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Montréal, Québec, H3A 0C5, Canada

† Electronic supplementary information
and aged powders, XPS spectra, DRS spe
and population distributions over the
details of the thermally coupled PXRD m
the activation energy of the
https://doi.org/10.1039/d2na00759b

‡ These authors contributed equally to th

Cite this: DOI: 10.1039/d2na00759b

Received 30th October 2022
Accepted 14th March 2023

DOI: 10.1039/d2na00759b

rsc.li/nanoscale-advances

© 2023 The Author(s). Published b
u nanoparticle formation in
a mechanochemical-aging-based method†

Austin J. Richard, ‡a Michael Ferguson, ‡ab Blaine G. Fiss, a Hatem M. Titi, a

Jesus Valdez,ac Nikolas Provatas,de Tomislav Friščić *ab and Audrey Moores *af

As we strive to perform chemical transformations in a more sustainable fashion, enabling solid-state

reactions through mechanochemistry has emerged as a highly successful approach. Due to the wide-

ranging applications of gold nanoparticles (AuNPs), mechanochemical strategies have already been

employed for their synthesis. However, the underlying processes surrounding gold salt reduction,

nucleation and growth of AuNPs in the solid state are yet to be understood. Here, we present

a mechanically activated aging synthesis of AuNPs, through a solid-state Turkevich reaction. Solid

reactants are only briefly exposed to input of mechanical energy before being aged statically over

a period of six weeks at different temperatures. This system offers an excellent opportunity for an in situ

analysis of both reduction and nanoparticle formation processes. During the aging period, the reaction

was monitored using a combination of X-ray photoelectron spectroscopy, diffuse reflectance

spectroscopy, powder X-ray diffraction and transmission electron microscopy, to gain meaningful

insights into the mechanisms of solid-state formation of gold nanoparticles. The acquired data allowed

for the establishment of the first kinetic model for solid-state nanoparticle formation.
Introduction

Mechanochemistry, dened as chemical reactions activated or
driven by mechanical energy, has emerged as a highly
successful alternative to conventional solution-based tech-
niques. With benets including the avoidance of bulk solvent,
reduced reaction times, and higher yields,1–3 mechanical acti-
vation enables more efficient, green, and sustainable chemical
processes.4–6 As such, mechanochemistry has been applied with
success to a broad range of materials, including coordination
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polymers,7 pharmaceutical co-crystals,8 perovskites,9 small
molecule organics,10 solid-state electrolytes,11 and
nanoparticles.12,13

With applications ranging from catalysis and electronics to
photodynamic therapies, there is increasing interest in devel-
oping sustainable synthesis routes to gold nanoparticles
(AuNPs).14–16 In 2009, Debnath et al. reported a pioneering
mechanosynthesis of AuNPs by reducing KAuCl4 with NaBH4 in
the presence of polyvinylpyrrolidone (PVP), with particle size
control in the range of 6–30 nm.17 Previous work from our group
showed that ultrasmall AuNPs, with sizes ∼ 1.5–2 nm, are
produced by galvanic reduction of Au(III) in the presence of long
chain amines.18 The Camargo group then developed a strategy
to grow nanotadpoles in solution from such mechanochemi-
cally accessed AuNPs.19

The mechanisms of nanoparticle nucleation and growth in
solution are well studied, and several different theories have
been proposed.20 Examples include the LaMer theory of burst
nucleation,21 Ostwald's ripening,22 the Finke–Watzky two-step
model of simultaneous nucleation and growth,23 the Brust–
Shiffrin method,24 and a four-step mechanism for AuNP
synthesis.25 However, the scope of these mechanisms is limited
to solution synthesis and cannot be directly applied to
processes in the solid state.26,27 Conversely, in the solid state,
there is a good understanding of the kinetics of mechano-
chemical gold reduction, from in-depth in situ studies by
powder X-ray diffraction (PXRD)28 and X-ray absorption spec-
troscopy (XAS).29
Nanoscale Adv.
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Fig. 2 (a) Comparison of deconvoluted XPS data for Au(III) (dashed
line) and Au(0) (solid line) 4f doublets of product AuNPs after aging at
room temperature for 0 (blue), 1 (green), 4 (red), 7 (violet), 15 (brown),
22 (pink), and 43 (grey) days. Full deconvoluted envelop data are
provided in Fig. S4–S6.† (b) Plot of the percentage of Au(III) reduced to
Au(0) upon aging at −18 °C (triangles), 21 °C (circles), and 32 °C
(squares).
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Our group has also studied the way in which HAuCl4 NPs, as
precursors to Au NPs, evolve and react at the onset of such
reactions.30 We have also presented the rst theoretical model
for AuNP nucleation under mechanochemical conditions,
which introduced a ballistic term as a way to parametrise the
role of mechanical energy in the formation of amine-stabilised
AuNPs.31 Yet, despite such efforts, no study has permitted the
tracking of NP formation and transformation in a mechano-
chemical set-up.

