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Abstract: Gold nanoparticles (AuNPs) were produced using stainless steel as a solid reductant
to assist the synthesis of metal NPs, using HAuCl4 as a precursor. This method is very easy,
quick, and cost-effective, allowing the synthesis of highly stable NPs without additional capping
agents. However, the reaction mechanism is still under debate. In order to contribute to the
investigation of the synthesis of AuNPs using stainless steel, different experimental conditions
were tested. Cl− concentration, pH of the precursor solution, as well as stainless steel composition
were systematically changed. The syntheses were performed recording the open circuit potential to
potentiometrically explore the electrochemical properties of the system, under operando conditions.
Spectroscopic and morphological characterizations were carried out along with potentiometric
monitoring, aiming at correlating the synthesis parameters with the AuNPs characteristics. As a
result, an overview of the process features, and of its most reasonable mechanism were obtained.

Keywords: gold nanoparticle; stainless steel corrosion; plasmonic particle; aqueous metal colloid

1. Introduction

Gold nanoparticles (AuNPs) are the most ancient metal nanophase ever used and they are the
most common metal nanomaterial employed even today. This success is justified by the broad number
of synthetic procedures available, which allows a fine tailoring of size, shape, and surface properties,
providing a wide range of applications. In addition, the (relatively) high chemical and physical stability,
the ease of surface functionalization with organic or biological functionalities, and the multitude of
plasmon-related optical properties has led to an indisputable predominance in nanoscience [1–6].
Nowadays, their employment is predominantly focused in the biomedicine field for therapeutic [7,8],
diagnostic [9], imaging [10], or drug delivery applications [11], as well as in the analytical field for
sensing and biosensing applications [1,12–16].

Starting from Turkevich [17] and Brust–Schiffrin [18] classical methods to synthesize AuNPs,
several and various routes have been implemented and examined, commonly classified in chemical,
physical, electrochemical and biological synthetic methods. Chemical colloidal synthesis is one of the
most commonly used method to synthesize AuNPs [19] and involves: (i) a metal precursor, such as
gold (III) derivatives (i.e. HAuCl4), (ii) a reductant, and (iii) a stabilizer [20–22]. In some cases,
the excess reductant can also behave as stabilizer. Chemical synthesis of AuNPs is a low-cost and easily
scalable technology, which provides quite reproducible results (in terms of size and shape). However,
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some wet chemical processes suffer for drawbacks related to the use of toxic solvents, contamination
from chemical precursors and production of potential hazardous by-products [20]. To overcome these
disadvantages, other approaches are becoming popular in nanomaterial applications. Among them,
laser ablation synthesis in solution is a synthetic route classified as a physical method which could be a
satisfactory alternative. It ensures a good biocompatibility (especially if it is carried out in aqueous
environment) because it allows producing colloids of a relatively high purity, without any potential
toxic chemical and by-product. However, it incurs high investment costs, and the most diffused laser
sources are not capable of producing nanomaterials on an industrial scale [23]. Colloid electrochemical
synthesis is based on the sacrificial anode electrolysis [24]. This method provides colloidal solutions
without a chemical reductant and contamination by its sub-products [25]. At the same time, it requires a
specialized setup and peculiar experimental conditions (e.g. a conductive electrolyte, specific potential
values, etc). Alternative biological green synthesis methods, which use microorganisms, plant extracts,
intracellular or extracellular extracts of fungi or bacteria as potential biofactories for the synthesis
of AuNPs, have been introduced and have become a new trend in nanoparticle production [19,26],
offering nontoxicity and a reproducible production [27]. However, biosynthesis approaches to the
production of metal nanoparticles require specific laboratory conditions and settings [28]. Furthermore,
a careful purification of synthesized nanoparticles from impurities, such as the microbes themselves,
is necessary [29].

An innovative method to produce AuNPs was suggested by Han’s [30] and López-Lorente’s [31]
research groups, which allows the synthesis of AuNPs from tetrachloroauric acid solution using
steel or stainless steel as solid reducing agent. This method is extremely simple, one-pot, low-cost,
non-toxic and eco-friendly [32]. In fact, it avoids the use of a reductant in solution and can be
carried out under mild conditions, at atmospheric pressure and room temperature. Moreover, it is
an excellent candidate for potentially large-scale AuNPs production [31]. This synthesis is based on
the reduction of Au3+ to Au0 by means of a stainless steel piece which is simultaneously oxidized.
The mechanism leading to the formation of AuNPs remains elusive. Some reaction pathways have
been proposed. The first hypothesis assumes that when the stainless steel is immersed in an aqueous
solution of HAuCl4·3H2O, Cl− ions released from the Au precursor are transported through the
oxide film (commonly composed by oxides of Fe, Cr and Ni) to the metal surface, resulting in the
corrosion of the stainless steel. The consequent release of electrons is used for the reduction of Au3+ to
Au0 [30,31]. According to the second hypothesis, the reaction mainly occurs in the bulk of the solution,
when the hydrogen formed from the stainless steel assisted reduction of protons in the precursor acidic
media reduces AuCl4− ions, yielding AuNPs [31]. In order to contribute to the investigation of this
system, we explored its electrochemical aspects. The AuNP syntheses were performed monitoring the
open circuit potential (OCP), to explore the electrochemical behaviour of steel and track the solution
potential. The operando OCP monitoring has never been examined and it is useful to assess the role
of steel corrosion in the synthesis mechanism. Furthermore, to deepen the abovementioned theories
on the synthesis mechanism, the OCP tracking was also examined under different Cl− concentration
and pH values; in this way, their role on steel corrosion (correlating to AuNP formation mechanism)
was assessed. Additionally, the reaction time, the precursor solution concentration, as well as the
composition of the steel passivation layer were also investigated. It was found that steel composition
was extremely important in tuning the NP synthesis yield and colloid properties (i.e. size, zeta potential,
stability). Iron seems to play the main role, though chromium and nickel are responsible for the
modification of the corrosion behaviour. The proper tuning of these components may be used to tailor
gold nanoparticles.
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2. Materials and Methods

