions 10 � 10 �
3 cm, heated by six electric resistances. The block temperature,

measured by a thermocouple, was fixed by a temperature

controller Digi-Sense R/S.

The chloroauric acid solution was prepared with ultra-pure

water and the concentration was varied between 0.1 and 50 mM.

The glassy carbon disk (9 mm diameter and 2 mm thick) was

mechanically polished successively with fine emery paper and

alumina powder down to 0.05 mm to make a mirror finish

surface, followed by sonication in ultra-pure water for 5 min. The

resulting droplets were uniform in size and had a diameter

ranging between 1 and 2 mm. The temperature of the carbon
Fig. 1 Schematic diagram of the spray pyrolysis equipment.

This journal is ª The Royal Society of Chemistry 2009
substrate was varied between 200 and 400 �C. Gold nanoparticles

were prepared with a single or multiple sweeps, with a waiting

time of 3 min between each one.

2.4 SEM and AFM characterization

The surface morphology of the gold nanoparticles supported on

glassy carbon, obtained by spray pyrolysis as described previ-

ously, was characterized by scanning electron microscopy (SEM)

and atomic force microscopy (AFM).

The SEM observations were carried out with a Leo 1450VP

(Zeiss, Germany) variable pressure scanning electron micro-

scope. An AFM/STM instrument (NanoTec Electronica SPM,

Spain) in tapping mode was used for AFM images. Scanning tips

were non-coated silicon PointProbe NCH.

2.5 Electrochemical measurements

All electrochemical measurements were performed in a conven-

tional three-compartment glass cell by using a potentiostat-gal-

vanostat Wenking POS2, controlled by an interface Advantech

PCI1710HG and the software Labview 6i. The electrolyte solu-

tion was 0.5 M H2SO4. The gold nanoparticles supported on

glassy carbon were used as the working electrode. It was

mounted in a teflon holder and the final exposed geometric area

was 0.24 cm2. A large platinum wire served as the counter elec-

trode and a hydrogen electrode in the same solution (RHE) was

used as the reference electrode. The cyclic voltammetry was

applied between 0.0 and 1.7 V (vs. RHE) at 0.1 V s�1 in the

electrolyte solution saturated with nitrogen gas and at 25 �C.

3. Results

3.1 Thermal decomposition of HAuCl4

Fig. 2 shows the thermogram corresponding to the decomposi-

tion in air of HAuCl4.nH2O. In this case the initial weight of the

sample was approximately 33.6 mg. There are several steps on

the TGA curve. The initial process ended at 110 �C, where the

sample weight is 29.1 mg (point A, weight loss y 13.4%). The

next step is accomplished at 210 �C, the corresponding weight

being 19.1 mg (point B, weight loss y 33.0%). Finally, the
Fig. 2 Thermogram of a sample of solid hydrogen tetrachloroaurate

hydrate. Heating rate: 1 �C min�1. Air flow: 100 cm3 min�1.

J. Mater. Chem., 2009, 19, 3276–3280 | 3277
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temperature increase shows a last decomposition process which

defines a plateau at 16.0 mg starting at approximately 300 �C

(point C, weight loss y 43.1%).

3.2 Characterization of the decomposition product

The diffractogram corresponding to the product of the thermal

decomposition of the chloroauric hydrate at 300 �C is shown in

Fig. 3. Diffraction peaks can be clearly observed at 2q ¼ 38.2�,

44.4�, 64.6�, 77.5� and 81.7�, which correspond to the (111),

(200), (220), (311) and (222) reflections of metallic gold, respec-

tively. There are also two small peaks at 2q ¼ 36.5� and 40.5�,

which originate in the reflections of the carbon cloth used as

a support.

The electrochemical characterization of the thermal decom-

position product supported on glassy carbon obtained by spray

pyrolysis was carried out through the application of cyclic vol-

tammetry. The potentiodynamic profiles were recorded in acid

solution between 0.0 and 1.7 V (vs. RHE) at a sweep rate of

0.1 V s�1. Fig. 4 (curves a and b) displays the response corre-

sponding to the material obtained from a 5 mM HAuCl4
Fig. 3 X-Ray diffractogram of the thermal decomposition product.

Cu Ka1 radiation (l ¼ 1.5406 Å). Scanning step: D2q ¼ 0.1�.

Fig. 4 Cyclic voltammograms of the material obtained by spray pyrol-

ysis: (a) first cycle; (b) stabilized profile; (c) glassy carbon electrode;

0.50 M H2SO4; 0.1 V s�1; 25 �C.

3278 | J. Mater. Chem., 2009, 19, 3276–3280
precursor solution. The first cycle (curve a) displays a character-

istic and reproducible profile, with an anodic process starting at

1.4 V and the current peak at 1.64 V. In the cathodic sweep, the

current peak corresponding to the oxide reduction is centred at

1.16 V. The subsequent cycling produces a change in the response

in the anodic oxide region, while the cathodic peak remains

practically invariant, approaching cycle by cycle the profile

corresponding to that of the well known polycrystalline gold

(curve b).35 The voltammogram corresponding to the glassy

carbon substrate is also shown (Fig. 4, curve c).

