
RSC Advances

PAPER
Necked gold nan
aInstitute of Nanotechnology and Nanobiolo

St. 52, Bldg. 6, 66-400 Gorzow Wielkopolski
bCentre of Molecular and Macromolecula

Sienkiewicza 112 St., 90-363 Lodz, Poland
cFaculty of Materials Engineering and T

Technology, Piotrowo 3A St., 61-138 Poznan
dInstitute of Optoelectronics, Military Unive

908 Warsaw, Poland

Cite this: RSC Adv., 2022, 12, 33955

Received 25th September 2022
Accepted 21st November 2022

DOI: 10.1039/d2ra06050g

rsc.li/rsc-advances

© 2022 The Author(s). Published by
oparticles prepared by submerged
alternating current arc discharge in water

K. Jankowski, *ab J. Jabłońska,ac P. Uznański,b S. Całuch,a M. Szybowicz, c
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The article presents the method of producing gold nanoparticles using a high voltage arc discharge of

alternating current with a frequency of 50 Hz in distilled water. The equipment necessary to carry out

the process is described, including the construction of the reactor and the power source of a very

simple design necessary to generate a high-voltage arc discharge between the electrodes. Arc discharge

processes were carried out two times for 2 and 5 minutes, respectively, in ambient conditions without

thermostating the reactor, at medium temperature varying in the range of 25–70 °C. The obtained gold

nanoparticles were examined by means of various analytical techniques such as UV-vis spectroscopy,

zeta potential measurement, energy dispersive X-ray analysis (EDS), X-ray diffraction (XRD). The

morphology, surface, and size of the obtained nanoparticles were carried out using transmission

electron microscopy (HRTEM) and dynamic light scattering (DLS). The concentration of the obtained

colloids were determined using the mass spectrometry ICP-MS technique. The results show that high-

voltage AC arc discharge is a simple and effective way to obtain stable gold nanoparticles under

environmentally friendly conditions at relatively low production costs, and can be considered as an

alternative to arc discharge nanoparticles synthesis by means of direct current (DC) methods.
1. Introduction

Metal nanoparticles have been of great interest since Turke-
vich's1 pioneering work on the nucleation and growth of
colloidal gold using an electron microscope. Another milestone
in the synthesis of gold nanoparticles of signicant importance
in the development of nanoscience was Brust's work from
1994,2 which inspired research in various elds of optics,
optoelectronics, catalysis, medicine, biosensors, and so on. For
example, gold nanoparticles are successfully used in biomedi-
cine. The high surface-to-volume ratio of gold nanoparticles
makes it possible to cover their surface with many compounds
of functional importance. Their various new features have
found many applications e.g. in biosensors to detect sugars,3

nucleotides,4 DNA,4 proteins,5 toxins,6 viruses.7 The possibility
of obtaining different shapes of nanoparticles and structure
increases their attractiveness in sensing phenomena. The
operation of sensors with the use of gold nanoparticles is based
on a variety of analytical techniques: colorimetry, i.e. colour
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changes of nanoparticles aer aggregation,8 uorescence, or
SERS spectroscopy.9 Gold nanoparticles are also applied as
catalysts in chemical reactions,10 as conductors in electronics,11

and as probes for biological imaging.12

The most commonly known approaches of producing gold
nanoparticles are bottom-up methods involving the chemical
reduction of organometallic precursors and salts of gold
compounds,13–18 or physical reduction including UV radiol-
ysis,18,19 ultrasound,20 or electron beam lithography.21,22 In turn
pure physical top-down methods for the synthesis of metallic
nanoparticles are based on bulk materials and use for synthesis
e.g. laser ablation,23,24 or electrical discharges,25–28 and are
among themethods that give less dened nanostructures due to
the inability to control, on demand, the particle shape, size and
size distribution on which their surface properties signicantly
depend.29 On the other hand physical methods are powerful for
producing nanoparticle colloids with a good stability despite
the absence of organic stabilizers. Thus using these methods it
is possible to successfully obtain pure gold nanoparticles with
low toxicity30,31 and very good biocompatibility.32

To meet the demand of necked gold nanoparticles motivates
the development of different synthesis methods which have
their own advantages and drawbacks. Arc discharge in liquids
using direct current (DC) method,33–35 appeared in the 1990s,
was based on the production of graphite nanostructures.36 One
of its main advantages relies on its relative simplicity since it is
based on a current ow between two solid electrodes in a liquid
RSC Adv., 2022, 12, 33955–33963 | 33955
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environment. The ease of the apparatus construction, low
concentration of the introduced impurities during synthesis, no
need to use vacuum and a high yield make it attractive in
applications also when scaling up for mass production.

