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Abstract
The present research informs about the synthesis of gold nanoparticles (AuNPs) throughUltrasonic
Spray Pyrolysis (USP), whichwere collected in ethanol with 0.1%Polyvinylpyrrolidone (PVP).
Initially, the research focused on two precursors, where thefirst represented a homemadeH-HAuCl4,
completed in our own laboratory through the chlorine gasmethod by usingHCl andKMnO4, and the
secondwas the commercial C-HAuCl4, prepared by usingGold (III) chloride tetrahydrate powder and
deionisedwater. The goal was tofind any potential precursor differences and their influences on the
later use for AuNPs synthesis throughUSPusing almost the same parameters. In thefirst step of
research it was determined that theH-HAuCl4 precursor was similar toC-HAuCl4 in chemical
composition, surface tension and pHvalue. Thisfinding represented the starting point for being able
to useH-HAuCl4 in theUSP for AuNPs‘ synthesis. In the second step, AuNPswere synthesised from
both types of precursors. Afterwards, characterisation of some functional properties by FTIR andUV–
vis techniques was done directly forH- andC-AuNPs in the collectingmedia. For SEM/EDXand
TEMmicroscopy both types ofH- andC-AuNPswere dried, and observation revealed that the
morphology, shape and size distribution of dried AuNPswere very similar. Based on the performed
laboratory research, it could be concluded that preparedH-AuNPs could represent a new and low-
cost effective solution for futureUSP transfer onto the industrial level, not only in in the process itself,
but also in the field of Low-cost Precursor Preparation.

Abbreviations

AuNPs Gold nanoparticles

C-AuNPs AuNPsmade from commercial Gold (III) chloride tetrahydrate

ICP-MS Inductively Coupled Plasma-Mass Spectrometry

C-HAuCl4 Commercial HAuCl4 precursor

EDX Energy-Dispersive x-ray spectroscopy

FTIR Fourier-transform infrared spectroscopy

HAuCl4 Gold chloride precursor

H-HAuCl4 HomemadeHAuCl4 precursor

H-AuNPs AuNPsmade from a homemade precursor

PVP Polyvinylpyrrolidone

SEM Scanning ElectronMicroscopy

SPR Surface PlasmonResonance

TEM Transmission ElectronMicroscopy

tUSP Time period of theUSP process

USP Ultrasonic Spray Pyrolysis
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UV–vis Ultra-Violet visible spectroscopy

1. Introduction

Nanotechnology has become a crucial part in various critical research fields, likeMaterial Science, Engineering,
Biology, Physics, andChemistry [1]. The attraction towardsNanotechnology is due to the evolution of
nanomaterials and their different shapes, sizes and chemical composition because of their controlled scattering
and improvised techniques. Due to these, nanomaterials play a dominating usability in the field ofMedical
Science, including biological applications viz, photothermal therapy, x-ray image [2–4] etc.

AuNPs have gained attention during the last decades because of their unique properties, like Surface
PlasmonResonance (SPR), non-toxicity, biocompatibility and stability, which havemade them a very attractive
material for biosensor systems [5–8].Moreover,many researchers have investigated the role of AuNPs in the
areas of electronics [9, 10], biomedical [11, 12], catalytic [13–15], food technology [16–18] and also solar cells for
high performance applications [19–21].

To produce AuNPs, two processes aremainly in use, one is bottomup synthesis, and the other is the top
down approach.Wet chemicalmethods [22, 23], radiolysis [24, 25], chemical vapour deposition [26], spray
pyrolysis, theUV irradiation technique [27, 28] are the bottom-up approach, and nanolithography, and high-
energymilling belong to the top down approach. USP is one of the prominentmethods for synthesising
nanoparticles with high purity and controllable uniform sizes. Themain advantage of theUSPmethod is that it
is economical and capable of producing nanoparticles in larger quantities [29].

The syntheses of AuNPs are basedmainly on the gold (III) derivatives like chlorides, acetates, bromides,
using reducing agents like amines [30], plant extracts [31], polymers [32], and glycerol [33]. The common
precursor used for the production of AuNPs isHAuCl4 [34, 35], which is,mostly, soluble in all solvents,
includingwater. In 1951, Turkevich introduced the synthesis of AuNPswith sizes of approximately 20 nm, by
reduction ofHAuCl4 using the citratemethod [36]. Frens et al improved thismethod further by varying different
parameters, and produced different sizes of AuNPs successfully from15 nm to 150 nm [37]. The literature
reveals the synthesis of AuNPs using commercially availableHAuCl4 powders [38–41]. However, in themarkets,
these available precursors are very expensive tomakeAuNPs for scale-up production.