3.3 Microscopic characterization of gold nanoparticles

supported on glassy carbon

The surface morphology of gold nanoparticles supported on

glassy carbon obtained by spray pyrolysis was analyzed by

scanning electron microscopy (SEM) and atomic force micros-

copy (AFM). Fig. 5 shows SEM micrographs of an electrode

obtained starting from a 30 mM HAuCl4 solution, with one sweep

of the spray nozzle and the substrate held at 300 �C. There is

a quite uniform distribution of the particles with a mean diameter

of 47 nm. In the case of nanoparticles obtained at the same

temperature and one spray sweep but with a 5 mM HAuCl4
solution, micrographs show also a uniform distribution with

a mean diameter of 32 nm (Fig. 6). Particles with a mean diameter

of approximately 17 nm (Fig. 7) were obtained starting from

a 1 mM HAuCl4 solution and with ten sweeps of the spray nozzle.

Furthermore, the height of the gold nanoparticles supported

on glassy carbon was evaluated by the AFM operated in the

tapping mode. Fig. 8 shows the AFM image corresponding to the

electrode for which SEM micrograph is illustrated in Fig. 6. As
Fig. 5 SEM micrographs of the gold particles obtained from a 30 mM

HAuCl4 solution at 300 �C. Magnifications: (a) 10000�; (b) 50000�.

Inset: size histogram.

This journal is ª The Royal Society of Chemistry 2009
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Fig. 6 SEM micrographs of the gold particles obtained from a 5 mM

HAuCl4 solution at 300 �C. Magnifications: (a) 20000�; (b) 60000�.

Inset: size histogram.

Fig. 7 SEM micrographs of the gold particles obtained from a 1 mM

HAuCl4 solution at 300 �C. Magnifications: (a) 20000�; (b) 50000�.

Inset: size histogram.

Fig. 8 AFM image of the gold particles obtained from a 5 mM HAuCl4
solution at 300 �C. Inset: height histogram.
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can be observed in the inset of Fig. 8, the mean particle height is

of the order of 30 nm, which is in agreement with the mean size

obtained in the corresponding histogram inset in Fig. 6.
This journal is ª The Royal Society of Chemistry 2009
4. Discussion

The production of gold nanoparticles by the method of spray

pyrolysis in the presence of air is possible due to the instability of

gold oxides at low temperatures. This behaviour can be thermo-

dynamically verified through the evaluation of the Gibbs free energy

change of the reaction between metallic gold and oxygen (Dg),

2 Au + 3⁄2 O2 # Au2O3 (1)

Dg is a function of temperature (T) and oxygen partial pressure

(PO2
). From elementary chemical thermodynamics principles, its

expression can be written as,

Dg(T,PO2
) ¼ Dg�(T) � 1.5RTlnPO2

(2)

Dg� being the Gibbs free energy of formation of auric oxide

(Au2O3), the dependence on temperature of which is given by the

following expression,36

Dg�(T) ¼ �2160 + 95.14T � 10.36TlogT [kcal mol�1] (3)

Substituting eqn (3) into eqn (2), it can be straightforwardly

concluded that in air at atmospheric pressure for T > 26.5 K, Dg >

0. Therefore, metallic gold is stable in the presence of air in all the

conditions used in the present work. On the other hand, for other

metallic elements the thermal decomposition in these conditions

would lead to the formation of the corresponding oxides.30

The feasibility of this method was demonstrated through the

study of the thermal decomposition of the solid hydrogen tet-

rachloroaurate by TGA (Fig. 2). The main changes can be

summarized as follows. The sample weight corresponding to 110
�C (weight ¼ 29.1 mg, point A) could be tentatively assigned to

two different compounds, HAuCl4.H2O (theoretical weight ¼
29.06 mg) or AuCl3.3H2O (theoretical weight ¼ 29.03 mg). The

thermodynamic analysis of these processes could not be carried

out because the corresponding values of the Gibbs free energy

and the enthalpy of formation of the compounds involved are

not available in the literature. On the other hand, there is only
J. Mater. Chem., 2009, 19, 3276–3280 | 3279
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one possibility for the compound obtained at 210 �C (weight ¼
18.9 mg, point B), which corresponds to AuCl (theoretical weight

¼ 18.89 mg).