Our studies have shown that alternating current (AC) arc
discharge in water can be successfully used as an effective
method of obtaining metal nanoparticles, and is a good alter-
native to DC arc discharge requiring the use of rectifying and
ltering systems for the electrical signal. In the case of using an
alternating current discharge with a frequency of 50 Hz,
a system consisting of a transformer from the microwave oven
(MOT) and an autotransformer for voltage regulation on the
secondary windingMOT.37 The described solution has also been
successfully used for the preparation of silver nanoparticles and
the production of elongated carbon wires.36,38 Such a solution is
relatively cheap, energy-efficient and environmentally friendly.
Well-separated gold nanoparticles in pure water seem to be
thermodynamically stable for a long time.
2. Materials and methods
2.1. Materials

Wires of 2 mm in diameter and 26 mm long for the top and
bottom electrode were made from investment gold (99.9%,
Heraeus). The process was carried out in distilled water with
a conductivity of 0.55 mS and pH = 6.5. Acid, 0.1 M HCl
purchased from Sigma Aldrich was used to etch the electrodes
before electrolysis.
2.2. Analytical methods

Gold electrodes were weighed before and aer the process using
an electronic analytical balance AXIS ALN120 (Axis Sp. Zoo.
Gdansk, Poland). Voltage values were measured with the use of
a Fluke high-voltage probe (80K-6) and current values with
a Hantek CC650 AC/DC clamp probe. The signals were moni-
tored with a Tektronix TDS2024B oscilloscope and measure-
ment data was collected via a USB port. Absorbance spectra of
colloidal samples were measured in the range of 200–900 nm,
using a Shimadzu 1240 UV-vis spectrophotometer with distilled
water as a reference. The hydrodynamic diameter (Dh), by
intensity, and zeta potential (Z) of gold particles were deter-
mined by dynamic light scattering (DLS) method, using Zeta-
Sizer Nano ZS90 (Malvern Instruments, UK) equipped with
HeNe red laser (l = 633 nm) and at a measurement angle of
173°. X-ray diffraction (XRD) analysis was conducted on a Mal-
vern Panalytical Aeris at the q–2q accusation scan with mono-
chromatic Cu Ka radiation (l = 1.5406 Å) operated at 40 kV and
7.5 mA. The scanning was done in the 2q range of 20°–90°.
Morphology, shape, and size of the gold nanoparticles were
examined by the TEM technique with a FEI Titan 300 kV FEG
TEM/STEM equipped with an EDAX EDS detector. Energy
dispersive X-ray spectra (EDS) were obtained using a scanning
electron microscope (SEM) JSM-6010LV/LA equipped with
a silicon EDS detector. Elements were detected at accelerating
voltage of 15–30 kV in high-vacuum mode. Colloids concen-
trations were measured using inductively coupled plasma mass
33956 | RSC Adv., 2022, 12, 33955–33963
spectrometry (ICP-MS) with a PerkinElmer ELAN DRC II spec-
trometer. Test samples were prepared by 104-fold dilution of the
originally prepared samples to a volume of 50 mL. Inorganic
Ventures 10 ppm gold (Au) ICP calibration/quality control
standard with concentrations of 0.1, 1, 10, 50% and volumes of
50 mL was used to prepare the calibration curve.

2.3. Reactor system

The processes were carried out for 2 minutes (AuNPs-2) and 5
minutes (AuNPs-5), respectively. The preparation of gold
nanoparticles in water took place in the reactor presented in
Fig. 1a, which consists of a quartz tube with the length of
100 mm and a diameter of 80 mm, and Teon covers sealed
with O-rings. Each cover has a lead for the holders that clamp
the gold electrodes. The clamp holders are connected to electric
power supply. The toc electrode has an adjusting screw. This
solution allows to control a correct distance of the electrodes
necessary for ignition and continuous operation of the electric
arc. The arc discharge for the electrical parameters used in this
experiments occurs for a distance of 1.2 mm between the elec-
trodes. There is a valve in the bottom cover that allows the
reactor to be quickly emptied from the obtained colloid. The
power supply system (Fig. 1b) that enables the generation of
a continuous operation of an alternating voltage electric arc
consists of an autotransformer and a microwave oven trans-
former (MOT) (Samsung DE26-00122B Microwave High-Voltage
Transformer). The autotransformer controls low voltage in the
range of 0–230 V, while the MOT transformer induces a 10-fold
increase in the voltage obtained on the secondary winding, e.g.
setting the autotransformer to 100 V, the MOT output will be
1000 V. The described power supply system operates with
a mains frequency of 50 Hz. The voltage and current measure-
ments during the process were made with the use of multi-
function meters. For reasons of work safety and ensuring
constant thermodynamic parameters, theMOT transformer was
placed in a plastic container and poured over with transformer
oil. All production processes were carried out at room temper-
ature (21 °C) without cooling the reactor.

