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Angle X-ray Scattering at Millisecond
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ABSTRACT Gold nanoparticles (AuNP) were prepared by the homogeneous mixing of continuous flows of an
aqueous tetrachloroauric acid solution and a sodium borohydride solution applying a microstructured static mixer.
The online characterization and screening of this fast process (~2 s) was enabled by coupling a micromixer
operating in continuous-flow mode with a conventional in-house small angle X-ray scattering (SAXS) setup. This
online characterization technique enables the time-resolved investigation of the growth process of the
nanoparticles from an average radius of ca. 0.8 nm to about 2 nm. To the best of our knowledge, this is the first
demonstration of a continuous-flow SAXS setup for time-resolved studies of nanoparticle formation mechanisms
that does not require the use of synchrotron facilities. In combination with X-ray absorption near edge structure
microscopy, scanning electron microscopy, and UV —vis spectroscopy the obtained data allow the deduction of a
two-step mechanism of gold nanoparticle formation. The first step is a rapid conversion of the ionic gold precursor
into metallic gold nuclei, followed by particle growth via coalescence of smaller entities. Consequently it could
be shown that the studied synthesis serves as a model system for growth driven only by coalescence processes.
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etallic nanoparticles have at-

tracted much attention owing to

their unique properties and nu-
merous promising applications. In particu-
lar gold nanoparticles were investigated
with regard to potential applications in bio-
technology,’ catalysis,” and optoelectron-
ics.? In this context a profound understand-
ing of the mechanisms and kinetics of
particle formation is essential for tuning
their size and morphology.

Recently we demonstrated the possibili-
ties of combined in situ small-angle X-ray-
scattering/X-ray near edge structure (SAXS/
XANES) measurements in a solution of
levitated sample droplets, where SAXS de-
livers information on size and shape of the
formed particles. XANES can be applied to
monitor the progress of the reaction by
means of the oxidation state.* Because of
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experimental limitations the above-
mentioned method did not reach a time
resolution sufficient for one of the typical
fast gold nanoparticle synthesis, that is, the
reduction via sodium borohydride (NaBH,)
or ascorbic acid (CgHgOg), which occurs in
the time span of milliseconds to a few sec-
onds. Since the acquisition time of an X-ray
scattering curve is typically in the range of
several minutes, such fast particle formation
processes cannot be investigated by com-
mon laboratory SAXS setups using a con-
ventional Roentgen tube. Even when using
synchrotron radiation only few beamlines
provide the needed time resolution in the
range of 200 ms.® For the investigation of
such rapidly proceeding liquid-phase syn-
theses that require a time resolution of
100—200 ms a rapid mixing of the reactant
solutions is essential.

These fast syntheses can be carried out
in microstructured mixers that ensure rapid
local mixing. The synthesis of different ma-
terials (chalcogenides,®” oxides,®
metals® ") in such mixing devices has
been described in the literature. The
materials produced using microstructured
mixers typically show a more homogeneous
constitution.'>"3

For time-resolved SAXS analysis
stopped-flow and continuous-flow tech-
niques have been established—both in-
cluding a rapid mixing device."*~"° The
stopped-flow devices usually demand syn-
chrotron facilities for sufficiently fast data
acquisition, where the achieved time resolu-
tion is limited by the characteristics of the
beamline.
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Figure 1. Experimental setup for particle synthesis in continuous-flow mode coupling a microstructured static mixer di-

rectly to SAXS-analysis in a flow cell.

In the following we present the investigation of the
nucleation and growth process of gold nanoparticles
via SAXS analysis, demonstrating that the continuous-
flow technique can be applied without synchrotron ra-
diation (see Figure 1). The setup transforms the time
scale into a length scale and allows for investigating
fast particle formation online without an additional
sample preparation step that may alter the sample con-
dition. To the best of our knowledge, this is the first ac-
count of coupling a microstructured synthesis reactor
to a laboratory SAXS instrument for an investigation of
particle formation mechanisms. The synthesis of gold
nanoparticles using sodium borohydride as reducing
agent was studied. On the basis of SAXS analysis a two-
step mechanism of particle formation is proposed. The
particles’ size and shape derived from SAXS measure-
ments in the continuous-flow setup are in good agree-
ment with those obtained from SEM and UV—vis
spectroscopy.

