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Abstract.Gold nanoparticles (NP) with average diameter ~100 nm synthesized from
tetrachloroauric acid solution using stainless steel as a reducing agent were found to
contain iron. Applying simultaneously high frequency (HF) plasma discharge in
solution during the electrochemical reduction, giant gold-iron nanoflowers with aver-
age size ~1000–5000 nmwere formed. Scanning electron microscopy (SEM) shows
the morphology of the nanopowders produced as polygonal yet nearly spherical,
whereas iron content in both products determined by energy dispersive X-ray anal-
ysis (EDX) was found to be at ~2.5 at. %. Laser desorption ionization (LDI) of both
nanomaterials and mass spectrometric analysis show the formation of AumFen

+/–

(m = 1–35; n = 1–3) clusters. Structure of few selected clusters in neutral or
monocharged forms were computed by density functional theory (DFT) calculations and it was found that
typical distances of an iron nucleus from adjacent gold nuclei lie in the interval 2.5 to 2.7 Å. Synthetized
Au-Fe nanoparticles were found stable for at least 2 mo at room temperature (even in aqueous solution)
without any stabilizing agent. Produced Au-Fe nanoparticles in combination with standard MALDI matrices
enhance ionization of peptides and might find use in nanomedicine.
Keywords: Mass spectrometry, Nanoparticles, Nanoflowers, Plasma-assisted, Stainless steel, Laser de-
sorption ionization
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Introduction

Metal nanoparticles (NPs) and nanostructures are on the
forefront of various applications such as catalysis, sens-

ing devices, optical devices, biomedicine, etc. The physical
properties of metallic NPs may differ considerably from those

of the same bulk material [1, 2]. Gold NPs having large surface
to volume ratio, unique optical, electronic properties, and easy
surface modification have brought intensive focus for both
research and industry [3]. The biocompatibility, resistance to
oxidation, photo-bleaching immunity, and high contrast prop-
erties of the gold NPs are useful for the diagnosis and treatment
of diseases as well as for selective drug delivery [4]. Gold
nanostructures with different size and shape have also been
used as substrate for the surface enhanced Raman spectroscopy
[5–8]. Various methods for the synthesis of gold clusters have
already been reported [9–12]. The properties of gold NPs can
be greatly enhanced by mixing with other elements to generate
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bimetallic nanomaterials. For example, gold-iron (Au-Fe) bi-
metallic nanomaterials have stimulated great attention because
of their potential applications in nanomedicine and nanotech-
nology. They are important for biomedical applications be-
cause of their supermagnetic behavior. The Au-Fe are expected
to be superior than Au-Fe oxide nanomaterials because of high
saturation magnetization of iron than iron oxide [13]. Several
research groups have prepared and studied Au-Fe
nanomaterials, but a large portion of these studies was focused
on Au-Fe oxide core-shell structures. However, the core-shell
particles have their own challenges [14–16].

Different approaches have been addressed for the synthesis
of bimetallic NPs, for example, co-reduction [17], thermal
decomposition [18, 19], and galvanic replacement reaction
[20–22]. Synthesis of Au-coated iron [13, 23–25] or Au-
coated iron oxide [26] core and shell nanostructures have been
described. The synthesis of gold NPs using stainless steel as a
reducing agent was already reported, but the presence of iron in
formed gold NPs was not detected, perhaps because mass
spectrometric study of this nanomaterial was not performed
[27, 28].

Laser desorption ionization quadrupole ion trap time-of-
flight mass spectrometry (LDI-QIT TOFMS) was found to be
a powerful technique to follow the generation of clusters from
various solid materials [29, 30]. In this paper, we have applied
LDI-QIT TOFMS for detailed analysis of gold NPs synthe-
sized electrochemically and/or using plasma discharge in solu-
tion, and we discovered the presence of iron in both the
products.

Experimental
Chemicals

Tetrachloroauric acid (HAuCl4), α-cyano-4-hydroxycinnamic
acid (CHCA), trifluoroacetic acid (TFA), and acetonitrile were
purchased from Sigma-Aldrich (Steinheim, Germany). Silicon
wafer that was used for SEM, EDX, and XPS analyses was
from ON Semiconductor Czech Republic s.r.o. (Rožnov pod
Radhoštěm, Czech Republic), Stainless steel-ER 308LSi (iron
63%, chromium 20%, nickel 10%, manganese 1.8%) from
Weld Profi s.r.o. (Brno, Czech Republic) was used as a reduc-
tant. Water (ultrapure) was double distilled from a quartz
apparatus Heraeus Quarzschmelze (Hanau, Germany).
Peptide calibration Mix 4 (PepMix 4) was purchased from
LaserBio Labs (Sophia Antipolis, France). All the other re-
agents were of analytical grade purity. The PepMix 4MS kit
contains five individual peptides (bradykinin fragment 1–5,
angiotensin II human, neurotensin, adrenocorticotropic hor-
mone (ACTH) clip 18–39, and insulin bovine β-chain oxi-
dized) covering the 500–3500 Da mass range.