2.4. Submerged arc discharge process

Before the process, the gold electrodes were etched in 50 ml of
0.1 M HCl for 10 min at temperature 21 °C, and then rinsed
copiously in distilled water. Dry electrodes were weighed before
and aer the arc discharge process. The total weight loss of the
electrodes was 0.0044 g and 0.0063 g for AuNPs-2 and AuNPs-5,
respectively. The assembled reactor equipped with Au elec-
trodes and magnetic stirrer was lled with 160 mL of distilled
water. The distance between the electrodes was set at 1.2 mm
and a voltage of 1.5 kV from the secondary winding of the MOT
transformer was applied to the electrodes. During arc
discharge, the average voltage across the electrodes decreased
to 1.25 kV (2.5 kV peak-to-peak voltage), and the current peak-to-
peak was 0.85 A (Fig. 1c).

Experiments were conducted without reactor cooling. The
temperature of the colloid aer the 2 minutes process was 56 ±

3 °C, while aer 5 minutes discharge it was 67 ± 3 °C. The
© 2022 The Author(s). Published by the Royal Society of Chemistry



Fig. 1 (a) Diagram of a submerged continuous arc discharge reactor. (1) Adjusting screw, (2) top cover with gas dosing valve and first electrode
clamp. (3) Borosilicate glass tube filled with water. (4) Wire gold electrodes (5) bottom cover with holder for the second electrode. (b) Scheme of
power supply. (c) Current–voltage characteristic during AC arc discharge.

Fig. 2 UV-vis absorption spectra of gold nanoparticles of various
concentrations obtained in the 2 minutes (AuNPs-2) and 5 minutes
(AuNPs-5) high voltage AC arc process, measured in a cuvette with an
optical path length of 1 mm. Inset: images of gold colloids AuNPs-2 (a)
and AuNPs-5 (b).
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colloids were allowed to cool down to room temperature prior to
analysis.

3. Results and discussion
3.1. UV-vis spectroscopy

The Au nanoparticles concentration was controlled by the arc
discharge time, which in the present study was 2 and 5 minutes,
respectively, for AuNPs-2 and AuNPs-5 colloid. Formation of gold
nanoparticles during the AC arc process was followed by change
in the water colour (inset Fig. 2) of the reaction solution from
colourless by pink (AuNPs-2) to dark purple (AuNPs-5). The UV-vis
absorption spectra of the AuNPs with different concentrations are
shown in Fig. 2. The clearly visible broad bandwith amaximum at
525 nm for AuNPs-2 derives from the phenomenon of surface
plasmon resonance (SPR) and is an inherent feature of gold
nanoparticles.39 For the second sample, AuNPs-5, the spectrum
position slightly shis to 536 nm and gains intensity at ∼600 nm.
The shape of the band with long absorption tail suggests the
presence of not only spherical nanoparticles in the water but
objects of irregular shapes or aggregates.
© 2022 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2022, 12, 33955–33963 | 33957



Fig. 3 Size distribution signals from measurements of dynamic light scattering by intensity (A) and volume (B) for AuNPs-2 (a) and AuNPs-5 (b)
colloid. All signals are averaged from three repeat measurements.
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3.2. Dynamic light scattering and zeta potential
measurements

The size distribution prole of the produced gold nanoparticles
measured by DLS method in terms of scattering intensity (A)
and volume (B) is shown in Fig. 3a and b for samples AuNPs-2
Fig. 4 Results of zeta potential measurements for the 2 minutes (a) and

33958 | RSC Adv., 2022, 12, 33955–33963
and AuNPs-5, respectively. Although DLS only measures the
hydrodynamic diameter of particles this technique directly
represents the sizes in a native colloidal system. The scattered
signals conrm the broad particle size distribution which
agrees well with the UV-vis extinction prole extending into the
5 minutes process (b).