Full experimental details are given in the Meth-
ods section. Briefly, gold nanoparticles were synthe-
sized by reduction of tetrachloroauric acid using so-
dium borohydride, both present in aqueous solution.
The synthesis was carried out both in batch mode
(combined with UV—vis analysis) as well as continu-
ous flow employing a microstructured static mixer
to join the solutions (combined with either SAXS or
XANES analysis). The micromixer and liquid dosing
was set up as illustrated in Figure 1. The interconnec-
tion of the micromixer to the SAXS instrument was
established via a delay coil (Teflon tubing). The de-
lay time between micromixer and SAXS instrument,
that is, the variable reaction time coordinate, was ad-
justed varying the length and diameter of the Tef-
lon tubing to enable SAXS analysis at different
stages of the reaction. The corresponding address-
able reaction times ranged from 100 ms to about
136 s. To analyze colloid samples at reaction times
exceeding 140 s, liquid samples were collected at the
mixer outlet and aged under stirring in a beaker. Col-
loid samples dried on titania-coated silicon wafers
were analyzed by SEM. While SAXS data were re-
corded on a commercial lab-scale SAXS instrument
(SAXSess, Anton Paar, Graz, Austria; equipped with
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X-ray generator producing Cu Ka radiation and a
CCD detector), XANES spectra were recorded at exci-
tation energies between 11889 and 11933 eV using
the p-spot beamline of BESSY II.

RESULTS AND DISCUSSION

Gold nanoparticles were synthesized in the
continuous-flow setup with different residence time
in the tubing downstream of the microstructured
mixer. SEM images of such nanoparticles deposited
as colloid on titania-coated Si-wafers are shown in
Figure 2. The images show particles with diameters
of < 4 nm. An increase of particle size with increas-
ing residence time is not apparent from the images,
suggesting that particle growth occurs on a much
shorter time scale than suitable for SEM-sample
preparation. In general, the particle size is identical
to sizes obtained in batch experiments. Moreover,
the size of the nanoparticles synthesized with the
micromixer compares also well to data reported by
Kohler et al. for similar experiments applying a mi-
cromixer and NaBH, as reducing agent in a continu-
ous flow-synthesis.?°

Improved time resolution and the option to ac-
quire data in situ during the reaction is offered by
UV —vis spectroscopy, which has been frequently ap-
plied to monitor the change of optical colloid prop-
erties during different AuNP synthesis procedures.
The synthesis was carried out in a UV-cuvette®° to es-
timate the time resolution required for following
the AuNP formation using NaBH, as reducing agent.

Figure 2. SEM images of the gold nanoparticles synthesized in continuous-flow
mode and deposited on a substrate surface after different aging times. The im-
ages show particles deposited after ca. (a) 10 (b) 60 and (c) 600 s of starting the
synthesis reaction by joining the reactants in the micromixer. (Bright spots cor-
respond to gold nanoparticles, the dark spots and areas correspond to pores in
the mesoporous titania employed for particle immobilization.)
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Figure 3. UV—vis data recorded in situ in a particle synthesis experiment carried out in batch-mode inside a UV cu-

vette. (a) Selected UV—vis spectra obtained during the synthesis reaction showing the evolution of the surface plas-
mon resonance peak (for data treatment see Methods section), (b) Intensity of absorbance and position of the plas-
mon resonance peak in the spectrum as a function of reaction time (log scale). An increasing absorbance and shift to

higher wavelengths can be seen.

Selected UV spectra acquired at a time resolution of
about 500 ms are shown in Figure 3a and correspond
to the observed color change of the reaction solu-
tion turning red within ca. 2—3 s. The UV—vis spec-
tra show a shift of the maximum of the absorption
band from 490 nm to around 515 nm accompanied
by an increase of the absorbance maximum (Figure
3a). The recorded position of the surface plasmon
resonance band provides an estimate for the upper
limit of the size of formed particles since the peak
shifts to higher wavelengths with increasing particle
size, and positions of 520—525 nm were reported
for spherical gold particles of about 5—6 nm
radius.?'?

Figure 3b shows the position and intensity of the
plasmon resonance band versus reaction time. The
rapid appearance of the band indicates a fast forma-
tion of particles, which is probably followed by a slower
growth process. The data suggest that a time resolu-
tion well below 1 s is required to monitor the nucle-
ation and growth process of AuNP synthesized via re-
duction with NaBH, at room temperature.

