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al synthesis of Ag nanoparticles
using ascorbic acid

Ľudmila Balážová,a Adrian Augustyniak, bc Nina Daneu,d Tibor Sopčák,e

Ivana Kočišová,a Imelda Octa Tampubolonf and Matej Baláž *f

Mechanochemical synthesis of silver nanoparticles using ascorbic acid as a reductant was completed after

30 min of planetary ball milling, as confirmed by X-ray diffraction and FT-infrared spectroscopy. The

estimated average crystallite size of the produced Ag nanoparticles was 54 ± 2 nm. TEM analysis

revealed a polymodal distribution of Ag nanoparticles crystallite sizes. The product exhibited potent

antibacterial activity against E. coli and S. aureus.
Mechanochemistry is a solvent-free, environmentally friendly
pathway in line with green chemistry principles1 and United
Nations Sustainable Development Goals,2 capable of yielding
nanoparticles.3 Contrary to the view of researchers outside the
community that it is a top-down approach because it reduces
particle size to the nanoscale, it also serves as a bottom-up
approach by efficiently bringing precursors together at the
nanoscale (or even beyond) where the reaction occurs. The
individual units (atoms/molecules) grow to nanoparticles by the
processes such as Ostwald ripening, oriented attachment, coa-
lescence, atomic addition, etc.4 Among many nanoparticle
types, metallic silver nanoparticles (Ag NPs) are among themost
studied5 due to their great potential as antimicrobial agents.6 A
common synthesis pathway to reach Ag NPs involves the
reduction of silver salts, most oen silver nitrate. Common
reducing agents encompass both organic and inorganic chem-
icals (e.g., ascorbic acid (AA), hydroquinone, sodium borohy-
dride or sodium citrate7). The selection of the reducing agent
has an essential effect on the course of the reduction and the
stability of Ag NPs.8 Mechanochemical synthesis can be effi-
ciently used to prepare Ag NPs.4 The rst report of the successful
mechanochemical synthesis of Ag NPs by the reduction of AgCl
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by Na dates back to 2001.9 Since then, the eld has advanced
signicantly, and in situ monitoring techniques have been
developed to track the progress of mechanochemical reactions,
including the formation of Ag NPs during milling.10 Besides
synthetic chemicals, also natural biological materials can be
used as reducing agents. This discovery enabled the formation
of an expanding eld of green synthesis of Ag NPs, utilising, e.g.
plant extracts.11,12 Mechanochemical approaches to produce Ag
NPs via grinding silver salts and biological materials appeared
quite recently.13–19 However, working with biological materials
always raises questions, which are mostly related to reproduc-
ibility issues due to the large number of species present in
biological organisms. Therefore, we have decided to investigate
the mechanochemical preparation of Ag NPs using a synthetic
reducing agent in this work. Namely, AA was selected, as its
lower reducing ability when producing metallic NPs via the
mechanochemical synthesis observed so far poses a challenge.
Recently, a combination of grinding and storage led to the
successful synthesis of Ag NPs using AA within 2 days.20 Inter-
estingly, already in 2008, AA was used as an additive, to drive the
mechanochemical reduction of AgCl by Cu to completion.21 The
present study is a rst-ever report on a complete conversion of
AgNO3 to elemental Ag using ascorbic acid already during
milling, without the need for subsequent storage.