2.1. Materials

In the proposed syntheses, gold(III) chloride trihydrate (HAuCl4·3H2O, 99.9+%, Sigma-Aldrich,
Milan, Italy) was used as a gold precursor. Stainless steel rods (GoodFellow Cambridge Ltd,
Huntingdon, UK, length 10 cm, diameter 1 mm, total area 3.2 cm2) were used as reductant.
Three stainless steels of different composition were used, labelled according to AISI (American
Iron and Steel Institute) classification:

• AISI 430 (Fe = 81%, Cr = 17%, Mn, Si, C, S, P as minor components)
• AISI 410 (Fe = 87.5%, Cr = 12.5%)
• AISI 304 (Fe = 72%, Cr = 18%, Ni = 10%)

Sulfuric acid (H2SO4, 95-98%, ACS reagent, Sigma-Aldrich, Milan, Italy) and sodium hydroxide
(NaOH, 98.0%, ACS reagent, Sigma-Aldrich) were used to adjust pH. Sodium chloride (NaCl,
Sigma-Aldrich, Milan, Italy) was employed to investigate [Cl−] effect. Aqueous solutions were
prepared in Milli-Q water (25◦C, 18.2 MΩ). Aqua regia was prepared as a 1:3 mixture of nitric acid
(HNO3, 67%, TraceSelect®, Sigma-Aldrich, Milan, Italy) and hydrochloric acid (HCl, 37%, TraceSelect®,
Fluka Analytical Sigma-Aldrich, Milan, Italy). Transmission electron microscopy (TEM) samples were
prepared on Formvar®-coated, 300-mesh, Cu grids purchased from Agar Scientific (Stansted, Essex,
UK). Scanning electron microscopy (SEM) and X-ray photoelectron spectroscopy (XPS) samples were
prepared on Si slides from Si-Mat – Silicon Materials (Kaufering, Germany).

2.2. AuNPs Synthesis Using Stainless Steel Wire

Gold nanoparticles were synthesized according to the previously reported procedure [30,31],
with some variations. The glassware was cleaned and sonicated for 5 minutes in freshly prepared aqua
regia, followed by the same procedure using Milli-Q water. The stainless-steel substrates were subjected
to a surface pre-treatment and cleaning procedure, consisting in polishing with sandpaper for about
five minutes. Stainless steel rods shaped as spirals were employed. This form was useful to increase
the active surface area and improve stir movement. As a general procedure, the reaction was started by
immersing the stainless-steel piece under stirring into 15 mL of 1.3 mM HAuCl4·3H2O, aqueous solution.
The reaction was stopped by extracting the steel from the solution. The proposed reaction was carried
out at room temperature and atmospheric pressure. Freshly polished pristine steel rods were employed
for AuNP production. Most of the syntheses were performed at pH = 3.5, acidifying the reaction
medium with H2SO4, if necessary, before performing the synthesis in order to homogenize the starting
pH conditions. All AuNPs syntheses were carried out while simultaneously recording OCP values.
The OCP measurements were performed on a potentiostat model CHI 1140b (CH Instruments, Austin,
TX, USA). The experimental setup, presented in Supplementary Figure S1, consisted of a two-electrode
cell, including the stainless steel working electrode mounted on a rotating bar and an Ag/AgCl (KCl
sat.) reference electrode. PAR model 636 (Oak Ridge, TN, USA) electrode rotator was operated at a
constant rotation speed of 200 rpm throughout the experiments. The colloids synthesized using the
three different stainless steels were labelled “430-AuNPs”, “410-AuNPs”, “304-AuNPs” respectively
for AISI 430, AISI 410, AISI 304 steel. The [Cl−] and pH influence was studied using AISI 430. The effect
of different Cl− concentration (0.1 M, 0.5 M and 1 M) was studied adding NaCl. The effect of pH was
studied at pH = 1, and 5. The lower pH value was obtained preparing the HAuCl4 solution in H2SO4

0.05 M. Further, pH 5 was obtained adding a few µL of NaOH 1 M to the synthesis solution.

2.3. Gold Colloids Characterization

UV-Vis spectra were acquired with a double beam spectrophotometer (Shimadzu UV-1601) in
the 250−800 nm wavelength range. Quartz cuvettes (optical path 1 cm, Optech, München, Germany)
were used. Localized surface plasmon resonance (LSPR) peak positions were estimated on at least
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three replicates for each type of nanocolloid. TEM was performed with a FEI Tecnai 12 microscope
(Eindhoven, Netherlands), equipped with a LaB6 filament operating at 120 kV. Size distribution
histograms were obtained with OriginPRO 2016 software, after TEM images processing performed by
ImageJ software [33], manually highlighting individual NPs on each micrograph. Histograms were
produced on three replicates, counting more than 800 nanoparticles. X-ray photoelectron spectroscopy
measurements were performed on both steel rods and gold colloids deposited on silicon substrates,
using a PHI Versaprobe II (Chanhassen, MN, USA) spectrometer equipped with monochromatized
Al-Kα radiation (1486.6 eV), following a previously reported procedure [34,35]. Binding energy (BE)
scale was corrected on C1s component at 284.8 eV. Au4f region was fitted using CasaXPS® version
2.3.19PR1.0, selecting a sum function of Gaussian with a Lorentzian (SLG) for the Au(0) component
and a product function of a Gaussian with a Lorentzian (GL) for the Au(I) and Au(III) components.