Plasma Discharge

An experimental set-up is shown in the Figure 1a, b. The
plasma was generated across a 5 mm gap between the surface

of 15 mL of 5 mM aqueous solution of HAuCl4 and the quartz
cuvette. The quartz cuvette served as the dielectric barrier, and
it was filled with solution of oxalic acid (75 mS/cm) used as in
[31] to increase the conductivity. Both electrically insulated
solution volumes served as liquid electrodes for the dielectric
barrier electrical discharge (DBD).

The power was supplied to the electrodes by the high
voltage resonance generator Lifetech-300W (Brno,
Czech Republic). Function generator GW-Instek SFG-2104
from Good Will Instrument Co., Ltd., (New Taipei City,
Taiwan) was used to control frequency of HV generator pulses.
The frequency of the pulse was in the 40–45 kHz range, in
order to find the best resonance conditions. The power was
controlled using a variable transformer and measured by
apower meter, Orbit Merret OM 402 PWR (Praha,
Czech Republic).

Mass Spectrometry

AXIMA Resonance mass spectrometer from Kratos Analytical
Ltd. (Manchester, UK) was used to record the mass spectra in
both positive and negative ion modes. The instrument was
equipped with nitrogen laser (337 nm), quadrupole ion trap
and time-of-flight mass analyzer. The quadrupole ion trap
allows mass spectra to be recorded in selected m/z (mass-to-
charge ratio) ranges: 100–400, 250–1200, 800–3500, 1500–
8000, and 3000–1500. The laser repetition rate was set to 5 Hz
with a pulse timer width of 3 ns. The laser power was expressed
from 0 to 180 in arbitrary units (a.u.). The maximum laser
power at 180 a.u. was 6 mW and the irradiated spot size was
approximately 150 μm in diameter.Mass spectra were obtained
by accumulating spectra from at least 100 shots. Internal cali-
bration of mass spectra in individualm/z ranges was performed
using gold clusters generated simultaneously with AumFen
clusters. The advantage is that because gold is monoisotopic,
the Aum

+/– clusters show single peaks. Therefore, the use of
gold clusters makes calibration easy and more precise. The
mass accuracy achieved was below ±20 mDa.

Scanning Electron Microscopy

A MIRA3 scanning electron microscope TESCAN (Brno,
Czech Republic) was used for surface analysis. The instrument
used in this study worked at a pressure of 0.0014 Pa in the
chamber. The maximum spatial resolution was up to 1 nm at
30 kV, and the magnification was from 2 to 106 times.

X-ray Photoelectron Spectroscopy

The surface chemical composition was determined by X-ray
photoelectron spectroscopy (XPS) on an ESCALAB 250Xi
electron spectrometer from Thermo Scientific (Leicestershire,
UK). For the excitation of the photoelectron spectra, mono-
chromatic Al Kα and an analyzer pass energy of 20 eV was
used. Charge neutralization was implemented by low energy
electrons injected into the magnetic field of the lens from a
filament located directly above the sample. Data acquisition
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and processing were carried out using CasaXPS software, ver.
2.3.15 from Casa Software Ltd. (Leicestershire, UK). After
subtraction of Shirley background, the peaks were fitted using
Gaussian Lorentzian GL (30) peak shape. The binding energy
(BE) was corrected for charging using an electron BE of
284.8 eV for the C 1s peak from residual carbon impurities.
Similarly to SEM/EDX measurements, the samples for XPS
experiments were prepared by nanoparticles film deposited on
Si wafer.

Software and Computation

Theoretical isotopic patterns were calculated using Launchpad
software (Kompact, ver. 2.9.3, 2011) from Kratos Analytical
Ltd. (Manchester, UK). Examples of possible cluster structures
were computed via DFT optimization using ADF 2013 and
ADF 2014 molecular modeling suite [32, 33].