The initial experiments were performed using zirconium
oxide jars and balls, with a stoichiometric ratio of AA : AgNO3 of
1 : 1, in line with the conditions used by De Oliveira et al.22 to
yield Au NPs. This amount of AA should be sufficient, as AA
contains two carboxylic groups for the reduction of AgNO3. The
XRD patterns aer 5 and 60min of milling were very similar (see
Fig. S1 in the SI). The diffractions of AA were absent already
aer 5 minutes, meaning a quick amorphization of its so
organic crystals. The diffractions of AgNO3 (ICDD PDF2 card no.
01-074-2076) are present in both samples, albeit the intensities
of certain diffractions are different. Whereas the intensities of
the AgNO3 diffractions in the milled samples are in accordance
RSC Adv.
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Fig. 1 XRD patterns of AA : AgNO3 mixture with a 1 : 1 ratio using
10 mm WC balls after different milling times. The non-marked
diffractions correspond to AgNO3 (ICDD PDF2 card no 01-074-2076).
Ag diffractions were assigned based on the ICDD PDF2 card no 00-
004-0783. WC diffractions were assigned based on the ICDD PDF card
no. 00-051-0939 asterisk marks an unidentified phase.
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with the database, the ones of the starting AgNO3 do not
correspond and exhibit preferred orientation, most probably
due to imperfect sample preparation. The AgNO3 diffractions in
the milled powders are also slightly shied to lower 2q angles,
either due to a smaller amount of powder available or because
of the changes in the crystal lattice. These preliminary results
show a minimal reaction progress. as the amount of formed
elemental silver (ICDD PDF2 card no 00-004-0783) is tiny and
does not change with time (its diffractions marked by an
asterisk in Fig. S1). Thus, AA cannot effectively reduce silver
nitrate under the given conditions, consistent with the mecha-
nochemical synthesis of Au NPs.23 To improve the reaction
progress, further optimisation of experimental conditions was
required.

Since there was still a large amount of non-reacted AgNO3, it
was hypothesised that potentially there is not enough AA
present in the system, as e.g. in,20 the process was the most
efficient when the AA : AgNO3 ratio was 3 : 1. The effect of AA
over-stoichiometry was tested by using the AA : AgNO3 molar
ratios 3 : 1, 6 : 1 and 9 : 1 under identical milling conditions. The
XRD patterns in Fig. S2 clearly show that increasing the AA
amount does not improve the reaction progress. In fact, as the
diffraction peaks corresponding to Ag0 are barely visible when
increasing the AA amount, the results are even worse than when
using AA : AgNO3 1 : 1 stoichiometry.

Based on this observation, it was decided that, rather than
changing the chemical factors, the energy supplied to the
reaction mixture could be increased by using tungsten carbide
jars and balls instead of zirconium oxide ones, and by
increasing the number of milling balls. The energy supplied to
the treated powders during high-energy milling can now be
efficiently calculated applying the calculations given in.24 The
necessary input parameters encompass the following: effective
diameter of the main disk of the planetary mill, diameter and
height of the jar, diameter, mass and number of milling balls,
rotation speed and milling time. In this way, the total energy
(Etotal) and impact energy (Eimpact) can be calculated. The results
of these calculations show that total energy transferred to the
powder increased from 56.5 kJ (using 9 ZrO2 milling balls with
a diameter of 9.25 mm) to 395.6 kJ (using 25 WC milling balls
with a diameter of 10 mm) during 45 minutes of milling. The
XRD patterns in Fig. 1 clearly show a signicant improvement in
conversion compared with previous experiments, as the peaks
of the starting AgNO3 are already minor aer a short milling
time of 15 minutes. In contrast, those corresponding to Ag0 are
much more pronounced. In addition, a lower-intensity peaks
belonging to neither precursors nor Ag0 product were identied.
These peaks were also observed in,20 however, their presence
was not discussed. Since they are crystalline even aer intensive
milling, their organic origin can be almost surely ruled out.
More probably, they represent one of the following: (i) a silver –
ascorbate salt/complex, or (ii) a mixed AgNO3–AA co-crystal. For
simplicity, this phase is referred to as an “intermediate” in the
following text. Its four main diffractions are marked with an
asterisk in Fig. 1 (for the sample treated for 30 min). Upon
further processing, the diffractions corresponding to silver
nitrate completely vanished from the XRD patterns. The XRD
RSC Adv.
patterns obtained aer 30 and 45 min of milling are almost
identical, showing a signicant reduction of diffractions cor-
responding to intermediate (*) and a slight contamination from
WC milling media. Tungsten carbide contamination represents
an inert material and its presence does not inuence the
conversion (this can be claimed as the reaction reached
a signicant conversion already aer 15 min whenWC presence
was not proven). The reaction mixture aer 45 min of milling
became very sticky and difficult to handle. A similar phenom-
enon was observed during the solid-state synthesis of Ag NPs
using PVP as reducing and stabilising agent.13 In the mentioned
study, prolonging reaction times from 15 min to 25–30 min
caused the mixture to stick to the wall of the milling capsule. It
was also shown that long milling times lead to a decrease in the
surface area of NPs due to welding and coalescence.25,26