3. Results and Discussion

Since the mechanism of this innovative approach is based on the steel corrosion, the electrochemical
corrosion behaviour of steel was examined monitoring the OCP under operando conditions. First,
the influence of stainless steel composition was examined. Second, the reaction time was evaluated.
Finally, the chloride concentration and pH effects were explored. All the experiments were carried out
using a HAuCl4 concentration of 1.3 mM, following previous studies by other groups [32].

3.1. Effect of the Stainless Steel Composition

In order to investigate the influence of the stainless-steel composition on the synthesis, AuNPs
were produced using different steels, namely AISI 430, 410, and 304. In particular, they differ from
each other in the chromium and nickel percentages. The syntheses were carried out for 15 minutes.
Figure 1a shows the time-evolution of OCP for the aforementioned samples.

Figure 1. (a) OCP evolution during AuNP synthesis with different stainless steels: AISI 430, AISI 410
and AISI 304. (b) UV-Vis absorption spectra of the as-prepared AuNPs after 15 min of synthesis
compared with the gold precursor UV-Vis spectrum.

Considering the nature of the different stainless-steel samples, the initial potential values were
substantially different. Especially, AISI 304 showed lower potentials compared to the other two,
suggesting that it could be the more prone to corrosion [36], at least when the reaction starts. However,
after about one minute, the AISI 304 potential reached more positive values then those of other steels,
remaining then almost constant over all time. This means that the initial regime when corrosion is
promoted is quickly replaced by a second one when the same process is limited. On the other hand,
at the beginning AISI 430 and AISI 410 expressed more positive potentials than AISI 304, but OCP
remained almost constant over time, or even slightly decreased. In particular, AISI 430 presented
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a decrement of about 100 mV over time. For AISI 410 and 430 stainless steel rods, the less positive
OCP values and their trends upon reaction time suggest a higher trend to oxidation and a progressive
dissolution process, which supported the AuNPs synthesis. Indeed, the corrosion and dissolution of
steel metals such as iron, chromium and nickel, promote the reduction of Au3+ to Au0, as Han et al.,
and López Lorente et al., proposed [30,31]. The initial increment of OCP values frequently observed in
the first minutes of reaction can be attributed to the formation of a metal oxide passive film on steel
surface, involving iron, chromium and nickel species [37]. As the reaction proceeds, Cl− ions are able to
break the passive film and induce the formation of pits on the steel surface [38]. This mechanism would
explain the progressive decrement of potentials, associated to the promotion of corrosion. The different
corrosion behaviour is a result of the different steel composition. AISI 304 contains high chromium and
nickel percentages. Both metals are known for forming passivation films. In particular, the nickel oxide
passive film can be constantly broken and reformed, thus inhibiting the overall corrosion [39]. In this
sense, AISI 304 shows the best corrosion resistance. By contrast, AISI 430, which has a Cr content
comparable to that of AISI 304, contains manganese and sulphur traces; which tend to form manganese
sulphides and manganese oxysulphides in the metal matrix, which turn out as preferential areas of
corrosion initiation, deteriorating the corrosion resistance [40]. This could explain the progressive
decrease of OCP values, which is not observed for AISI 410 containing only Cr.

Figure 1b presents the typical UV-Vis spectra of the as-synthesized nanocolloids using the three
different steels together with the spectrum of the gold precursor solution. UV-Vis spectra were recorded
in the range of 250−800 nm, unlike previous works which did not report the 250−400 nm range [30,31].
An absorption band at about 310 nm is observed for the 1.3 mM HAuCl4, which is in agreement
with the yellowish colour of the gold precursor solution [41]. LSPR bands are evident in the UV-Vis
spectra of the colloids, and their absorbance values are compatible with the OCP trends. In fact,
304-AuNPs obtained after 15 min display the lower LSPR absorbance at about 538 nm and, thus,
the palest colour, while 430-AuNPs and 410-AuNPs UV-Vis spectra show more intense LSPR bands.
Within the timescale of the reported syntheses, the low AuNP production exhibited by AISI 304 at
room temperature is also in agreement with previous findings on the evolution of the stainless steel
assisted synthesis of AuNPs reported in [31]. As explained before, AISI 430 and AISI 410 steels display
an improved inclination to corrosion, which is strongly linked to NP production. Besides the LSPR
maxima, all the spectra of colloids show a broad band in the 280−450 nm range. Different species can
contribute to the absorption in this region. First, absorption around 300 nm can be ascribed to residual
precursor, whose consumption occurs during the synthesis. In particular, a decrease in the intensity is
generally observed in comparison to the absorption of the precursor solution. This behaviour is more
pronounced for 410- and 430-AuNPs samples than for 304-AuNPs, in agreement with the different
corrosion susceptibility of the three steels and, as a consequence, with the different AuNP production.
On the other hand, after Fe3+ and Cr3+ ion release from steel surface, corresponding hydroxides
and chloride mixed complexes are reasonably expected to be formed in solution, which leads to the
increase in the baseline in the region 280−450 nm. Increasing chloride concentration deriving from
gold precursor consumption can lead to the formation of various transition metal complexes absorbing
in this region. In particular, at pH = 3.5 the most abundant complexes are FeOH2+, Fe(OH)2

+ and
CrOH2+, Cr3(OH)4

5+ [42–44]. Consequently, this additional contribution cannot be separated from
that of the gold precursor.