We now provide a direct, time-resolved, multi-scale study of
the solid-state growth of AuNPs. This is achieved through
a mechanically activated aging process based on the brief
introduction of mechanical energy followed by static equili-
bration. Such mechanochemically activated aging reactions32

have recently been used for the synthesis of metal–organic
frameworks,33 organometallic complexes,34,35 organic
minerals,36 and polyaniline–clay nanocomposites,37 as well as
nanoparticle systems, including Bi2S3 (ref. 38) and Ag39 NPs.

The use of a mechanically activated aging methodology
enabled the observation of the solid-state growth process at the
nanoparticle level, which is currently not possible using in situ
methodologies while continuously milling. This granted us the
opportunity to extract invaluable information on the mechan-
ically activated synthesis of amine-stabilised AuNPs using
a modied solid-state Turkevich approach40 (Fig. 1), using X-ray
photoelectron spectroscopy (XPS), diffuse reectance spectros-
copy (DRS), PXRD, transmission electron microscopy (TEM),
and energy dispersive X-ray spectroscopy (EDXS). The judicious
choice of the reducing agent and modication of the environ-
ment allowed direct monitoring of AuNPs over a period of
weeks. The data acquired through variable temperature (VT)
PXRD and DRS allowed for the determination of the NP
formation activation energy, as well as the establishment of
a kinetic model. This work represents the rst extended nano-
scale monitoring of AuNP growth in the solid state. This work
also provides key insights for the understanding of mechano-
chemical reactivity.

Results and discussion

In developing the optimal approach to AuNP synthesis by
mechanically activated aging, we explored ascorbic acid,
hydroquinone, NaBH4, and sodium citrate (NaCt) as reducing
agents,28 which were combined with the gold precursor
Fig. 1 Synthesis of amine-stabilised AuNPs through mechanical
activation and subsequent aging.

Nanoscale Adv.
HAuCl4$3H2O and octadecylamine (ODA) as the NP stabilizing
ligand.18 The reagents were milled for 90minutes, aged for 1 day
at room temperature (21 °C), and analysed by TEM. The best
performing reducing agent was NaCt, providing the ability to
reliably produce AuNPs aer milling for 90 min and aging for
one day at room temperature, in a reaction reminiscent of the
solution-based Turkevich method.40 To capture the initial
stages of the reaction, the milling time was reduced to 60 s to
induce the reaction without driving the rapid formation of
AuNPs. During aging, the reaction is considered to be thermally
driven. To understand the effect of temperature on such
a process, freshly milled samples were stored in the dark at
three different temperatures:−18 °C (low temperature, LT), 21 °
C (room temperature, RT), and 32 °C (elevated temperature ET).
The solid reaction mixtures were sampled on days, 0, 1, 4, 7, 15,
22, and 43 aer milling, with each reaction performed in trip-
licate to ensure reproducibility.

Color changes of the milled powder provided qualitative
information on reaction progress. Specically, freshly milled
powders exhibited a yellow color, which persisted for the LT
aging sample (ESI Fig. S1a†). The RT sample exhibited a gradual
fading of the initial yellow color, and aer seven days it
exhibited a red/brown tinge (ESI Fig. S1b†). Aer two weeks, RT
samples were purple in color, which deepened upon further
© 2023 The Author(s). Published by the Royal Society of Chemistry
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aging. Such purple color is characteristic of the localised surface
plasmon resonance (LSPR) exhibited by AuNPs.41 For the ET
sample, the yellow color had completely disappeared aer one
day, and aer four days the characteristic purple color of AuNPs
was attained (ESI Fig. S1c†). The purple color intensied upon
aging, and aer two weeks the powder was almost black. This
indicates that the reaction was signicantly accelerated with
increased temperature.