To mitigate WC contamination, the ball diameter was
reduced to 5 mm. Namely, 177 pieces of 5 mm WC balls were
used (this amount was used to keep the ball mass similar to the
experiment with10 mm balls). However, no imprvement was
achieved, as clearly higher WC content was evidenced (the XRD
patterns of the mixtures aer milling for 45 min using 5 and
10mmballs are compared in Fig. S3). Moreover, the diffractions
of the intermediate phase were more intensive when using
5 mm balls. The energy calculations showed that both the
impact energy and the total energy supplied to the powders were
higher when using 5mmballs (Eimpact= 37.2 J vs. 5.2 J, and Etotal
= 431.3 kJ vs. 395.6 kJ for the experiment using 177 pieces of
5 mm vs. 25 pieces of 10 mm balls, respectively). Thus, in this
case, a mere change in the balls' diameter, while keeping the
other parameters the same, did not result in reduced abrasion
and seems to favor the intermediate stabilization.

Based on the above-described results, it was concluded that
optimal conditions for the synthesis of elemental Ag were an
AA : AgNO3 ratio of 1 : 1, a milling time of 30 min, and the use of
© 2026 The Author(s). Published by the Royal Society of Chemistry



Fig. 2 XRD pattern of aged sample prepared for 30 min using 10 mm
WC balls (Ag-AA-WC product) and Rietveld refinement results,
including fitting factors.
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10 mm WC balls. This accounts for the supplied total energy of
263.7 kJ.

To get more detailed information about the stability, phase
content and crystallite size of the produced Ag NPs, the XRD
pattern of the optimal sample was re-measured aer 20 months
using a different setup providing better signal-to-noise ratio and
the obtained data were subjected to Rietveld renement (Fig. 2).
The major phase with the content of 93 ± 0.5% was elemental
Ag0, with WC abrasion as the only signicant impurity. Traces
of intermediate were also identied; however, the intensity of its
diffraction peaks was very low (thus the aging promoted the
conversion), so it was not considered during the renement.
The estimated crystallite size of the Ag NPs was 54 ± 2 nm, with
a microstrain of 0.57 ± 0.13% contributing to peak broadening.
The lattice parameter a in the cubic unit cell was equal to
4.08683 ± 0.00008 Å.

To further conrm the reaction completion, the FTIR spectra
of the nal product and starting materials were measured and
are presented in Fig. 3. It can be clearly seen that the charac-
teristic vibrations of the nitrate group originating from AgNO3
Fig. 3 FTIR analysis of precursors (ascorbic acid and AgNO3) and Ag-
AA-WC product.

© 2026 The Author(s). Published by the Royal Society of Chemistry
at 1379 cm−1 (asymmetric stretching) and at 825 cm−1 and
731 cm−1 (bending) are absent in the IR spectrum of the as-
prepared Ag-AA-WC product. As for ascorbic acid, the C]C
bond stretching vibration at 1651 cm−1 and the C]O stretching
vibration at 1755 cm−1 are also not observed in the product.20

The successful oxidation of AA is also conrmed by the absence
of the stretching vibration band corresponding to –OH group at
3535 cm−1 in the FTIR spectrum of Ag-AA-WC product. Also the
stretching vibrations of dehydroascorbic acid, a reaction inter-
mediate (that according to20 should be present at around
1791 cm−1 and 1753 cm−1) are absent, thus further conrming
the reaction completion. This nal aged sample was subjected
to TEM analysis and antibacterial activity evaluation.

The morphological characteristics of the optimal sample
obtained aer 30 minutes of milling were studied with (scan-
ning) transmission electron microscopy ((S)TEM). The analyses
conrmed the successful synthesis of Ag NPs (Fig. 4), with
particle sizes ranging from a few nm to about 100 nm. A low
degree of agglomeration and an overall crystallite size lower
Fig. 4 TEM analysis of mechanochemically prepared Ag-AA-WC
product: TEM image (top left), selected area diffraction (SAD) pattern
(top right), elemental mapping showing Ag and W presence (middle
left), high-resolution TEM image showing also (111) facet (middle right)
and particle size histogram (bottom).