These evidences were corroborated by XPS analyses performed on both steel surface and gold
colloids. Mechanically polished steel surfaces (before use) and their homologous samples used
for AuNP synthesis (after use) were characterized. Relative atomic percentages of main elements
found on steel surface together with Cr/Fe, Ni/Fe and Au/Fe ratios, before and after synthesis,
are reported in Table 1 (overall compositions are reported in Table S1). A mere comparison of these
data with the composition declared by the producer is not easy. XPS is a surface-sensitive technique
providing information on the outer few nm of the sample’s surface. Considering the fact that surface
composition can be extremely different from the bulk one, a direct comparison between the elemental
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compositions determined by different techniques and with different sampling depths cannot be done.
Moreover, XPS analyses were performed on mechanically polished rods without preliminary Argon
ion sputtering. For example, elements such as Mg, Ca, can be ascribed to residuals of the mechanical
polishing. Carbon and organic oxygen are partially due to typical contamination observed in the
analysis chamber.

Table 1. Surface chemical composition of steel surfaces before and after their use, obtained by XPS.
The main elements are reported; the complete dataset is shown in Table S1. Error is expressed as the
larger value between the error associated to a single quantification and one standard deviation; error
on Fe, Si, Cr, Ni and Au percentages is ± 0.2%; error on the abundance of other elements is ± 0.5%.
Cr/Fe, Au/Fe and Ni/Fe ratios of the same samples are showed, as well.

430 410 304

Before Use After Use Before Use After Use Before Use After Use

Au% / 17.4 / 30.1 / 5.5
Fe% 1.2 8.2 2.9 6 2.9 5.2
Cr% 1.3 4.2 1.1 2.4 1.3 2.2
Ni% / / / / 0.3 < 0.2

Cr/Fe 1.1 ± 0.3 0.5 ± 0.1 0.4 ± 0.1 0.4 ± 0.1 0.4 ± 0.1 0.4 ± 0.1
Au/Fe 2.1 ± 0.1 5.0 ± 0.2 1.1 ± 0.1
Ni/Fe ~ 0 ~ 0

On the other hand, XPS is typically applied to analyze steel surface, evidencing the formation of
passive films as well as segregation [45,46]. The steel surface is mainly composed of oxide species of
passivation film; hence, differences may exist between surface elemental percentages and theoretical
bulk composition. In this view, we decided to report and use elemental percentage ratios more than the
absolute %, being more informative of steel surface modification after use. Therefore, Cr/Fe, Ni/Fe and
Au/Fe ratios are particularly useful to investigate corrosion effects on steel surface composition as well
as the nature of gold colloids. Cr/Fe and Ni/Fe ratios can be compared with the theoretical values
expected for the steels used in this study.

Cr/Fe theoretical ratios are 0.2, 0.1, and 0.3 for AISI 430, 410, and 304, respectively. For example,
it can be observed that Cr/Fe ratio for AISI 410 and AISI 304 keeps constant even after their use,
indicating that both Fe and Cr are similarly dissolved. On the other hand, AISI 430 shows a decrease in
Cr/Fe ratio after use, suggesting that chromium species segregate at steel surface. Cr/Fe ratios are slightly
higher than nominal values, except for not used AISI 430. In this case, a certain contribution associated
to the chromium segregated layer as well as the polishing of steel surface could be involved [47].
Considering the Ni/Fe ratio, its theoretical ratio for AISI 304 is 0.1 and the same value was found on
polished surface. After use, Ni was barely detectable. According to these data, it can be inferred that
the iron ion release in the solution, hence the steel corrosion, is more well-functioning for the AISI 430.
After use, steel rods present a high amount of surface gold. Quite likely, gold metallization of steel
surface is promoted over formation of colloidal AuNPs. The lowest Au% was observed for AISI 304
(Table 1), as expected by corrosion behaviour. Interestingly, the highest values were found for 410 and
430 steels. Therefore, the XPS evidences are in agreement with OCP results. Regarding Au speciation,
Au4f region was acquired for all the three samples. Typical Au4f high resolution spectra are reported
in Figure 2. For each steel sample, only one component, ascribed to Au(0) [48], at BE = 84.1 ± 0.2 eV
was identified. This result agrees with the hypothesis that metallic gold was deposited on the steel
surface during the synthesis.

The relative atomic percentages of the main elements detected on the surface of dried colloids are
reported in Table 2, together with the Cr/Fe, Au/Fe, and Ni/Fe ratios.
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Figure 2. Au4f high resolution regions relevant to used (a) AISI 430, (b) AISI 410, (c) AISI 304.

Table 2. Surface chemical composition of colloids synthesized with AISI 430, 410 and 304, obtained by
XPS. The main elements are reported; the complete dataset is shown in Table S2. Error is expressed as
the larger value between the error associated to a single quantification and one standard deviation;
error on Fe, Si, Cr, Ni and Au percentages is ± 0.2%; error on the abundance of other elements is ± 0.5%.
Cr/Fe, Au/Fe and Ni/Fe ratios of the same samples are showed, as well.