XPS was employed to monitor the reduction of Au(III) to Au(0)
by tracking intensity changes in the Au 4f doublets. Raw XPS
spectra were deconvoluted into the 4f7/2 and 4f5/2 doublets for
Au(III) and Au(0), normalised to the Au(III) 4f7/2 peak at∼87 eV of
freshly milled powder. The Au(I) signals were also considered
during deconvolution, but did not appear signicant at any
point during the reaction. While the standard major-peak
binding energy value for bulk Au(III) and Au(0) is 86 and 84 eV
respectively, the peak position may vary with the particle size
and surroundings of the Au species.42 Knowing that our XPS Au
signal is up-shied between 0.2 and 1 eV from the bulk stan-
dards, and knowing fromDRS and TEM analyses that AuNPs are
present in the milled powder, it may be concluded that the
slight shi observed in XPS may be due to the fact that gold is
present as nanoparticles. The RT samples showed a consistent,
gradual decrease in the Au(III) signal accompanied by a propor-
tional increase in the Au(0) signal (Fig. 2a), suggesting a slow,
continuous reaction of HAuCl4$3H2O during the aging process.
Fig. 3 Comparison of DRS data of: (a) RT sample aged at 21 °C, (b) ET sam
(d) ET sample. All samples were analysed after 0 (blue), 1 (green), 4 (red), 7
pattern for elemental gold in the FCC lattice in (c) and (d) is shown in bla
used to monitor reaction progress.

© 2023 The Author(s). Published by the Royal Society of Chemistry
Little change is observed for the LT sample, whereas the ET
sample exhibited a much faster progression of the Au(III)
reduction (ESI Fig. S6†).

Integration of the normalised doublets gave access to the
Au(III)/Au(0) ratio by which the percentage reduction could be
quantied (Fig. 2b). For the ET sample, the reduction is initially
rapid, reaching completion aer 15 days, while the RT sample
achieved ca. 90% reduction over the entire explored aging
period of 43 days. Consistent with the visual inspection of the
powders, little to no reduction occurred in the LT sample. All
samples show ca. 20% reduction immediately aer milling,
which can be attributed to the previously reported photore-
duction of Au(III) salts upon XPS analysis43,44 (ESI Section 2b†).

The growth of AuNPs in the bulk powder during aging was
followed by DRS and PXRD. Specically, DRS was used to follow
changes in reectance (converted from % R, ESI Section 1†) in
the region 500–600 nm, where AuNPs, of a minimum diameter
of 2 nm, exhibit characteristic absorption due to LSPR.45–47 The
LT samples did not show signicant reectance in the visible
region throughout the aging period (ESI Fig. S8†). Both RT and
ET samples featured strong reectance bands at ca. 550 nm,
which appeared during aging (Fig. 3a and b). The normalised
reectance intensity increased gradually for RT samples during
the full 43-day aging period, whereas for the ET sample the
intensity rose sharply, reaching its maximum on day four. The
nal position of the reectance maximum for ET samples
ple aged at 32 °C. Comparison of PXRD patterns for: (c) RT sample and
(violet), 15 (brown), 22 (pink), and 43 (grey) days of aging. The simulated
ck,50 where the reflection at 2q of 38.2 corresponding to the (111) was

Nanoscale Adv.



Fig. 4 Bright field TEM images from solution drop-cast preparation of
the RT sample when aged for: (a) 0, (b) 1, (c) 4, and (d) 7 days at
magnifications of ×120k, ×94k, ×500k, and ×390k, respectively. (e)
The AuNP size population distributions for the RT sample after aging
for 0 (blue), 1 (green), 4 (red), 7 (violet), 15 (brown), 22 (pink), and 43
(grey) days.

Nanoscale Advances Paper
(545 nm) was found to be red-shied by 4 nm compared to RT
samples (541 nm), a shi that may be caused by one or multiple
different sources including larger average NP sizes, agglomer-
ation, a higher polydispersity, and a changing refractive
index.48–50 The ET samples also exhibited a broadening of the
reectance band for up to 15 days and were found by TEM to
contain larger and more polydisperse AuNPs (ESI Fig. S22†).
While nothing can currently be said on agglomeration or
refractive index, they cannot be excluded as potential sources of
red-shiing. These results demonstrate that NaCt and ODA are
efficient in causing the reduction of Au(III) and NP formation.
We ran two blanks at RT to understand the role of each, and
found that ODA alone did cause the formation of AuNPs, but
more slowly than with NaCt. NaCt alone did not afford any
measurable LSPR signal upon 43 days of aging (Fig. S11†).