Contrary to uncertainties in the interpretation of
UV —vis of colloidal gold particle solutions, SAXS al-
lows a direct determination of the size, shape, and
number of metal particles in solution via fitting of
corresponding models to experimentally scattering
curves. Since typical measurement times for scatter-
ing curves with conventional lab equipment are in
the range of several minutes, the time resolution of
ca. 100 ms needed to investigate the particle synthe-
sis was established in a continuous-flow setup that
coupled synthesis and SAXS analysis. Representative
examples of measured scattering curves along with
the corresponding fits are shown in Figure 4, con-
firming the quality of the obtained data. The evalu-
ated SAXS data plotted versus a logarithmic time
scale are shown in Figure 5, that is, radius and poly-
dispersity (Figure 5a), number of particles (Figure
5b), particle size distribution (inset in Figure 5b), and

\\&) VOL. 4 = NO.2 = POLTE ET AL.

volume fraction of gold present as particles (Figure
5¢).

The rapid formation of gold particles becomes evi-
dent from Figure 5a,b, showing that already after about
100 ms numerous particles have been formed in the so-
lution. The evaluated SAXS data indicate the formation
of particles within the first 100 ms with a radius of about
0.8 nm. This particle radius is close to the resolution
limit of common laboratory SAXS systems.

Subsequently, particles grow further in size up to
about 1.7 nm radius (Figure 5a), accompanied by a de-
crease in the number of particles (Figure 5b). As evident
from the logarithmic time scale in Figure 5, the growth
rate of the particles decays exponentially. Polydispersity
of the particles remained low, and was therefore fixed
at values of 10 and 20% when evaluating scattering
curves measured for colloids aged in the tube (t <
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Figure 4. Representative small-angle X-ray scattering curves
(black lines) recorded during the synthesis of gold nanopar-
ticles in continuous-flow mode at different reaction times.
The smooth lines indicate the respective corresponding fit
by a Schultz—Zimm distribution.
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Figure 5. Evaluated SAXS data plotted vs reaction time
(log scale) derived from scattering curves recorded dur-
ing the synthesis of gold nanoparticles in continuous-
flow mode. (a) Evolution of radius (bullets) and polydis-
persity (triangles) of gold nanoparticles throughout the
reaction process. The values were derived applying a
solid sphere model with a Schultz—Zimm distribution.
The polydispersity was constrained to values of 10% (ag-
ing in continuous flow) and 20% (further aging in a
stirred beaker). (b) The number of gold nanoparticles de-
rived from the fit (normalized to the last measurement).
Inset: Schultz—Zimm distribution of particle size at differ-
ent reaction times. (c) Total volume of the gold nanopar-
ticles calculated from the evaluated SAXS data.

136 s) or in a stirred beaker (t > 136 s), respectively. As-
suming that the radial electron density of a gold nano-
particle is constant upon growing in radius from about
0.8 to 1.7 nm, the number of particles decreased con-
tinuously throughout the studied time interval of par-
ticle synthesis (Figure 5b). Combined with the fact that
particles grow over time, the volume fraction of par-
ticles which represents the total volume of all gold
nanoparticles in solution remained essentially constant
throughout the experiment (Figure 5c). This observa-
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tion suggests that at the first acquired experimental
data point, all of the Au(lll) precursor species have al-
ready been converted into Au(0) constituting the par-
ticles, and that subsequent particle growth is not re-
lated to further reduction of the Au(lll) precursor
compound. Direct experimental proof of such a rapid
reduction leading to metallic gold was sought by
XANES analysis using the same synthesis setup, that is,
pump and mixer, in combination with the p-spot beam-
line at the synchrotron facility BESSY II.

The XANES curves shown in Figure 6 were recorded
at different stages of the particle synthesis to obtain
the average oxidation state of gold species contained
in the reaction solution, that is, for the Au(lll) precursors
prior to mixing with the reducing agent NaBH,, in flow
through configuration 200 ms after joining the solu-
tions, and 20 h after joining the reactants (equal to com-
plete conversion). A comparison of the XANES spectra
reveals that the reduction process of Au(lll) completes
within the first 200 ms of the experiment. Confirmed by
an independent analytical method the conclusion de-
rived from SAXS analysis (Figure 5) shows that all gold
is present in the form of Au(0), that is, as cluster or par-
ticle, at the latest after 200 ms of reaction time. All ob-
served subsequent particle growth must therefore re-
sult from the coalescence of smaller nuclei into particles
of growing dimensions.