430-AuNPs 410-AuNPs 304-AuNPs

Au% 1.4 0.6 1.0
Fe% 7.2 3.8 4.1
Cr% 1.8 1.1 1.0
Ni% 0.3

Cr/Fe 0.3 ± 0.1 0.3 ± 0.2 0.2 ± 0.1
Au/Fe 0.2 ± 0.1 0.2 ± 0.1 0.2 ± 0.1
Ni/Fe ~ 0

As can be observed, the gold percentage is higher in the 430-AuNP colloid; this suggests that
the use of 430 steel promotes AuNP production. However, it can be noted that the Au/Fe ratios do
not change with the different steel composition. Additionally, the colloid obtained by using AISI
430 shows also the highest Cr%. This indicates that a close connection between AuNP formation
and the iron and chromium release from the stainless steel exists. This is in agreement with the
UV-VIS spectra reported in Figure 1b. In addition, the Cr/Fe and Ni/Fe ratios of the colloidal samples
shown in Table 2 were more similar to the steel theoretical ones. In fact, Cr/Fe theoretical ratios are
0.2, 0.1 and 0.3 for AISI 430, 410, and 304 steels, respectively. Au4f region was also acquired on
gold nanocolloids (Figure 3). Unlike previously reported spectra (Figure 2), three components were
generally identified. The component around 84 eV is assigned to elemental gold, the ones around 85 eV
and 87.5 eV are attributed to Au(I) and Au(III), respectively [48–50]. The component around 94.5 eV,
indicated with an arrow in the graphs, is ascribed to Fe3s [48]. Au(III) signal is ascribed to unreacted
HAuCl4, in agreement with UV-Vis spectra registered on gold nanocolloids (Figure 1b). The presence
of Au(I) species can be explained in terms of uncomplete Au(III) reduction, involving intermediate
redox processes.

The relative abundance of gold species are reported in the Table 3.

Table 3. Relative abundance of gold chemical states relevant to the gold colloids synthesized with AISI
430, 410 and 304.

rel. %

Sample Au(0) Au(I) Au(III)

430-AuNPs 39.5 29.5 31.0
410-AuNPs 48.0 25.6 26.4
304-AuNPs 37.9 43.8 18.3
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Figure 3. Au4f regions relevant to (a) 430-AuNPs, (b) 410-AuNPs, (c) 304-AuNPs. Arrows indicate the
Fe3s component.

Both 430- and 410-AuNPs showed the highest Au(0) content, whereas Au(I) was the most abundant
species in 304-AuNPs. In all the samples, the presence of both Au(I) and Au(III) suggests that the
reduction of Au3+ to Au0 is incomplete, mainly ascribable to the limited timescale of the synthesis.

In addition, the effect of aging on colloid stability was evaluated. 430-AuNPs and 410-AuNPs
performed better than 304-AuNPs, whose precipitation occurred just after 24 h.

As reported in Figure 4a, 430-AuNPs depict similar optical features after five months. Both UV-Vis
spectra show the continuous absorption band in the range of 300−500 nm, ascribed to unreacted
precursor and/or to hydroxides and chloride complexes of iron and chromium, as discussed earlier.
These impurities contribute to AuNP stabilization. To investigate this, Au nanocolloids were centrifuged,
washed three times, and re-dispersed in deionized water. Afterwards, UV-Vis spectra were registered.

Figure 4. UV-Vis spectra of AuNPs. (a) 5-months aged 430-gold colloid compared with the fresh one;
(b) washed 430-gold colloid compared with the pristine one.

As reported in Figure 5b for the 430-AuNPs (taken as an example), a lower absorbance between
250−500 nm was visible, indicating that Fe/Cr complexes along with excess of gold precursor were
removed. This finding was corroborated by XPS analysis performed on washed colloids (Table S3)
as Fe% and Cr% reduced significantly. This result is in agreement with the evidences shown by
López-Lorente and colleagues [51]. However, colloid washing resulted in AuNPs precipitation after
two days. This fact confirms the key role played by the ions released from the stainless steel upon
corrosion and formation of the AuNPs on the stabilization of the gold colloids.

Au4f XPS high resolution region of the washed samples is reported in Figure S2, showing a single
component centred at 83.8 ± 0.2 eV, ascribed to Au(0). These evidences proved that the main impurities
were washed away, together with the oxidized gold species.
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Figure 5. TEM images and corresponding size distribution histograms of AuNPs synthesized using
different stainless steels: (a) AISI 430; (b) AISI 410; (c) AISI 304.

TEM micrographs of all samples show spheroidal nanoparticles (Figure 5).
Size distributions are relatively dissimilar, indicating different average size. Specifically,

430-AuNPs histogram was fitted with a bi-modal distribution, showing mean diameters of 5 ±
1 nm and 30 ± 20 nm. 410-AuNPs and 304-AuNPs had mean diameters of 13 ± 3 nm and 7 ± 3 nm,
respectively. It is evident that the different steel composition affects NP morphology.

Table 4 summarizes the typical features of the as-synthesized AuNPs.

Table 4. LSPR position (λSPR), absorbance (Abs.) at λLSPR, AuNP mean diameters determined by
TEM analysis (dTEM), and zeta potential values (ζ potential) obtained for 430-AuNPs, 410-AuNPs, and
304-AuNPs colloids.