Similar trends for AuNP growth were observed by PXRD,
following the intensity of the Au(111) X-ray reection at 2q =

38.2°.51 This characteristic X-ray reection was not evident for
the LT sample (ESI Fig. S13†) indicating a lack of NP growth. For
the RT samples (Fig. 3c), the Au(111) X-ray reection was
observable aer one day of aging and increased in intensity
during the remaining six weeks of aging (zoomed diffracto-
grams are available in ESI Fig. S12†). The Au(111) reection was
observable aer one day for ET samples and continued to
increase in intensity substantially for the remainder of the aging
period (Fig. 3d). Consistent with visual inspection, XPS, DRS,
and PXRD observations indicate a strong temperature depen-
dence of the growth of NPs in a mechanically activated aging
process.

Notably, the Au(200) X-ray reection (2q = 44.4°) was
observable for ET samples, permitting the investigation of
particle morphology via the ratio of the intensities of (200) and
(111) reections (I(200)/I(111)).52 It was previously shown that Au
metal exhibits an I(200)/I(111) ratio of 0.53, while nanocubes,
icosahedrons and tetrahedrons exhibit values of 1.93, 0.31, and
0.25, respectively. The herein calculated I(200)/I(111) ratio was
0.33, suggesting predominantly spherical AuNPs.52 This
morphology was directly observed under a high resolution TEM
in fully aged samples (ESI Fig. S17†). Therefore, the broadening
of reectance bands observed in DRS data is more likely due to
polydisperse size distributions.

We then turned to TEM analyses to probe the effect of aging
temperature on the size and morphology of AuNPs to be
investigated. We rst selected the solution drop-casting method
to prepare the TEM samples, because it is a common, simple
methodology that oen leads to clean images through efficient
particle spreading. Specically, samples produced by solid
phase aging were dispersed in toluene and the resulting
suspension was rapidly drop-cast onto the TEM grid. Toluene
was chosen because neither of our starting materials were
soluble in this solvent, yet we needed to test if this sample
preparation method led, by itself, to the formation of Au(0) NPs
(for more details, see ESI Discussion S1†). To our surprise it did,
as NPs of around 4 nm diameter were observed. The samples
were identied as Au(0) by using scanning transmission elec-
tron microscopy coupled with a high-angle annular dark eld
detector (STEM-HAADF). As this blank test was featuring Au(0)
Nanoscale Adv.
NPs, the particle sizing and analyses were contextualised with
the trends observed in the solid-state analyses, namely by XPS,
DRS, and PXRD, and we used the latter methods as the sole
reliable sources of information on the redox state of our
samples (Fig. 2 and 3).

For freshly milled and one-day aged samples, TEM images
(Fig. 4a and b) revealed two populations of NPs: a small number
of large non-spherical particles whose diameter is approxi-
mately 20 nm (ESI Fig. S20†), as well as smaller spherical NPs (Ø
= 7.0 ± 1.9 nm for freshly milled, and 8.2 ± 2.6 nm for particles
aged over one day). STEM-HAADF imaging coupled with EDXS
elemental mapping conrmed that particles of Ø $ 15 nm
featured overlapping Au and Cl signals that correlate with the
particles observed in the dark eld image (ESI Fig. S21†).
Consequently, these Ø $ 15 nm NPs are likely composed of
HAuCl4 precursors, and their absence in blank tests is consis-
tent with particle comminution taking place during
© 2023 The Author(s). Published by the Royal Society of Chemistry
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mechanochemical activation. This effect and the way precursor
NPs evolved over time were addressed in depth previously.30 The
smaller NPs, made of Au(0), were very similar to the blank test
NPs and because solid state techniques (especially PXRD and
DRS) did not indicate the presence of Au(0) NPs, we attributed
their presence to this sampling artefact.