In previous decades, the extraction of goldwas performed from gold ores by using cyanide leaching [42, 43].
Due to the environmental issues of cyanide, of halides, aqua regia, thiosulfate and thiourea are nowused as
alternativematerials [44]. Themost commonmethod for extracting gold is dissolving it in aqua regia, but this
process has critical steps, like evaporation ofHCl andHNO3. The use of halides like the chlorine gasmethod is
usedmostly in the industrial application to dissolve gold and produce stable gold chlorides [45, 46]. Shirin et al
[47] proposed thismethod of dissolving gold by using the chlorine gas to synthesise a pure gold chloride
solution, which can use thefinal product directly in theUSP process.We adapted thismethodology in the
present work as a laboratory synthesised homemadeH-HAuCl4 precursor for possible synthesis of AuNPs
throughUSP. Based on this, in thefirst step of research, the aimwas to determine themain properties of
H-HAuCl4, such as chemical composition, surface tension and pHvaluewith the corresponding analytical
techniques, and to compare themwith the commerciallymadeC-HAuCl4 precursor prepared fromGold (III)
chloride tetrahydrate and deionisedwater. The second stepwas preparation ofH- andC-AuNPs through the
USP process, with as equal and constant technological parameters as possible, and thenmaking a critical
assessment of the comparability of bothAuNPs‘ types. For this assessment, various techniqueswere used, like
SEM, EDX, TEMUV–vis and FTIR, in order tofind any differences in surface characteristics, size, and
morphology betweenH- orC-AuNPs.

2.Materials andmethods

2.1.Materials
Gold (III) chloride tetrahydrate (tracemetals basis�99.9%, AcrosOrganics, Geel, Belgium),
polyvinylpyrrolidone (PVP40 SigmaAldrich,Merck, Germany), Gold pellets (99.99%,∼250 mg, ZlatarnaCelje
d.o.o, Celje), hydrochloric acid (36% concentrated, Honeywell FlukaGmbH,Germany), potassium
permanganate (Carlo Erba Reagents, France), and sodium thiosulfate pentahydrate (Carlo Erba Reagents,
France)were all used as received.Milli-Qwater and deionizedwaterwere used as the reaction solvent.
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2.2. Preparation ofH-HAuCl4 andC-HAuCl4
H-HAuCl4 was prepared by using simple laboratory apparatus [47]. The thermodynamics and process involved
in the preparation ofH-HAuCl4 are presented in the supplementary file S1 is available online at stacks.iop.org/
MRX/7/055017/mmedia.

The as-receivedGold (III) chloride tetrahydrate powderwas orange in colour containingmicron-sized
particles. Deionisedwater was added to the Au (III) chloride tetrahydrate powder, to obtain C-HAuCl4
precursorwith concentration of [Au]=1 g l−1.

2.3. Characterisation ofH-HAuCl4 andC-HAuCl4
Inductively Coupled Plasma-Mass Spectrometry (ICP-MS), while using a spectrometer (HP,Agilent 7500CE,
equippedwith a collision cell, Santa Clara, CA,USA), was performed onC- andH-HAuCl4 precursors, in order
tomeasure the concentration of Au (chemical composition). ICP-MS analysis was carried out under the
operating conditions: Power=1.5 kW,Nebulizer-Meinhard, plasma gasflow (l min−1)=15,Nebulizer gas
flow (l min−1)=0.85,Make up gas flow (l min−1)=0.28, andReaction gasflow (mlmin−1)=4.0.Matrix
matched calibration solutionswere prepared and analysed for calibration. Prior to the analysis, the samples of C-
andH-HAuCl4 precursors were dissolved in 10% (v/v) aqua regia. The relativemeasurement uncertainty was
established to be±3%.

Surface tensionwasmeasuredwith aKRUSSK12 tensiometer forH-HAuCl4 andC-HAuCl4 solutions.
Three repetitions weremade, and tenmeasurements were performed on each set.

pHwasmeasuredwith a pHmeter (Mettler Toledo,USA) for both precursors.