Sample ID λLSPR (nm) Abs. (a.u.) dTEM (nm) ζ Potential (mV)

430-AuNPs 538 ± 3 0.690 ± 0.004 5 ± 1
30 ± 20 38.7 ± 0.7

410-AuNPs 544 ± 4 1.004 ± 0.004 13 ± 3 40.6 ± 3.7
304-AuNPs 538 ± 4 0.115 ± 0.004 7 ± 3 1.9 ± 0.7

The last column reports the ζ potential of gold colloids, which is typically positive, in agreement
with previous work [30]. However, aforementioned work took into account only the AISI 304 steel and
reported a higher value than our results due to different synthesis conditions (precursor concentration,
temperature, reaction time). The low, slightly null value of ζ potential for 304-AuNPs is indicative
of poor stability of such colloid that precipitates after two hours. In fact, it is reported that colloidal
systems showing ζ potential above 25−30 mV (absolute value) are stable [52].

An estimation of the concentrations of the as-synthesized AuNPs (CNP) was done considering
Lambert-Beer law (A = ε× b × CNP), using molar extinction coefficients ε reported in [53], as a function
of NP size (as determined by TEM analysis), b = 1 cm (the optical path), and the absorbance ALSPR at
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λLSPR. The calculated concentration (CNP = ALSPR/ε × b) of 430-AuNPs, 410-AuNPs and 304-AuNPs
were about 2 nM, 0.6 nM and 0.3 nM, respectively, which are in the same concentration range of
AuNPs synthesized by López-Lorente’s [31] research group. Those lower values compared to NP
concentration obtained by Turkevich method [54–56] can be explained in terms of partial consumption
of precursor in 15 min and reaction temperature. Increasing reaction times and/or temperature [31,57]
can lead to an increment in the NP concentration.

On the basis of these results, the AISI 430 and 410 stainless steels seem to be the best candidate for
the steel-assisted synthesis of AuNPs. In particular, they exhibit a lower corrosion resistance than AISI
304, and show good AuNP production yield, in combination with a better colloidal stability over time.
Therefore, further investigations were carried out using the AISI 430 stainless steel.

Considering the general advantages of potential-assisted electrochemical synthesis of
nanoparticles [58], we also explored the option of applying an anodic potential to the stainless
steel substrate. In this case, AuNPs synthesis was carried out applying an external potential to the
stainless steel working electrode. The steel rod was put in a two-electrode system and a positive
potential of 1 V was applied. The results showed that AuNPs LSPR bands had higher absorbance than
those of colloids synthesized under typical conditions, suggesting an improved efficiency. Especially,
the employment of an extra positive potential can overcome passivation and boost the corrosion of
AISI 304 steel, ensuring a yield enhancement in the production of AuNPs (Supplementary Figure S3).
Interestingly, the UV-vis spectra of those AuNPs prepared under the application of a potential of 1 V
depicted an almost negligible band at around 300 nm, which may be related to quantitative reduction
of Au(III) precursor.

3.2. Reaction Time

Steel-assisted synthesis of AuNPs was carried out with different reaction times, using AISI 430,
to evaluate the progression of both steel corrosion and AuNP formation, as well as their influence on
nanoparticle morphology. The evolution of OCP values was recorded to examine the electrochemical
corrosion behaviour of AISI 430 in HAuCl4 solutions during the synthesis of AuNPs. OCP curves
are reported in Figure 6a. In each case, they showed an initial increase of potential values, reaching a
maximum at about 150 seconds, followed by a gradual decrease, suggesting the breakdown of natural
passivation film and then a continuous corrosion progress over time. A comparison of the curves of
Figure 6a relevant to the first five minutes of reaction provides an immediate visual estimation of the
good process reproducibility. UV-Vis absorption spectra (Figure 6b) show the LSPR band ascribed
to gold nanostructures, falling at 540 ± 2 nm [30,31]. The intensity of the LSPR band increases over
the reaction time, whereas the precursor peak decreases. At the same time, however, the baseline
in the range of 280−450 nm increases, indicating the progressive release of Fe(III) and Cr(III) species
in solution.

Figure 6. AuNPs synthesis performed with AISI 430 at different reaction times. (a) Open Circuit
Potential (OCP) values, measured vs Ag/AgCl, KClsat reference electrode; (b) UV-Vis absorption spectra
of the as-prepared colloids.
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Figure 7 shows TEM images of gold colloids synthesized at different reaction times and their
corresponding size distributions.

Figure 7. TEM images of AuNPs synthesized with AISI 430 at three different reaction times. (a) 5 minutes;
(b) 15 minutes; (c) 30 minutes.

In each case, AuNP were surrounded by a low-contrast thin layer; in particular, TEM images
of AuNPs produced in 30 minutes showed a more evident thin film around NP agglomerates,
compared with the other samples, due to the formation of hydroxides and chloride complexes of the
iron and chromium released from the stainless steel. These findings agree with the increase with time
of the UV-Vis band observed in the 280−400 nm range. As it can be seen, the NP size distributions
were fitted with bi-modal distributions for all cases. Table 5 summarizes spectral and morphological
details of synthesized AuNPs.

Table 5. UV-Vis ad TEM details of AuNPs.