Looking at four-day aged samples, ultrasmall AuNPs,
Ø = 1.2 ± 0.2 nm, were observed by TEM for the rst time
(Fig. 4c). Such NPs are absent from any blank tests. PXRD
analysis revealed a small reection for metallic gold aer just
one day of aging. Therefore, we believe that ultrasmall AuNPs
are present in the sample aer one day of aging but in such low
concentration that we could not spot them reliably by TEM.
Between one and four days of aging the amount of Au(0) in the
sample increases by approximately 35% (Fig. 2b). This causes
the formation of ultrasmall AuNPs in sufficient quantity to be
encountered during TEM studies. Aer one week of aging, the
ultrasmall NPs are still visible, exhibiting a slightly larger
diameter, and account for a larger fraction of the overall pop-
ulation (Fig. 4d and e). The representative TEM images for RT
samples (Fig. 4) taken during the rst week of aging conrm the
AuNP icosahedral geometry suggested by the I(200)/I(111) ratio
calculated from the PXRD data. Aer two weeks of aging, the
ultrasmall NP population was greatly reduced while accompa-
nied by an increase in particle diameter to Ø = 2.1 ± 0.1 nm. At
the same time, the population with Ø z 20 nm disappeared,
which is tentatively ascribed to the consumption of HAuCl4.
Aer 22 days of aging RT samples showed a multimodal
distribution of AuNPs with Ø # 6.5 nm. Previously observed
ultrasmall particles had grown since their rst appearance in
a non-uniform fashion. Finally, aer six weeks the AuNPs were
observed in a bimodal distribution with Ø = 5.8 ± 1.9 nm and
11.9 ± 2.6 nm.

For ET samples, TEM analysis conrms the acceleration of
the reaction suggested by XPS, DRS and PXRD data. Particles
aer one day of aging were slightly smaller, Ø of 4.3 ± 0.9 nm,
than those visible immediately aer milling, Ø of 6.8 ± 1.8 nm
Fig. 5 Solid-state STEM-HAADF images and EDXS elemental maps for
Au and Cl (left to right, respectively) for: (a–c) freshly milled powder at
×186k magnification and (d–f) for the powder after seven days of
aging at room temperature at ×740k magnification.

© 2023 The Author(s). Published by the Royal Society of Chemistry
(ESI Table S3†). We believe that these particles are the result
of ultrasmall AuNPs that had formed and already grown
between sampling times. Additionally, the secondary distribu-
tion at Ø z 20 nm, attributed to the HAuCl4 precursor dis-
appeared, consistent with the reduction indicated by XPS
(Fig. 2b). Throughout the remainder of the aging period the
particles continued to grow with multi-modal distributions.
Aer six weeks a quad modal distribution was observed where
the smallest particles had an averageØ of 6.6± 0.2 nmwhile the
largest particles had a Ø of 20.3 ± 7.5 nm. Therefore, the
Fig. 6 (a) Plot of normalised reflectance resulting from localised
surface plasmon resonance at 541 nm for samples aged at 21 °C (black
circles with green standard error bars) with a fitted logistic function
(red dashed lines). Inset shows the linear fitting (solid blue line) of data
points between 0 and 22 days of aging functions to obtain an initial
growth rate. (b) In situ variable temperature PXRD analysis of AuNP
formation between 24 and 46 °C where * denotes the reflection
corresponding to the (111) lattice plane of elemental gold. (c) Plot of
the rate of increase in intensity of the reflection at 2q = 38.2° for each
temperature (grey circles) with the model Arrhenius plot with
parameters taken from the resolved data.

Nanoscale Adv.
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broadening of the reectance band in DRS spectra is caused by
the polydispersity of the resulting AuNPs. While aging at
elevated temperatures is advantageous for the rate of NP
growth, it appears to be offset by a loss of size control. Particle
size population proles exhibited by LT aged samples did not
show any signicant growth compared to the day 0 starting
point (ESI Fig. S21†). It appears that the reaction is effectively
paused at these temperatures.

While the drop-casting method was useful for statistical NP
size analysis, we showed it could lead to artefact formation. We
thus turned to solid-state TEM sampling to conrm that AuNPs
were formed in the absence of bulk solvent. Samples were
prepared by impregnating a SiOx substrate bearing (30 nm
thick) copper grid with freshly milled powder. Impregnation
was achieved by dragging the grid through the loose powder,
aer which the grid was cleaned with pressured air to remove
excess material.