The final process, ended at 300 �C, corresponds to the

decomposition of this compound to elemental Au (2 AuCl / 2

Au + Cl2), as was demonstrated by the results obtained through

XRD and cyclic voltammetry. Therefore, it can be concluded

that at 300 �C the decomposition of HAuCl4.nH2O into pure

gold and gaseous products is completed.

Therefore, electrodes consisting of gold nanoparticles sup-

ported on glassy carbon can be obtained through the impact of

small droplets of HAuCl4 dilute solutions, produced by an

ultrasonic atomizer and dragged by an air stream, on a glassy

carbon substrate heated at 300 �C. It can be appreciated from the

SEM micrographs and the corresponding histograms that as

the concentration of the precursor salt solution decreases, the

uniformity in the particle size increases. It was also found that

when the experiments were carried out at temperatures below 300
�C, the decomposition of the precursor salt was incomplete and

that at temperatures between 300 and 400 �C the characteristics

of the nanoparticles did not change.

It should be taken into account that the present method allows

the direct formation of metallic nanoparticles supported on the

substrate at low temperatures. The technique is simpler than

more conventional procedures, based on the use of colloidal

dispersions stabilized by a surfactant, where several steps are

needed to prepare the electrode material. The nanoparticles

synthesized in this way are coated with surfactant molecules that

block the surface active sites, modifying their catalytic proper-

ties. Thus, a decontamination procedure is needed in order to

clean the surface from the stabilizing agent.37 On the other hand,

compared to electrodeposition, the present method has the

advantage of being less sensitive to the substrate surface prepa-

ration (polishing, etc.) and the amount of precursor solution

required is significantly smaller.

Furthermore, in the method proposed in this work the amount

of precursor salt is defined by the size of the solution droplets as

well as by their concentration and therefore the corresponding

size of the nanoparticles can be controlled. In this sense, the

particle dimensions can be varied in a simple way by the modi-

fication of these two experimental variables. On the other hand,

although glassy carbon was used as a substrate to support the

gold nanoparticles, basically oriented to carry out electro-

chemical studies, the present method can be in principle used on

any kind of substrate material.

Finally, another aspect that should be of interest is to explore the

use of other gold compounds as precursors, with lower values of

the decomposition temperature, oriented for their application in the

preparation of electrocatalysts supported on conducting polymers.
5. Conclusions

The present study demonstrates the feasibility of producing gold

nanoparticles with sizes from 15 to 100 nm, supported on a glassy

carbon substrate, in a simple and direct way by the method of

spray pyrolysis in air of an aqueous solution of chloroauric acid.

The electrode obtained with this technique exhibit an excellent

electrochemical response, which allows its application in elec-

trocatalysis, sensors, etc.
3280 | J. Mater. Chem., 2009, 19, 3276–3280
Acknowledgements

The authors gratefully acknowledge financial support given by

ANPCyT (PICT 14-25587), CONICET (PIP 5645) and UNL

(CAI+D 2005-7-41 and 2006-30-169).

References

1 D. L. Feldheim and C. A. Foss, eds., Metal Nanoparticles: Synthesis,
Characterization and Applications, Marcel Dekker, New York, 2002.

2 J. T. Lue, J. Phys. Chem. Solids, 2001, 62, 1599–1612.
3 R. Bhattacharya and P. Mukherjee, Adv. Drug. Deliv. Rev., 2008, 60,

1289–1306.
4 M. C. Daniel and D. Astruc, Chem. Rev., 2004, 104, 293–346.
5 A. Taubert, U. M. Wiesler and K. Mullen, J. Mater. Chem., 2003, 13,

1090–1093.
6 X. Luo, A. Morrin, A. J. Killard and M. R. Smyth, Electroanalysis,

2006, 18, 319–326.
7 S. Dong and J. Li, Bioelectrochem. Bioenerg., 1997, 42, 7–13.
8 A. Wieckowski, E. R. Savinova and C. G. Vayenas, eds., Catalysis

and Electrocatalysis at Nanoparticle Surfaces, Marcel Dekker, New
York, 2003.

9 R. Narayanan and M. A. El-Sayed, J. Catal., 2005, 234, 348–355.
10 K. J. J. Mayrhofer, B. B. Blizanac, M. Arenz, V. R. Stamenkovic,

P. N. Ross and N. M. Markovic, J. Phys. Chem. B, 2005, 109,
14433–14440.

11 J. Solla-Gullon, P. Rodriguez, E. Herrero, A. Aldaz and J. M. Feliu,
Phys. Chem. Chem. Phys., 2008, 10, 1359–1373.

12 P. Rodriguez, J. Solla-Gullon, E. Herrero, A. Aldaz and J. M. Feliu,
J. Phys. Chem. C, 2007, 111, 14078–14083.

13 H. A. Gasteiger, J. E. Panels and S. G. Yan, J. Power Sources, 2004,
127, 162–171.

14 B. Zhang, J. F. Li, Q. L. Zhong, B. Ren, Z. Q. Tian and S. Z. Zou,
Langmuir, 2005, 21, 7449–7455.

15 N. Kristian, Y. Yan and X. Wang, Chem. Commun., 2008, 353–355.
16 N. Kristian and X. Wang, Electrochem. Commun., 2008, 10, 12–15.
17 P. S. Ruvinsky, S. N. Pronkin, V. I. Zaikovskii, P. Bernhardt and