RSC Adv.
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than that estimated from XRD data can be seen from Fig. S4–S7.
The discrepancy of NPs crystallite size determination arises
from the different nature of the two techniques. The estimated
crystallite size obtained from Rietveld renement of the XRD
data reects the average domain size of the whole sample and is
based on statistically representative number of particles. In
contrast, the TEM observations are based on a much smaller
number of particles and may not be fully representative of the
entire sample. In addition, the TEM grid preparation involves
dispersing the powder in ethanol and depositing the suspended
fraction onto the grid and thus, only the ner fraction of the
sample is imaged. Selected area diffraction (SAD) pattern in
Fig. 4 contained only diffraction rings with d-values of
elemental silver with face-centred cubic structure. In contrast,
theWC amount was too low to be detected by SAD. We used EDS
mapping to reveal the presence of scarce WC nanoparticles
among the prevalent Ag NPs. The smaller, isolated Ag NPs were
mainly octahedral, enclosed by (111) facets. The detailed anal-
ysis of particle size (see histogram) showed wider unimodal size
distribution of prepared Ag NPs. Namely, the sizes in the range
10–40 nm, with the average size of 27.2 ± 17.0 nm, were
evidenced.

Further, the nal product's antibacterial activity was evalu-
ated and compared with that of the starting materials. The
microbiological study conrmed that Ag-AA-WC sample (used
at the concentration of 500 mg mL−1) signicantly reduced the
viability of cells in the resazurin assay, regardless of the tested
bacterium Escherichia coli and Staphylococcus aureus in the 4-
hour acute toxicity test (Fig. 5). This effect is similar to that
observed in previous studies on the same bacterial models that
Fig. 5 Viability of E. coli (top) and S. aureus (bottom) bacteria in the
control sample and the one contactedwith the Ag-AA-WC sample and
corresponding precursors. Positive control – bacterial cells only,
negative control – assay with no cells. T
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Paper RSC Advances
were exposed to Ag0/Ag2CO3-eggshell-plant nanocomposites.27

The presence of ne WC particles as a result of contamination
might also contribute to the antibacterial action.28,29 Silver
nitrate, used as a precursor to produce Ag-AA-WC, had a more
substantial effect on bacterial populations than the tested
product. This is well-visible in the zoomed in gures in the SI
(Fig. S8 and S9). The fact that AgNO3 shows stronger activity
than the metallic Ag0 is well-known from literature.30,31 In our
case, its better performance is caused by both the ionic char-
acter of silver in the solution and the fact that it is present in the
liquid, where the diffusion is much faster than in solid state.
However, the motivation to transform ionic form of silver into
elemental one lies in the low stability of the former. AA inter-
fered, as expected, with the resazurin assay, as it is a known
interfering factor in this test.32 However, the clearly distinct
shape of the curve obtained for AA can serve as a suitable
reference for comparisons. Namely, if AA would be present in
our product, the corresponding curve would be bent up early in
the process. As this is not the case, it may be concluded that the
nal product did not contain AA residues, or its amount was low
enough not to interfere with the assay. It supports our nding
that AA was oxidized during the synthesis of Ag NPs.

In the present contribution, we have shown a complete
reduction of silver nitrate into elemental silver using ascorbic
acid under mechanochemical solvent-free conditions. The
comparison of selected information from the present study with
that available for two other studies that used AA for similar
purpose is shown in Table 1. It is clear that our approach offers
the possibility to reach the desired product much faster.
However, the higher sustainability value of the approach re-
ported20 has to be acknowledged. Upon combining the knowl-
edge from the present contribution and the one reported
therein, an even more green and sustainable protocol for
producing Ag nanoparticles using ascorbic acid might be
reached in the future.
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Conceptualisation: ĽB, MBa, funding acquisition: MBa, inves-
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ND, AA, project administration: MBa, resources: MBa, supervi-
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