2.4. Synthesis of AuNPs
Ahorizontal type ofUSP device (ZlatarnaCelje d.o.o, Celje)was used for synthesis of AuNPs. TheUSP device
consisted of:

– Ultrasound generator (model PrizNANOPrizma d.o.o. Kragujevac, Serbia, with a frequency 2.4 MHz and
aerosol capacity of 500 ml h−1),

– Carrier gas supply unit (N2),

– Heating part (1. Evaporation zoneT=100 °Cand 2. Reaction zone divided into 3 parts for better controlling
of T in the transport tubewith T=400 °C),

– Reaction gas supply unit (H2),

– System for AuNP collection by using ethanol as amedium and PVPpolymer as a binder.

The schematic presentation of theUSP device, with dimensions and some important technological
parameters for AuNPs synthesis in this research, is shown infigure 1.

Aerosol formation occurred in the ultrasound generator fromH- orC-HAuCl4 separately, with the initial
concentration of [Au]=1 g l−1. Due to the vibrations of the ultrasound below the precursor surface, the kinetic
energy of the precursormolecules increases rapidly. This causes small droplets to overcome surface tension and
break away from it. This effect, known as nebulisation, producedmicron sized aerosol droplets, which act as
individual chemical reactors when subjected to thermal treatment in the heating part of theUSP.Droplets in a

Figure 1. Schematic presentation of theUSP device for the synthesis of AuNPs.
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size distribution from1 to 15micrometers were createdwith a high-frequency ultrasound (0,5–3MHz), [48]. In
our case, the frequencywas 2,4 MHz, so it could be assumed that the droplets‘ sizes were in the same range.With
the help ofN2, droplets were passed through the heating part, whereH2 entered into the reaction zone for the
reduction of Au+3 into AuNPs. The detailed parameters used for synthesising ofH-AuNPs andC-HAuCl4
precursors are shown in table 1.The steps and chemical reactions involved in formations of AuNPs inUSP
synthesis were the following [48]:

1. Droplet evaporation at = T 100 C

2. Thermal decomposition +  ++ -H AuCl Au Cl HCl4 2 6[ ]

3.Hydrogen reduction +  +Au Cl H Au HCl3 2 3o
2 6 2

4.Densification of AuNPs

2.5. Characterisation of AuNPs
Attenuated Total Reflectance - Fourier Transform Infrared (ATR-FTIR) spectroscopy analysis of theH- and
C-AuNPswas performed by using a Perkin–Elmer IR spectrophotometer with aGoldenGate Attenuated Total
Reflection (ATR) attachmentwith a diamante crystal. The spectrawere accumulatedwithin 16 scans at a
resolution of 4 cm−1 within a range of 4000 cm−1 to 650 cm−1.

The spectra of the solution ofH- andC-AuNPswere prepared by using quartz cells with aVarianCary 100
ScanUV/Vis spectrophotometer for the analysis.

A Scanning ElectronMicroscope (SEM), Sirion 400NC (FEI, USA)with an Energy-Dispersive x-ray
spectroscope INCA350 (Oxford Instruments, UK), was used for identification of AuNPs size andmorphology.
For this purpose, the rotavapor techniquewas used for drying theH- andC-AuNPs, in order to achieve the
necessary conditions for AuNPs‘ observation. TheAuNPswere put dropwise on SEMholders with conductive
carbon adhesive tape and left to dry under vacuum. Energy-Dispersive x-ray spectroscopy (EDX)was used for
the determination of the chemical analysis.

TEM (JEOL 2100 JEOLARMCF), STEM (JEOLARMCF), ElectronDiffraction (ED/TEM; JEOL 2100,
JEOLARMCF), and EDX spectroscopy/TEM (JED 2300), operating at 80 kV electron beamunder high
vacuum,were used to investigate the deepermorphology of the AuNPs. The collected driedAuNPswere first
dispersed in deionisedwater. A drop of this suspensionwas put on a carbon coated TEMgrid of 200mesh. The
grids were then dried before theywere used for TEM investigations.

AuNPs sizemeasurements were performed from the SEMandTEMmicrographswith themicroscope
software, alongwithmanualmeasurements with the image processing and analysis software ImageJ. The
manualmeasurements from the ImageJ software were used for nanoparticle size distribution representations.