Stainless Steel Assisted Aynthesis of Gold-Iron NPs

Gold NPs were synthesized by reduction of HAuCl4 using
stainless steel as reducing agent at ambient conditions, similar-
ly as in [27]. A piece of stainless steel rod was introduced into 5
mL of 5 mM HAuCl4 aqueous solution and the reaction mix-
ture was stirred using a magnetic bar for 60 min. After intro-
duction of the stainless steel rod, the color of the solution
changed from yellow to red. After 60 min of the reaction, the
stainless steel rod was removed and the precipitate was washed
several times with water and acetonitrile and then dried at
ambient temperature (Sample I).

Plasma Assisted Aynthesis of Gold-Iron NPs

In this procedure, in addition to steel, an atmospheric pressure
plasma was applied. It was observed that within some 20–30 s
the color of the HAuCl4 solution began changing from yellow
to red, (first at the surface of solution), which indicated the
formation of gold NPs. Simultaneously, there was formation of

red precipitate on the surface of iron electrode immersed into
the tetrachloroauric acid solution. This means that two process-
es take place in parallel, one process in the solution due to the
plasma action and the other one at the surface of the steel
electrode. The formation of gold NPs at the surface of steel
was faster than in the HAuCl4 solution due to plasma. It is also
assumed that the form of the created nanoparticles could also
be influenced by the high frequency electric field. The red
precipitate formed at the surface of the steel electrode was
falling down into the solution. Therefore, Sample II was the
mixture of products formed both in the solution and on the
surface of the steel electrode.

Sample Preparation for Mass Spectrometric
Analysis

The target plate was cleaned several times with ethanol and
double distilled water and dried at room temperature before
sample deposition. Samples I–II of isolated Au-Fe NP were
washed with water and then with acetonitrile (as mentioned
above). For MS analysis, 1 μL of acetonitrile suspension was
deposited on the target plate and dried in a stream of air.

Results and Discussion
Scanning Electron Microscopy

The products formed in the redox process between HAuCl4 and
stainless steel with and without plasma were characterized by
SEM analysis. The obtained NPs appear homogeneous in
shape with polygonal yet nearly spherical geometry
(Figure 2a). The NPs were well dispersed without aggregation
and their average diameter was ~100 nm. SEM analysis shows
that Sample II contains both NPs and nanoflowers, whereas
red precipitate formed on the surface of the electrode (collected
from the steel rod) during plasma assisted synthesis of Au-Fe
NPs shows the formation of only giant gold nanoflowers

Figure 1. Scheme of the experimental assembly for the plasma-assisted synthesis of Au-Fe NPs (a), image taken of discharge at
the discharge power 20 W (b). Items (1) HV generator, (2) glass cuvette with oxalic acid solution and steel electrode, (3) steel
electrode, (4) plasma discharge, (5) HAuCl4 solution
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(Figure 2b). They consist of leaves, nanorods-like aggregates
(Figure 2c), and leaves-based flowerlike structures (Figure 2d).
The size of nanoflowers was found to be between 1000 and
5000 nm. It has been observed that prolonging the duration of
plasma discharge does not alter significantly the size and shape
of NPs and just increases the yield of the product.

The elemental composition of the Samples I, II, and red
precipitate formed on the steel electrode was determined by
EDX analysis and it is given in Table 1. It shows presence of
iron (~2.5 at. %) in all the products with negligible amount of
chromium and nickel.

X-ray Photoelectron spectroscopy

The Samples I and II were analyzed by the XPS, and no
significant difference was been observed in the spectra.
Lower values for Au/Fe ratio were obtained for XPS. It can
be explained by the fact that XPS has much lower penetration
depth [34]. The binding energies scale was calibrated taking as
a refererence the adventitious C 1s peak at 285 eV. A curve
fiting procedure of the experimental spectra was done. As
shown in Figure 3, deconvolution of Au 4f peak fits very well
using three component models, respectively, at 83.8, 84.7, and
86.3 eV. According to the work in [35–39], the component at
83.8 eV indicates the presence of gold in the oxidation state
Au0 (metallic state). XPS Au 4f peak deconvolution of AuFe
nanoparticles is given in Table 1.

The components at higher BE at 84.7 and 86.3 eV were
asigned to Au (I) and Au (III), respectively. In the Au 4f
regions each gold species shows two peaks due to the Au 4f
7/2 and Au 4f 5/2 transitions (with chemical shift
+3.65 eV). FWHM (full width half maximum) in all com-
ponents does not exceed 0.7.