The resulting samples were studied in the solid-phase using
STEM-HAADF. A freshly milled powder sample featured large
particles in the 100 nm range. Fig. 5a shows a representative
example, as a large, non-spherical particle of a maximum
diameter z 125 nm. Elemental maps of Au and Cl were con-
structed for this image using EDXS. The overlapping signals for
Au and Cl in the EDXS analysis (Fig. 5b and c) revealed it as the
HAuCl4 precursor, consistent with previous analyses.

Aer one week of aging another grid was prepared and
ultrasmall AuNPs were observed in a monodisperse distribu-
tion, with a Ø of 1.5 ± 0.4 nm. Elemental mapping showed
localised concentrations of Au, consistent with the bright spots
in the STEM-HAADF image (Fig. 5d and e). Cl signals (Fig. 5f)
were dispersed throughout the region with minimal localised
concentrations. This conrms that ultrasmall AuNPs have
formed in the solid phase, and not as a result of the drop-
casting process. The XPS, DRS, PXRD and TEM studies
Fig. 7 Schematic representation of the synthetic sequence: precursor
comminution. Aging at −18 °C (LT) led to no reaction; aging at 21 °C (R
different techniques; aging at 32 °C (ET) led to a similar outcome in an a

Nanoscale Adv.
demonstrate that AuNPs can be synthesised in the solid phase
through an aging process and that this reaction is temperature
dependent.

The aging process was readily followed in situ, providing
access to kinetics of AuNP formation in the solid state. We have
plotted the intensity of the 541 nm LSPR peak observed by DRS
for samples aged at 21 °C over 43 days (Fig. 6a). At the onset of
the reaction, between days 0 and 22, the LSPR signal grew in
a linear fashion at a rate of 3.43 × 10−7 s−1. This is comparable
to the initial rate of 4.48× 10−7 s−1 at 24 °C observed during the
initial 2.5 hours of the variable temperature (VT) PXRD experi-
ment in Fig. 6c. Aer day 22, the curve saturated, as the reaction
came to completion. This overall sigmoidal curve is reminiscent
of solution-based nanoparticle growth mechanisms, whereby
autocatalytic effects are at play.53 The curve is also a close match
to the sigmoidal curve observed by the James group for mech-
anochemical reactions, in which feedback between rheological/
mechanical effects and chemistry inuence reaction kinetics.54

Details on the tting of the sigmoidal curve can be found in ESI
Section 2c.† To deepen our understanding, we focused on the
initial stage of the reaction and performed two variable
temperature (VT) PXRD studies, focusing on the intensity of the
Au(111) X-ray reection of metallic gold (2q = 38.2°). First, we
acquired 121 PXRD patterns over 60 hours for three separate
experiments performed with the thermo-coupled stage held at
a constant temperature (30, 35, and 40 °C).

For each temperature, the intensity of the 38.2° reection
grew linearly, as suggested in the DRS experiment, and the rate
of AuNP growth increased with temperature (ESI Fig. S24a†).
The activation energy for AuNP growth in the presented
mechanically activated aging process was found to be
158.4 kJ mol−1.

A second VT-PXRD study was performed to conrm the
exponential relationship between AuNP growth rate and aging
s HAuCl4, NaCt and ODA were milled at −78 °C, leading to HAuCl4
T) led to gradual reduction and nanoparticle growth, as observed by
ccelerated sequence.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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temperature. Therein, the thermo-coupled stage was initially set
to 24 °C and increased by 2 °C every 2.5 hours during a period of
30 hours with ve measurements performed at each tempera-
ture. The intensity of the Au(111) X-ray reection, indicated by
‘*’, initially increased gradually and proceeded to intensify
more rapidly with an increase in temperature (Fig. 6a). The
intensity of the X-ray reection wasmeasured using ve scans at
each temperature and, thus, 12 rates were obtained. In this
case, the activation energy for amine-stabilised AuNP growth in
the solid state was found to be equal to 160.3 kJ mol−1 (ESI
Fig. S25†). The solved Arrhenius equation was in good agree-
ment with the 12 individually obtained growth rates (Fig. 6b).
This conrmed the exponential increase in AuNP growth rate
with aging temperature. Further details on the VT-PXRD studies
performed can be found in the ESI (Section 2f).† Given the low
discrepancy between the two studies (1.2%) we calculated the
average activation energy of AuNP growth in a solid-state aging
process to be 159.4 kJ mol−1. Such activation energies are fairly
high and explain that the reaction under these conditions
happens over a few weeks. This study conrms that AuNPs can
be grown under aging conditions and that the kinetics of the
reaction follow a sigmoidal pattern. Initial reaction rates can be
measured and feature an exponential relationship to
temperature.