© 2022 The Author(s). Published by the Royal Society of Chemistry



Fig. 5 TEM (a) and HRTEM (b) images, (c) SAED diffraction pattern, and (d) size distribution of AuNPs-2 nanoparticles obtained in the 2 minutes
arc discharge process.
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long-wavelength region. Size distribution proles by scattering
intensity reveal two NPs populations for both samples with an
overall z-average size around 7.6 nm and 89.2 nm, for AuNPs-5,
and around 13.6 nm and 103.4 nm, for AuNPs-5. This indicates
that the sample consisted of aggregates. The size distribution by
intensity of the DLS is skewed due to the 6th power dependence
of the light scattering intensity. The volume size distribution is
more suitable for comparison with other volume based detec-
tion techniques such as UV-vis absorption. This is demon-
strated in Fig. 3a and b (B) for colloid AuNPs-2 and AuNPs-5,
respectively. As shown, the relative proportions of the two size
distributions intensity convert to a particle size distribution by
volume with a smaller average values, in this case 6.9 nm and
12.5 nm.

Zeta potential, which is the electrical potential at the sol
interface was determined to be −43.5 mV for AuNPs-2, and
−34.6 mV for AuNPs-5 (Fig. 4a and b). The Zeta potential
provides information about the surface charge of the nano-
particles, which was negative here. Its value informs about the
colloid's stability. The high negative zeta potential values are
related to the electrostatic repulsive forces between the gold
particles and make the colloid very stable for at least months,
© 2022 The Author(s). Published by the Royal Society of Chemistry
which was supported by the lack of changes in the UV-vis
spectra and the value of the Zeta potential.
3.3. Transmission electron microscopy analysis

A transmission electron microscopy was used to verify the mean
particle size and size distribution of gold nanoparticles. Fig. 5a
and 6a show a typical TEM images of gold nanoparticles ob-
tained from the discharge between pure gold electrodes in
distilled water. These TEM images conrm the presence of
polydispersed Au nanoparticles. The crystalline form of the
obtained gold nanoparticles can be examined in the photos
taken using the high resolution technique HRTEM (Fig. 5b and
6b). Selected area electron diffraction (SAED) analysis was used
to determine lattice constants. The ring diffractograms are
typical for polycrystalline samples where the diameter of each
ring indicates interplanar distance of crystallographic planes.
Thus the Scherrer ring patterns in Fig. 5c and 6c indicate the fcc
gold structure with Miller indexes of (111), (200), (220), (311).
Histograms plot describing the particle size distribution is
shown in Fig. 5d and 6d. It is 5.7 nm for 2 minutes- and 8.4 nm
for 5 minutes-process. By analyzing the TEM/HRTEM images
and determining size distribution, we can conclude that
RSC Adv., 2022, 12, 33955–33963 | 33959



Fig. 6 TEM (a) and HRTEM (b) images, (c) SAED diffraction pattern, and (d) size distribution of AuNPs-5 nanoparticles from the 5 minutes arc
discharge process.

Fig. 7 XRD patterns of thin layers prepared by casting on a Si(510) zero
diffraction substrate from AuNPs-2 (a) and AuNPs-5 (b) colloids.
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a longer process causes an increase in size of the obtained gold
nanoparticles. The AuNPs shape for the 5 minutes process are
more irregular than for the 2 minutes process, nevertheless
retaining its roundness.

3.4. X-ray diffraction (XRD) measurements

Fig. 7 shows XRD diffraction patterns for AuNPs-2 and AuNPs-5
samples along with maxima assigned according to the Inter-
national Center Diffraction Data/Inorganic Crystal Structure
Database (ICDD/ICSD Au reference code 00-004-0784 JCPDS le:
04-0784). Note that the (111) peak of gold is much more intense
than the other existing Au diffraction peaks. There is a visible
broadening of the diffraction peaks for both samples, indi-
cating the presence of crystallites of reduced size. The broad-
ening of an observed diffraction peak. Such a broadening can be
characterized simplistically by its FWHM (full width at half
maximum) value at a particular 2q angle as 38°, 44°, 64°, 78°,
and 82° respectively. Because the apparent FWHM of a peak is
a mathematical combination (convolution) of the specimen
broadening FWHM(S) and the instrumental broadening
FWHM(I), the instrumental broadening is subtracted from that
of the observed diffraction peak. If the crystallites (crystalline
domains) in the specimen are free of lattice strain, their average
size D can be estimated from the specimen broadening
FWHM(S) of any single peak in the observed pattern according
to the Scherrer formula:
33960 | RSC Adv., 2022, 12, 33955–33963
D = K × l/(FWHM(S) × cos(q))

where q is the peak position and K is the dimensionless shape
factor (for fcc lattice is assumed 0.94) of the average crystallite, l
is the X-ray wavelength, FWHM(S) is the line broadening at half
the maximum intensity (FWHM), q is the Bragg angle. The
© 2022 The Author(s). Published by the Royal Society of Chemistry