Mass Spectrometry

Mass spectra of Sample I were recorded in positive and neg-
ative ion mode with a mass resolution in the range 6000–
10,000. The effect of laser energy on the ionization of mixed
Au-Fe clusters was studied for each m/z range in both positive
and negative ion mode. The threshold energy was determined
to be in the range 100–120 a.u.

The effect of laser energy on the ionization of Au-Fe
clusters in the range m/z 750–3500 is shown in Figure 4.
The ionization of the AumFen clusters increases by increas-
ing the laser energy up to 140 a.u. but it decreases then
with further increase the laser energy. The detailed analysis
of the LDI mass spectrum recorded in positive ion mode is
given in Figure 5 (m/z 180–1500) and Figure 6 (m/z 750–
4000). The formation of various unary Aum and binary
AumFen clusters is demonstrated. The general stoichiome-
try of the clusters was found to be Aum (m = 1–35) and
AumFen (m = 1–35; n = 1–2). It was observed that gold
clusters with odd number of atoms are more intensive than
the gold clusters with even numbers, similarly detected by
other authors for metallic clusters [40–42]. Few AumCrx

+

and AumFenCrx
+ clusters of lower intensity were detected

in higher range m/z 1500–8000. In addition, few

Figure 2. SEM images of gold-iron NPs Sample I (a), Au-Fe nanoflowers measured from the surface of the steel (under plasma
treatment) in different forms and magnification (b), (c), and (d)

Table 1. Elemental Composition Measured by EDX and XPS Au 4f Peak
Deconvolution of AuFe Nanoparticles

Samples EDX [at. %] XPS - Au 4f deconvolution [at. %]

Au Fe Au0 Au+I Au+III

Sample I 97.5 2.5 94.3 3.4 2.3
Sample II 97.6 2.4 91.9 6.1 2.0
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hydrogenated and oxygenated clusters were also observed
but they are minor species. Some chlorinated gold clusters
(Figure 6, marked with asterisk) for example Au8Cl

+, Au9Cl
+,

Au10Cl
+, Au11Cl

+, etc. and mixed AumFenCly
+/– clusters, for

example Au4FeCl
+, Au5FeCl

-, Au6FeCl
+/–, and Au8FeCl

+/–

were also detected. However, the intensities of AumFenCly
+/–

and AumFenCly
+/– clusters are negligible (about 1% to 2% of

those for Aum clusters). The overview of clusters generated
from Sample I is given in Table 2.

The clusters Aum
– (m = 1–6) and few AumFen

– (m = 3, 6; n =
1) have been detected in the range m/z 100–1200. In higher
range m/z 1200–8000, clusters Aum

– (m = 7–31) and AumFen
–

(m = 7-31; n = 1–2) were observed. Part of the spectrum in range
m/z 1700–6500 is shown in Figure 7. Similarly like in positive
ion mode, here some oxygenated, chlorinated gold, and mixed

AumFenCly
– clusters were also detected. In Figure 7 the peaks

marked with an asterisk (*) correspond to AumCl
– clusters, for

example Au12Cl
–, Au14Cl

– etc. Few low intensive AumCrx
– and

AumFenCrx
– clusters were detected in higher range m/z 1500–

8000. The presence of a negligible amount of chromium in the
Au-Fe nano-alloy was proven by EDX analysis. The source of
chromium is stainless steel (Cr = 18% to 19%). The oxygenated
species might be due to partial oxidation of iron and gold,
whereas oxygen comes mostly from water.

Sample IIwas also analyzed by mass spectrometry (spectra
are not given). The generation of AumFen clusters with n equal
to 3 in both positive and negative ionmodes has been observed.
The general stoichiometry of the generated clusters was
AumFen (m = 1–35; n = 1–3). In mass spectra of both the
products (with and without using plasma), the intensities of

Figure 3. XPS of Au 4f obtained for Sample II. Au 4f spectrum
(black) deconvoluted into three contributions: Au(0) (red), Au(I)
(blue), and Au(III) (cyan). Background subtraction was done.
Sample I gives almost identical spectra

Figure 4. Mass spectra concerning LDI of the Sample I in
rangem/z 750–3500. Effect of laser energy. Mass spectra were
normalized to 200 mV. Conditions: positive ion mode, laser
energy 100–140 a.u.