Reaction Time LSPR Position (nm) Abs. (a.u.) dTEM (nm)

5’ 541 ± 2 0.100 ± 0.004 9 ± 6 46 ± 24
15’ 538 ± 3 0.500 ± 0.004 5 ± 1 26 ± 21
30’ 541 ± 2 0.700 ± 0.004 5 ± 3 39 ± 20

Considering LSPR intensity observed after 5 minutes (Figure 6b, green line), it is clear that
this reaction time is too short to obtain a satisfactory AuNP concentration. Absorbance increases
significantly in the other two cases, indicating an increase in NP concentration. On the other hand,
UV-Vis spectra in Figure 6b and TEM images in Figure 7 indicate that other species are formed,
whose concentration increases with reaction time, causing an increment of impurities. However,
LSPR positions were similar in all samples (correlating with similar size observed in the three samples).
Finally, in each case the colloids presented a bi-modal size distribution.

It was concluded that a short reaction time provides a scarce AuNPs yield. However, a reaction
time of 30 minutes leads to the formation of an excessive amount of by-products. Therefore, a reaction
time of 15 minutes was considered to be the best compromise to obtain a sufficiently high colloidal
concentration with limited formation of iron and or chromium hydroxy-chloro-complexes.
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3.3. Effect of Cl− Concentration

According to Han et al. [30], Cl− ions have a crucial role in the AuNP synthesis mechanism.
The presence of Cl− ions has surely a remarkable effect on the corrosion process of stainless steel [37].
It is well known that Cl− ions can induce the formation of pits on oxide film on stainless steel surface,
ensuring passivation film break and promoting the corrosion mechanism and the dissolution of
metal ions in the solution [59–61]. In theory, this reflects a decreasing in pitting potential values
(Epit) which delimits the trans-passivation region of Evans diagram [62]. The critical potential Epit

corresponds to the Cl− concentration needed to displace adsorbed oxygen species on steel surface and
facilitate the oxidation of iron atoms [38]. Since steel-assisted synthesis of AuNPs ought to rely on
steel corrosion efficiency, so also on pitting site concentration, we followed the OCP during AuNP
syntheses, which were carried out using three different chloride ion concentrations. We observed that
the initial OCP values decrease as Cl− concentration increases (Figure 8a). The use of different Cl−

concentrations also affects the OCP changes on reaction time.

Figure 8. AuNPs synthesized with AISI 430 with different [Cl−]. (a) OCP measurements;
(b) UV-Vis spectra.

At the highest Cl− concentrations of 1 M and 0.5 M, a constant potential value seemed to be
immediately reached in the first minutes, unlike with 0.1 M NaCl solution, in which it gradually
decreased over 15 minutes. Due to their small radius and the strong adsorbing and penetrating power,
Cl− ions can damage the passivation film and promote local corrosion [39]. For this reason, a higher
Cl− concentration allows eroding the oxide film more rapidly, easily obtaining more negative and
constant corrosion values of potential. This can be considered beneficial from the corrosion point
of view, e.g. for promoting the reaction of the stainless-steel substrate. In fact, the higher the [Cl−],
the lower the OCP suggesting promoted corrosion. Interestingly, increasing chloride concentration
did not significantly improve AuNP production. This is clear from the UV-Vis spectra in Figure 8b.
In fact, at chloride concentration ≥ 0.5 M, gold LSPR signal was significantly suppressed, due also to
the poor colloidal stability at high ionic strengths. The addition of NaCl 0.1 M had a limited positive
influence on nanoparticle synthesis. TEM analysis of 430-AuNPs prepared in the presence of NaCl 0.1
M is shown in Figure 9.

In this case, nanoparticles are surrounded by a very high amount of low-contrast phase,
attributed to metal hydroxy-chloro-complexes.

The use of NaCl 0.1 M was considered beneficial only in the case of syntheses carried out with
AISI 304. In fact, in the case of AISI 410, no notable improvements were observed. On the other
hand, LSPR absorbance increase for 304-AuNPs was remarkable (Supplementary Figure S4), with Cl−

addition contributing to reduce dramatically the AISI 304 resistance to corrosion.
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Figure 9. TEM images of 430-AuNPs synthesized with NaCl 0.1 M.

3.4. Effect of pH

In order to investigate the possible role of H+ ions in the production mechanism [31], syntheses at
different pH values were carried out using AISI 430 samples, recording the OCP curves under operando
conditions. All previous AuNPs syntheses were carried out at an acidic pH of about 3.5, which remained
constant over synthesis time, in agreement with previous works [31]. In this sense, hydrogen works as
electron mediator between steel elements and AuCl4−. Hydrogen is formed as a consequence of the
reduction of protons of the acidic media mediated by the steel substrate; then it reduces AuCl4− ions
yielding AuNPs [31]. In order to investigate a wider acidic pH range, steel-assisted syntheses of AuNPs
were performed at pH values of about 1 and 5. Figure 10a shows the relevant OCP measurement. Data
suggest that the corrosion mechanism was promoted by weakly acidic pH values. However, it is known
that when the pH increases towards less acidic values the equilibrium of gold complexes, arising from
chloroauric acid, shifts toward more hydrolysed forms [63–65]. This restricts the presence of AuCl4¯
species, whose reduction heads the seed particle formation. As a matter of fact, the LSPR absorbance
of gold colloids produced at pH around 5 is lower than the one obtained at pH 3.5 (Figure 10b). On the
other hand, at extremely low pH values, the potential values were more positive, and the UV-Vis
spectrum did not show any significant AuNP LSPR band. This result could be due to the higher
stability of AuCl4¯ complexes at low pH [63], which slows down or inhibits the reduction to Au(0),
limiting seed particle formation [64].

Figure 10. 430-AuNPs synthesis carried out at different pH. (a) OCP measurements; (b) UV-Vis spectra.