The combination of presented SEM, UV—vis, SAXS,
and XANES suggests that the formation of gold nano-
particles in the presence of NaBH, as strong reducing
agent and in the absence of additional stabilizers occurs
within two steps (see Figure 7).

The first step is the initial and rapid reduction of
the gold precursor within less than 200 ms accompa-
nied by the formation of primary particles. In a second
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Figure 6. XANES spectra recorded in a continuous-flow experi-
ment for a reaction time of 0.2 s after joining the reactant in the
microstructured mixer (dark gray curve). As a reference the spec-
trum of an unreacted aqueous HAuCl, solution (black curve) is
shown, indicative of the formal oxidation state Au(lll), and a spec-
trum for a colloid after 20 h of reaction time, that is, with fully
converted gold precursor, indicative of the metallic Au(0) oxida-
tion state.
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Figure 7. Schematic illustration for the deduced process of gold nanoparticle formation.

step, the primary particles grow due to coalescence
along with a corresponding decrease in the number of
particles. In consequence, particle growth in the studied
system is in the experimentally accessible time frame
driven only by coalescence, and not a mixture of mono-
mer attachment from solution and particle coales-
cence.?® Such behavior corresponds well to our recent
investigations on the growth mechanisms of gold
nanoparticles carried out with the same gold precursor
using sodium tricitrate as reducing agent.? In that study,
the initial formation and growth of gold particles up to
4 nm radius was also driven mainly by the coalescence
of smaller primary particles, whereas the stabilizing ef-
fect of citrate became only evident for a particle radius
exceeding 4 nm. Since a stabilizing agent was not
present in the system, the particle growth did not come
to an end even after 24 h (Figure 5a). The comparison
of particle formation and growth mechanisms between
the citrate and the sodium borohydride system empha-
sizes that particle stability and stabilization play a deci-
sive role in determining the size and size distribution of
the formed colloidal gold nanoparticles.

CONCLUSIONS

A new setup was developed that couples a micro-
structured mixer for fast continuous-flow mixing of re-
actants for nanoparticle synthesis with small-angle
X-ray scattering to enable online analysis of the formed

METHODS

Materials. Tetrachloroauric acid (HAuCl, - 3H,0, 99.9+%) and so-
dium borohydride (NaBH4, 99.9+%) were purchased from Aldrich.
All chemicals were used as received without further purification. Ul-
trapure deionized water was used for the aqueous solutions.

Nanoparticle Synthesis. The synthesis of gold nanoparticles by
reduction of tetrachloroauric acid using sodium borohydride
was adapted from a procedure published by Wagner et al.**
Briefly, 39.28 mg of tetrachloroauric acid were dissolved in 200
mL of water (Millipore) and added to 15.10 mg of sodium boro-
hydride dissolved in 200 mL of water. Solutions of NaBH,, were
prepared freshly for each experiment.

Microstructured Mixer. A microstructured static caterpillar mixer
CPMM R600 SO (IMM, Mainz, Germany) was used at a total lig-
uid flow rate of 50 mL min~" to continuously join and mix equal
volumes of the two respective reactant solutions according to
the split-and-recombine mixing principle. The mixing device is
described elsewhere.?

() VOL.4 * NO.2 = POLTE ET AL.

nanoparticles. The method allows “in house” SAXS at a
time resolution of about 100 ms without requiring a
synchrotron radiation facility. The setup is applicable

in general to a wide range of chemical liquid phase syn-
theses of nanoparticles. It provides mechanistic and ki-
netic information for rapid particle formation processes
in the frequently encountered case where alternative
analysis methods do not offer sufficient information or
time resolution.

The setup was successfully used to elucidate the
process of gold nanoparticle formation employing
NaBH, as reduction agent. In combination with XANES,
the data show an initial rapid and complete conversion
of the gold precursor into Au(0) in the form of gold nu-
clei, followed by particle growth exclusively via coales-
cence of the nuclei into bigger particles. That a com-
plete conversion of the gold-precursor into metallic
gold nuclei within less than 100 ms could be observed
is because such rapid mixing was achieved with the ap-
plied microstructured mixer, and that the coupled SAXS
analysis enabled a sufficient time resolution. The stud-
ied system constitutes a model system for nanoparticle
growth driven only by coalescence of primary par-
ticles. Increasing the time resolution of the method to
follow the actual nucleation process and elucidating the
role of stabilizing agents remains a challenge for fur-
ther studies.