Figure 5. Mass spectrum of Sample I in the range m/z 0–
1500. The mass spectrum in the range m/z 190–450 is given
in the inset. Conditions: positive ionmode, laser energy 120 a.u.

Figure 6. Mass spectrum of Sample I in the range m/z 750–
4000. The magnification of mass spectrum in the range m/z
2500–4000 is given in the inset. Conditions: positive ion mode,
laser energy 120 a.u. The peaks marked with * correspond to
AumCl

+ species
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the peaks concerning AumFen clusters (n = 2–3) was lower than
for clusters with n = 1.

The stoichiometry of the selected clusters was also con-
firmed by MS2 analysis. For example, collision-induced disso-
ciation (CID) of the cluster at m/z 1434.8 (Au7Fe

+) leads to the
formation of a product ion atm/z 1040.8 (Au5Fe

+) correspond-
ing to the loss of Au2 (394.0 Da). The CID of cluster at m/z
1040.8 (Au5Fe

+) leads to the formation of product ions at m/z
843.8 (Au4Fe

+), 646.8 (Au3Fe
+), and 590.8 (Au3

+) with the
loss of Au (197.0 Da), Au2 (394.0 Da), and Au2Fe (450.0 Da),
respectively (Figure 8). Concluding, Au4Fe

+, Au3Fe
+, and

Au3
+ species generated during the fragmentation of Au5Fe

+

cluster are giving some information about the structure of
Au5Fe

+ cluster. The fragmentation is in agreement with com-
puted structures as shown in Figure 9.

Structure of Gold-iron Clusters

TOFMS does not provide direct structural information and
thus it is difficult to evaluate the structures of Au-Fe clusters
from the mass spectra alone. Some structures of Au-Fe clus-
ters have already been reported [43–46], for example, AuFe2,
Au2Fe, AuFe3, Au2Fe2, Au3Fe [43]; AuFe5, Au2Fe5 [44];

AunFe (n = 1–6, 12), AunFe2 (n = 1–4), AunFe3 (n = 1–3),
AunFe4 (n = 1–2, 12), AuFe5 [45]; and AunFe (n = 1–7) [46].
Therefore, in this work, structures of Au5Fe, Au7Fe2, and
Au9Fe2 clusters were computed as examples of higher clusters.
The structure of clusters was designed by DFT optimization
(ADF; scalar relativistic ZORA geometry optimization). The
aim was to find few possible isomers with local minima for
bonding energy. Therefore, kinetic stability by calculating
saddle points was not investigated. The structures in local
minima of potential energy surface always have iron atoms
coordinated with several gold atoms (most often to 4–6) and
possess few odd electrons (4–9). The typical distances of an
iron nucleus from adjacent gold nuclei lie in the interval 2.5–
2.7 Å (Figure 9). For the cluster Au5Fe, the molecular geom-
etry does not usually change much with the molecular charge.
The structural differences between the mono-anionic and the
corresponding neutral and mono-cationic moieties are within a
few percent for bond length and angles. Calculations are need-
ed to generalize the structural features of all the AumFen clus-
ters, but are beyond the scope of this study.

Mechanism of the Redox Reaction When Using Steel

Different mechanisms have been proposed for the synthesis of
gold NPs using stainless steel as reducing agent [27, 47].

Table 2. Overview of the Stoichiometry of AumFen Clusters Generated by LDI of Au-Fe NPs in Positive and Negative Ion Mode. Observed Aum = 1–35 clusters are
omitted for the sake of clarity

AumFen clusters

AuFe+ Au2Fe
+/– Au3Fe

+/– Au4Fe
+ Au5Fe

+/– Au6Fe
+/– Au7Fe

+/– Au7Fe2
+ Au8Fe

+/– Au9Fe
+/–

Au10Fe
+/– Au11Fe

+/– Au11Fe2
+ Au12Fe

+/– Au12Fe2
+/– Au13Fe

+/– Au13Fe2
+/– Au14Fe

+/– Au14Fe2
+/– Au15Fe

+/–

Au15Fe2
+/– Au16Fe

+/– Au16Fe2
+/– Au17Fe

+/– Au17Fe2
+/– Au18Fe

+/– Au18Fe2
+/– Au19Fe

+/– Au19Fe2
+/– Au20Fe

+/–

Au20Fe2
+/– Au21Fe

+/– Au21Fe2
+/– Au21Fe3

– Au22Fe
+/– Au22Fe2

+/– Au23Fe
+/– Au23Fe2

– Au24Fe
+/– Au24Fe2

+/–

Au25Fe
+/– Au25Fe2

+/– Au26Fe
+/– Au26Fe2

– Au27Fe
+/– Au27Fe2

– Au28Fe
+/– Au28Fe2

– Au29Fe
+/– Au29Fe2

–

Au30Fe
+/– Au30Fe2

– Au31Fe
+/– Au32Fe

+ Au33Fe
+ Au34Fe

+ Au35Fe
+

Note: The symbol ‘+/–’ indicates that the species observed in both positive and negative ion mode; in bold there are possible endohedral structures, e.g., Fe@Au14, etc