Conclusion

Herein, we have presented the mechanically activated aging
synthesis of AuNPs using a Turkevichmethod that wasmodied
for the solid state. Fig. 7 provides a schematic representation of
the various reaction steps of this reaction. Using octadecyl-
amine as the stabilizing agent, HAuCl4$3H2O and trisodium
citrate dihydrate were milled together for 60 s at −78.5 °C using
a vibrational ball mill to initiate the reaction. Aer brief milling,
the resulting powders were aged in the dark at −18, 21, and
32 °C for a period of six weeks, during which the powders were
frequently analysed using XPS, DRS, PXRD, and TEM. Aging at
low temperature (−18 °C) effectively froze the reaction, with no
observed changes for the duration of the aging period. Strong
reectance of visible light and the appearance of metallic gold
lattice plane reections conrmed that AuNPs were produced in
samples aged at room temperature (21 °C) and elevated
temperature (32 °C). At room temperature, the process was
gradual and occurred throughout the whole aging period
whereas at elevated temperature the process was signicantly
accelerated. This was conrmed by TEM images of the samples
with grids made using the drop-casting technique. Ultrasmall
AuNPs were found aer four days of aging at room temperature
while at elevated temperatures AuNPs were observed aer just
one day of aging. The production of AuNPs in the absence of
suspension in bulk solution was conrmed using a solid-state
impregnation preparation of TEM grids that were analyzed
using STEM-HAADF coupled with EDXS. Therein, the formation
of ultrasmall AuNPs was conrmed aer a seven-day aging
period. Following the reaction progress by DRS showed
a sigmoidal behaviour, reminiscent of the solution-based NP
formation models. Diffusion in the solid phase should play
© 2023 The Author(s). Published by the Royal Society of Chemistry
a role in this reaction, and future work will focus on this aspect.
Multiple in situ temperature-controlled PXRD experiments were
performed to investigate the temperature dependence of the
reaction. The Arrhenius equation was solved from each of the in
situ PXRD aging studies leading to the determination of the
activation energy for AuNP formation in a solid-state aging
process. With a 1.2% discrepancy between the results, the
average activation energy for the process was 159.4 kJ mol−1.
Thus, by extending the timeframe of the reaction, the
mechanically activated aging approach has demonstrated an
ability to provide previously not accessible, macroscopic and
nanoscopic details on the course of mechanically activated
AuNP synthesis.

Experimental

Tetrachloroauric(III) acid trihydrate (ACS reagent, $49.0% Au
basis), 1-octadecylamine (technical grade, 90%), and trisodium
citrate dihydrate (ACS reagent, $99.0%) were obtained from
Sigma-Aldrich and used without further purication. A 15 ml
zirconia milling jar (Form-Tech Scientic), a 10 mm (3.0 g)
diameter zirconiamilling ball, tetrachloroauric(III) acid trihydrate
(0.143 g, 0.363 mmol), trisodium citrate dihydrate (0.118 g,
0.400 mmol), and 1-octadecylamine (0.490 g, 1.816 mmol) were
chilled separately over dry ice for 60 minutes to ensure a consis-
tent starting point for each reaction. The milling jar was charged
with the milling ball and solid reactants and subsequently set to
shake on a Retsch MM400 mixer mill for 60 s at 29.5 Hz. All
millings were performed under air. The resulting free-owing
yellow powder was transferred to a sample vial, covered and
stored at the desired temperature. Note: given the potential for
galvanic reduction, tetrachloroauric(III) acid trihydrate and the
post-milling powder were manipulated with a PTFE coated
spatula. For room temperature aging, 21 °C, samples were stored
inside an opaque closed box in the research lab. Low temperature
aging samples were stored in a freezer with an internal temper-
ature of −18 °C. For aging at elevated temperature, the samples
were covered and stored in an oven with an internal temperature
of 32 °C (oven thermostat set to 45 °C). All reactions were per-
formed in triplicate to ensure reproducibility. See the ESI† for
details of XPS, DRS, PXRD, and TEM analysis.
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