3.5. Decoupling the Effects related to the Electrode and the Solution in the OCP Measurements

The recorded potentials during OCP measurements are a combination of reduction potential
of AuCl4¯ ions in solution and corrosion potential of stainless steel, being observed using a steel
wire as working electrode. Therefore, we carried out OCP measurements using a platinum wire as
a redox-inert working electrode, in order to outline what could be ascribable exclusively to AuCl4¯
reduction. The resulting OCP curve is shown in Figure 11, where it is compared with the homologous
curve, obtained in the presence of the stainless-steel electrode.
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Figure 11. OCP measurements recorded using platinum wire (blue) and steel wire (red) as
working electrode.

The blue curve, representing solution potential, reported initial potential value just below 1 V.
Instead, the steel OCP (red) curve starts with a potential value around 0.5 V, which is the superimposition
of solution and steel corrosion potentials. In a very preliminary first approximation, subtracting steel
potential values to platinum ones, we can roughly identify potential values exclusively relevant to steel
corrosion, which are about −0.5 V, and are rather stationary over reaction time. This is in agreement
with typical AISI 430 corrosion potential established by Evans diagram [66,67]. So, the decrement that
is clearly observable in OCP measurement of steel used for AuNPs synthesis should be strictly due to
the variation of solution potential, caused by the progress of the AuCl4¯ reduction reaction.

According to the overall experimental work and the relevant results, it can be highlighted that
the proposed procedure for AuNP production suits very well when AISI 430 is used as reducing
component in combination with a diluted Au(III) salt solution as precursor. OCP measurements
allowed investigating the role of steel composition as well as of corrosion on NP synthesis. It seems
that neither the external potential nor chloride addition contribute significantly to the process, when a
sufficiently corrodible steel is used. AuNPs of size around 30 nm with positive surface potential are
formed with mainly spheroidal morphology. A reaction time of 15 minutes gives reliable results in
terms of AuNP purity and yield. XPS data indicate that Au content correlates strongly with iron
content more than with chromium amount. Such a result agrees with the formation of iron and
chromium hydroxy-chloro-complexes, as suggested by the increase of the absorption band in the
280–400 nm range observed by UV-Vis spectroscopic characterization. Such species are also responsible
for the positive zeta-potential values as well as for NP stability up to 5 months. Au(0) represents
the main chemical environment in 430-AuNPs, though additional species are still present in solution.
Their removal can be performed by centrifugation, although this reduces their stability.

4. Conclusions

Gold nanoparticles were synthesized using a simple, one-pot, low cost, and scalable method,
based on the reduction of Au3+

→ Au0 from a stainless steel rod. In order to contribute to the
investigation of this system, we performed the AuNP syntheses monitoring the overall open circuit
potential (OCP), to explore the electrochemical behaviour of steel and track the solution potential.
Different experimental conditions were also examined. Specifically, the syntheses of AuNPs using
stainless steel with different compositions were investigated and we found that the 410-AuNPs showed
features comparable with 430-AuNPs. UV-vis spectra revealed the formation of the AuNPs along
with the release of iron and chromium species from stainless steel, as confirmed by XPS. On the other
hand, synthesis assisted by AISI 304 steel produced the lowest AuNP concentration, due to its better
corrosion resistance. In the latter case, we observed that the addition of NaCl 0.1 M seems to improve
the synthesis yield, due to the Cl− capability to pit the steel surface. Hence, the results highlight the
crucial role of corrosion mechanism in the AuNP formation because a better steel surface corrosion
provides a higher AuNP concentration. The easier tendency to corrosion of 430 steel than 304 allows to
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produce a higher concentration of AuNPs. Furthermore, the addition of an element that assists the steel
surface pitting, leads to an increase in the corrosion inclination of steel, providing enhanced AuNP
production. On the other hand, the effect of the pH of the precursor solution affects the equilibrium of
gold complex, arising from chloroauric acid, toward more hydrolysed forms, restricting the presence of
AuCl4¯ complexes, whose reduction heads the seed particle formation. In conclusion, the investigation
of gold colloid production mechanism was explored and the influence of some experimental parameters
was tested, demonstrating the capability to synthesized AuNPs with several features. The proposed
method allows for the production of stable AuNPs in a simple, fast, and easy way, especially using AISI
430 or AISI 410 as solid reductant. During the AuNP synthesis, some by-products, namely Fe3+ and
Cr3+ hydroxides and chloride mixed complexes, are formed. Such finding was corroborated by UV-Vis,
TEM and XPS analyses. However, few washing steps can lead to the elimination of such species.
As a result, purified AuNPs can be used in real applications. Preliminary studies were performed
to investigate the modification of silicon nanowires with as-synthesized AuNPs for their potential
application in sensor development.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/10/4/622/s1,
Figure S1: Experimental setup for AuNPs syntheses; Figure S2: Au4f high resolution regions in washed 430-AuNP
colloid, Figure S3: UV-Vis absorption spectra of AuNPs synthetized applied an external potential to stainless steel,
Figure S4: Comparison of UV-Vis absorption spectra of gold colloids synthetized using AISI 304 stainless steel,
with and without adding NaCl, Table S1: Surface chemical composition of steel surface before and after their
use, obtained by XPS, Table S2: Surface chemical composition of colloids synthesized with AISI 430, 410 and 304,
obtained by XPS, Table S3: Surface chemical composition of washed gold nanocolloids, obtained by XPS.
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