Figure 7. An example of mass spectrum from Sample I in the
range m/z 1700–6500. The magnification of mass spectrum in
rangem/z 5000–6500 is given in the inset. Conditions: negative
ion mode, laser energy 140 a.u. The peaks marked with *
correspond to AumCl

– species

Figure 8. The MS2 spectrum (for Sample I) concerning
collision-induced dissociation (CID) of cluster at m/z 1040.8
[Au5Fe

+] showing formation of product ions Au3
+, Au3Fe

+, and
Au4Fe

+ corresponding to the loss of Au2Fe, Au2, and Au,
respectively
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Stainless steel promotes the reduction of aqueous HAuCl4 into
gold NPs. The oxidation property of the tetrachloroauric acid
might promote the oxidation of Fe (0) to Fe (II), and, simulta-
neously, reduction of gold from Au (III) to Au (0). As reported
previously, the reduction of Au (III) is due to the electrons
liberated during the oxidation of stainless steel Fe (0) to Fe (II)
in higher amounts as well as other metals (Ni, Cr) to a lesser
extent [27]. According to [48] the formation of metallic gold is
reported as two step reaction. However, from mass spectra we
cannot contribute to explain the mechanism.

Au-Fe NPs Assisted MALDI-TOFMS of Peptides

Synthetized Au-Fe NPs might have applications in medicine as
for example drug carriers but also in mass spectrometry of
biological samples. The use of prepared Au-Fe nano-material
for so called Bnanoparticles assisted MALDI TOF mass
spectrometry^ of peptides was examined here. We investigated
the effect of Au-Fe NPs-enriched CHCA matrix on mass
spectra of bradykinin, angiotensin II, neurotensin, ACTH,
and insulin β-chain peptides commonly used for calibration in
MS. The aqueous solution of PepMix 4 was made with addi-
tion of TFA (0.01%). The CHCA matrix (10 mg/mL) was
prepared in acetonitrile/water (50/50 v/v) (0.1% TFA). Mass
spectra of PepMix 4 standard using common α-cyano-4-
hydroxycinnamic acid (CHCA) as a matrix were compared
with those obtained for a mixture (CHCA matrix + Au-Fe
NPs) and are given in Supplementary Figure S1. It is evident
that combination of Au-Fe NPs and CHCA improves the
intensities of bradykinin, angiotensin II, neurotensin, and
ACTH peaks, namely 4.9, 56, 235, and 190 times, respectively.
However, the peak intensity of the insulin β-chain decreased by
0.6 times compared with conventional CHCA matrix. Even
with the addition of Au-Fe NPs at two different levels, no
significant difference was observed, except for insulin β-chain,

where by using this Au-Fe nanomaterial we have obtained
Bbetter^ results than those using flowerlike gold nanoparticles
[49]. Most probably, the addition of Au-Fe NPs initiates
growth of smaller and homogenous co-crystals of the matrix
and the analyte as already described [49]. The use of Au-Fe
NPs-enriched CHCA matrix provides higher resolution and, in
most cases, significant increase of signal intensities of peptides,
more so than with the conventional MALDI method.

Conclusions
In contrast to the literature, it was found that nano-gold pre-
pared electrochemically using steel and tetrachloroauric acid is
in reality gold-iron nanomaterial. Nanospheres, nanoleaves,
and aggregates of the nanoleaves with nanorods-like objects
and/or leaves-based giant nanoflowers under simultaneous HF
plasma action are formed. Laser generated AumFen

+/– (nmax 3)
clusters and quantum computation prove that the structure
consists of max 1–3 atoms of iron surrounded by gold. These
unique gold-iron nanoparticles are quite stable and when used
in MALDI TOF MS they enhance highly the ionization of
peptides. Easy and green synthesis of the nanoparticles and
their properties might open new possibilities in bioanalytical
applications.
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