Fig. 8 EDS spectra of samples prepared from AuNPs-2 colloid.
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calculated average crystallite sizes were 8.4 ± 3.2 and 11.6 ±

2.8 nm for AuNPs-2 and AuNPs-5 colloid, respectively. This
means that the nanoparticles growing in the HV discharge arc
are made of smaller crystallites.
3.5. Elemental analysis by energy dispersive X-ray
spectroscopy (EDS)

EDS was used to determine which chemical elements were
present in the sample and to estimate their relative abundance.
Fig. 8 shows the EDS spectrum for AuNPs-2 (for AuNPs-5 is
essentially similar). For both samples, the energy dispersive X-
ray analysis of gold nanocrystallites showed a characteristic
peak at approximately 2.2 keV (Ma), 9.71 keV (Lb1), 11.41 keV
(Lb2), which corresponds to metallic gold. In the EDS spectrum,
in both samples we can nd peaks from such elements as C, Cu
and Zn. The carbon is derived from the carbon strip covering
the brass substrate (Cu and Zn) used in the SEM microscope.
Differences in the intensity of a characteristic X-ray Au peaks
can also be observed for different discharge time. It is clearly
visible that the Au plasmon peak for the AuNPs-5 is more
intense. It can therefore be concluded that the concentration of
gold increases with the duration of the process.
3.6. ICP-MS and electrode weight loss measurements

Inductively coupled plasma mass spectrometry (ICP-MS) is
a technique in which the composition of elements in a sample
(mostly water-dissolved) can be determined using plasma and
Table 1 Gold concentration in colloids from the analysis of ICP-MS
measurements and weight loss

Sample
Average Au concentration
from ICP-MS (mg L−1)

Average Au concentration
from weight loss (mg L−1)

AuNPs-2 3.9 � 0.5 4.4 � 0.5
AuNPs-5 5.3 � 0.6 6.3 � 0.6

© 2022 The Author(s). Published by the Royal Society of Chemistry
a spectrometer in concentrations as low as one part in 1015. This
is achieved by ionization in an inductively coupled plasma, and
then using a mass spectrometer to determine the amount of
ions. The Table 1 below shows the calculated mean value of
nanoparticle concentration from two methods ICP-MS and
weight loss.

The concentration values determined by both methods, as
shown in Table 1, are in good agreement, which conrms the
high stability of the colloids obtained and the lack of
precipitation.
4. Conclusions

As shown by previous studies on electrical arc discharges
between two gold electrodes in deionized water, controlled
synthesis of gold nanoparticles in terms of different sizes and
shapes is still a challenge. The present work shows the possi-
bility of extending the syntheses of metal colloids with the
method of conducting them in an alternating current arc. In
contrast to DC methods, this process characterized by high
voltage and low current, offers the possibility of obtaining
smaller nanoobjects of oval shape, that are stable in water
without stabilizing compounds. Gold nanoparticles were ob-
tained using a very simple design of the supply system, which is
feasible under common laboratory conditions. It was noticed
that the longer the process, the larger the size of gold nano-
particles. During the arc discharge the surface lr of the Au
electrodes was ablated and condensed via nucleation and coa-
lescence processes in the water, creating a gold nanoparticles.

It was also noted that the use of alternating current evenly
consumes the gold electrodes during the processes. Already
from these preliminary results, it can be concluded that process
parameters such as applied operating voltage, electric current,
frequency, electrode shape and gap, water temperature are key
factors in the production of nanoparticles. The chemical
cleanliness of the water is a very important point. In further
work, the presence of intentionally introduced contaminants in
RSC Adv., 2022, 12, 33955–33963 | 33961
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the form of electrolytes or stabilizers will be thoroughly clari-
ed. The process was carried out at room temperature, but in
the future, these processes should be performed at constant
water temperature in order to determine the inuence of this
factor on the formation of gold nanoparticles and other metallic
nanostructures. No less important will be the explanation of the
mechanism of stabilization of colloidal particles from the AC
arc discharge process, which involves complex ion specic
effects at the nanoparticle/water interface and is responsible for
their long-term stability.
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