3. Results and discussion

3.1. Characterisation ofH-HAuCl4 andC-HAuCl4
The ICP‐MS techniquewas used to determine the chemical composition of theH-HAuCl4 andC-HAuCl4. In
the preparation process (see supplementary information S1), the use of KMnO4may influence the precursor
solution’s purity. From the results of ICP analysis, it was found out that therewere no traces ofMn in the
H-HAuCl4. The concentration of theH-HAuCl4 andC-HAuCl4 precursors was, in both cases, 1 g l

−1 Au.
Surface tensionmeasurements were performed by using of the platinumplate, whichwas suspended

vertically and immersed into theH-HAuCl4 andC-HAuCl4. The surface tensionwas calculated from the
Contact Angle and the force, which correlate with the surface tension and the length of wetting. The surface
tension values for both the precursors and pH values, are shown in table 2.

Fromprevious research, the precursor solutionwith anAu concentration of 1 g l−1 had a density
(1002 g l−1), surface tension (≈74mNm−1) and viscosity (≈1mPa s) similar to that of water, as it is not a highly
concentrated solution. This, in turn, ensured thatH-HAuCl4was suitable for aerosol production.

Table 1.Parameters used for the synthesis ofH- andC-AuNPs.

[Au] (g l−1) T1 (°C) T2 (°C) T3 (°C) T4 (°C) N2 (l min−1) H2 (l min−1) Collectingmedium tUSP (min)

1 100 400 400 400 4 2 0.1%PVPdissolved in ethanol 120
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3.2. Synthesis of AuNPs
For the synthesis of AuNPs, optimal parameters with a gas flowof nitrogen at 4 l min−1 and hydrogen at
2 l min−1 were used in theUSP process [48]. The synthesised AuNPswere collected in ethanol as amedium [49].
PVPwas used as the stabilising agent and tominimise the aggregation of AuNPs. PVPwas also used as a shape-
controlling agent, and for preventing the agglomeration of AuNPs during the synthesis [50].

The droplet sizes depend on the ultrasonic frequency of the generator and on density, surface tension and
concentration of the dissolvedAu in the precursor solution, as seen in the distributionsmeasured by laser
diffraction [51]. The separate evaporation zone ensured the formation of spherical dried particles of gold
chloride before the reaction zonewithH2—this was accomplished by using low temperature, T=100 °C
required for slow evaporation of the solvent- deionisedwater. Theoretically, this enabledmore stable conditions
for evaporation.When the solvent evaporationwas slow enough, the solute (gold chloride) diffused into the
centre of the droplet, forming spherical driedAuNPs, andwithout the reaction gas present at this stage, the
particles cannot formon the surfaces of the droplets from gold chloride.

3.3. Characterisation of AuNPs
3.3.1. FTIR studies ofH- andC-AuNPs in collectingmedia
Figure 2 shows FTIR spectra for PVP functionalised AuNPs. The absorption band at 3400–3300 cm−1 for
Hydroxy groupwas 1290 cm−1, which exposed the symmetric stretching of theC–NorC–Obond [52]. In the
case of PVP cappedAuNPs, a shift of C–Ostretching from1650 cm−1 to 1630 cm−1 confirms the
functionalisation of AuNPswith PVP via intermolecular hydrogen bonding [53].

3.3.2. UV–vismeasurements of H- andC-AuNPs in collectingmedia
Figure 3 shows theUV–vis spectra of AuNPs in collectingmedia from (i)C-HAuCl4 and (ii)H-HAuCl4. The
spectrumof PVP functionalised AuNPs in collectingmedia fromboth precursors show absorption peaks at
∼548 and∼536 nm,which are characteristic peak of AuNPs arising due to SPR [54].

Table 2. Surface tension and pH values.

Surface tension (mN m−1) pH

H-HAuCl4 65.60±0.04 1.8

C-HAuCl4 71.88±0.05 3.0

Figure 2. FTIR spectra of pure PVP,H-AuNPs, andC-AuNPs.
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3.3.3. SEM/EDXanalysis
Figure 4 shows the SEManalysis of driedC-AuNPs andH-AuNPs. In both cases, the formedAuNPswere a
combination of irregular shapes and round nanoparticles, and their chemical composition confirmed the
presence of Auwith a percentage of 99.7%; chlorides and oxides were in very low quantities, which could be
attributed as a residue of theUSP process. The formedAuNPs have a typical size of C-AuNPs andH-AuNPs, as
are shown infigures 4(A) and (B). The shapes of AuNPs aremostly spherical, and no agglomerationwas
observed, due to the presence of PVP polymer as a stabilizer [55]. Therewere no visible surface defects on the
surfaces of theAuNPs.