E. R. Savinova, Phys. Chem. Chem. Phys., 2008, 10, 6665–6676.
18 J. Zhang, K. Sasaki, E. Sutter and R. R. Adzic, Science, 2007, 315,

220–222.
19 K. Aika, L. L. Ban, I. Okura, S. Namba and J. Turkevich, J. Res. Inst.

Catal. Hokkaido Univ., 1976, 24, 54–64.
20 R. Narayanan and M. A. El-Sayed, J. Phys. Chem. B, 2005, 109,

12663–12676.
21 M. Inaba, M. Ando, A. Hatanaka, A. Nomoto, K. Matsuzawa,

A. Tasaka, T. Kinumoto, Y. Iriyama and Z. Ogumi, Electrochim.
Acta, 2006, 52, 1632–1638.

22 D. Lu, Y. Okawa, K. Suzuki and K. Tanaka, Surf. Sci., 1995, 325,
L397–L405.

23 J. V. Zoval, J. Lee, S. Gorer and R. M. Penner, J. Phys. Chem. B,
1998, 102, 1166–1175.

24 C. E. Cross, J. C. Hemminger and R. M. Penner, Langmuir, 2007, 23,
10372–10379.

25 L. Komsiyska and G. Staikov, Electrochim. Acta, 2008, 54, 168–172.
26 M. S. El-Deab, T. Sotomura and T. Ohsaka, Electrochim. Acta, 2006,

52, 1792–1798.
27 K. Okuyama and I. W. Lenggoro, Chem. Eng. Sci., 2003, 58, 537–547.
28 O. Paschos, P. Choi, H. Efstathiadis and P. Haldar, Thin Solid Films,

2008, 516, 3796–3801.
29 S. C. Tsai, Y. L. Song, C. S. Tsai, C. C. Yang, W. Y. Chiu and

H. M. Lin, J. Mater. Sci., 2004, 39, 3647–3657.
30 P. S. Patil, Mater. Chem. Phys., 1999, 59, 185–198.
31 D. Majumdar, T. T. Kodas and H. D. Glicksman, Adv. Mater., 1996,

8, 1020–1022.
32 J. Donova and J. Siftar, Thermochim. Acta, 1994, 244, 131–138.
33 D. R. Lide, ed., CRC Handbook of Chemistry and Physics, Internet

Version 2007, Taylor and Francis, Boca Raton, FL, 2007.
34 P. Pascal, Nouveau Trait�e de Chimie Min�erale, Masson et Cie, Paris,

1961.
35 A. C. Chialvo, W. E. Triaca and A. J. Arvia, J. Electroanal. Chem.

Interfacial Electrochem., 1984, 171, 303–316.
36 O. Kubaschewski and O. V. Goldbeck, Gold Bull., 1975, 8, 80–85.
37 J. Hernandez, J. Solla-Gullon and E. Herrero, J. Electroanal. Chem.,

2004, 574, 185–196.
This journal is ª The Royal Society of Chemistry 2009

http://dx.doi.org/10.1039/b821016k

	Preparation of gold nanoparticles supported on glassy carbon by direct spray pyrolysis
	Preparation of gold nanoparticles supported on glassy carbon by direct spray pyrolysis
	Preparation of gold nanoparticles supported on glassy carbon by direct spray pyrolysis
	Preparation of gold nanoparticles supported on glassy carbon by direct spray pyrolysis
	Preparation of gold nanoparticles supported on glassy carbon by direct spray pyrolysis
	Preparation of gold nanoparticles supported on glassy carbon by direct spray pyrolysis
	Preparation of gold nanoparticles supported on glassy carbon by direct spray pyrolysis
	Preparation of gold nanoparticles supported on glassy carbon by direct spray pyrolysis

	Preparation of gold nanoparticles supported on glassy carbon by direct spray pyrolysis
	Preparation of gold nanoparticles supported on glassy carbon by direct spray pyrolysis
	Preparation of gold nanoparticles supported on glassy carbon by direct spray pyrolysis
	Preparation of gold nanoparticles supported on glassy carbon by direct spray pyrolysis

	Preparation of gold nanoparticles supported on glassy carbon by direct spray pyrolysis
	Preparation of gold nanoparticles supported on glassy carbon by direct spray pyrolysis
	Preparation of gold nanoparticles supported on glassy carbon by direct spray pyrolysis