3.3.4. TEManalysis
Figure 5 shows typical TEM images for the smallest group of driedC-AuNPs andH-AuNPs.

AuNPs‘ sizemeasurements were performed, giving the nanoparticle size distribution infigure 6. 607
nanoparticles weremeasured for C-AuNPs, and 610 nanoparticles weremeasured forH-AuNPs. The binning
for the distributionwas 1 nm. It is evident that a larger number of very small nanoparticles from2 to 8 nmare
present in both samples, while, for the sample of AuNPs fromH-HAuCl4, the smaller nanoparticles are even
more numerous, as seen in the distribution. The calculatedmean nanoparticle size for C-AuNPs is 25.5 nm,
while forH-AuNPs it is 32.6 nm. Themaximummeasured nanoparticle size for C-AuNPs is 199 nm, and
405 nm forH-AuNPs, indicating thatH-AuNPs have a broader distribution, with a higher number of very small
nanoparticles (2–8 nm) and a higher number of larger sub-micron particles (above 200 nm). These larger
particles are alsomore irregular in shape. It seems the rheological properties of theH-HAuCl4 used inUSP

Figure 3.UV–vis spectra of C-AuNPs andH-AuNPs, having amaximumabsorbancewavelength at 548 nmand 536 nm.

Figure 4. SEMmicrograph of dried: (A)C-AuNPs, (B)H-AuNPs.
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favour smaller AuNPs‘ formation, alongwith larger irregular nanoparticles, which is probably due to the lower
value of pH in comparisonwithC-HAuCl4. Further investigations into different precursor Au concentrations
andUSPparameters need to be performed for optimising the formation ofmore uniformly sized and shaped
AuNPs.

From the FTIR studies, the presence of PVP and the shifting of C=Ostretching confirms the
functionalisation of AuNPs. It confirms thatmolecular interactions occurred between the PVP and PVP
functionalised AuNPs. UV–vis studies show the successful preparation of AuNPs fromboth precursors. From
figure 3, there is a shift in the absorbancewavelengths from536 nm to 548 nm. The shift indicates the greater size
of the AuNPs [56]. From this, H-AuNPs have a larger number of smaller sized nanoparticles when compared to
C-AuNPs. Fromfigure 4, there are smaller spherical size nanoparticles observed in theH-AuNPswhen
compared toC-AuNPs. This could be attributed to the lower surface tension value for theH-HAuCl4 (table 2);
also, these results are in good agreementwith theUV–vismeasurements. The lower surface tension affects the
droplet formation by ultrasound, resulting in smaller droplets and consequently smaller AuNPs.

Figure 5.TEM images of (A)C-AuNPs (B)H-AuNPs.

Figure 6.AuNPs‘ particle sizemeasurements: (A)H-AuNPs, (B)C-AuNPs.
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Previously, we have shown comparisons between different precursor acids, such as the chlorides, acetates
and nitrides usedwithUSP [57, 58]. However, the comparisons between different acidity levels of the same acid
(chloride) have not yet been shown, nor are they readily available in literature. The possibilities to determine the
usability of theH-HAuCl4withUSPwere investigated and confirmedwith this work.

4. Conclusions

Severalmain conclusions can be drawn from this study:

(1) TheH-HAuCl4 precursor produced by the chlorine gasmethod is suitable forUSP synthesis.

(2) FTIR studies of H-AuNPs show the intermolecular hydrogen bonding between PVP and AuNPs in
collectingmedia.

(3) UV–vis spectra confirm the presence ofH-AuNPs at 536 nm,which exhibits the optical feature.

(4) SEMandTEManalysis identified thatH-AuNPs had similar size, size distribution and shape as C-AuNPs.

From all these, it is possible to conclude thatH-HAuCl4 has somewhat different rheological properties and
acidity, producingH-AuNPswith a differentmorphology and size distribution as compared to theC-AuNPs.
For future works, the concentrations and acidity of the precursorwill bemodified, for determining their effect
on the nanoparticle formation. This could prove to be a helpful type ofmodification for producing AuNPswith
desired properties withUSP.
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