SAXS Instrument. Small angle X-ray scattering is a common
method to determine the shape and size of particles in colloidal
solution. The measured scattering signal originates from the con-
trast between the growing nanoparticles and the solvent. The
scattering vector q is defined in terms of the scattering angle 26
and the wavelength \ of the radiation: thus g = 4m/\ sin(6/2).
A detailed overview on SAXS data evaluation procedure using
model fit functions is given by Pedersen.?®

The applied SAXS instrument (SAXSess, Anton Paar, Graz,
Austria) is a modern version of the classical “Kratky camera”
which is described in detail elsewhere.?” Focusing multilayer op-
tics and a slit collimation provide an intense monochromatic pri-
mary beam with low background. The system was attached to
a conventional X-ray generator (PANalytical, Kassel, Germany)
equipped with a sealed X-ray tube (Cu anode target type, pro-
ducing Cu Ka X-rays with a wavelength X = 0.154 nm) operat-
ing at 40 kV and 50 mA. The scattered X-ray intensities were mea-
sured with a CCD detection system (Roper Scientific, Ottobrunn,
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Germany) and processed with SAXSQuant software (version
2.0). Scattering curves were acquired in sequences of 20 indi-
vidual curves of 10 s each and averaged prior to further process-
ing. The curve fitting was carried out using SANS Analysis
3_v3.00%® implemented in the software suite IGOR.%°

Evaluation of SAXS Data. The derived experimental scattering
curves were fitted with a model which describes the scattered in-
tensity of hard spheres having a Schultz—Zimm size distribu-
tion. The Schultz—Zimm distribution is given by

= -+1,28Xpl=(z + 1)
fin =z + 1'% RTE 1)

Avg

where Rayg is the mean radius, x = r/Raq, z is related to the
polydispersity (p = o/Rag) by z = 1/p> — 1, where o2 is the
variance of the distribution.

In a diluted system the scattering intensity of the particles
can be assumed to be proportional to the form factor of a single
particle. The scattering intensity of monodisperse hard spheres
with volume Vis given by

ltg,n = scale-P(gr) = sca|e.[3V(Ap)(sin(rzr) )3— ar cos(qr))]2
qr)

@

where P(gr) is the form factor of a single hard sphere and Ap the
scattering length density.

In the case of polydisperse spherical particles, the sum of
the scattering intensities over all particle sizes has to be taken
in account, weighted by their frequency or to integrate using a
size distribution function, respectively. It is common to apply the
Schulz—Zimm distribution for polydisperse particles.>® Hence
the scattering intensity is given by

I(g) = scale- j; " fr) P(qr) dr @3)

An analytical solution of that integral can be found in Kotlarchyk
etal?

To analyze the nucleation and growth mechanism of nano-
particles the number of particles is important. This information
can be obtained by using the general relation of /(g = 0) for a
single particle, which is independent of its shape and size, that is,
Is = (Ap)?V2. Thus the scattered intensity /(g = 0) of polydis-
perse particles can be written as

lig = 0) = N(V*)(Ap)? “
where N is the number of particles and (V) the mean value of V2.
Because of the overlapping of the scattering intensity with the
primary beam /(g = 0) cannot be measured directly, but is
accessible via the extrapolation of /(g) for g — 0.

Experimental Setup. The micromixer and liquid dosing was set
up as illustrated in Figure 1. The interconnection of the micro-
mixer to the SAXS instrument was established via a delay coil
(Teflon tubing). The solutions were transported via peristaltic
pump (Ismatec Laboratoriumstechnik GmbH, Wertheim-
Mondfeld, Germany) at a flow rate of 50 mL min~' through a
flow capillary (quartz, inner diameter of 1 mm and wall thick-
ness of 10 wm, Anton Paar, Graz, Austria) embedded in the SAXS
instrument. The delay time between micromixer and SAXS in-
strument, that is, the variable reaction time coordinate, was ad-
justed varying the length and diameter of the Teflon tubing be-
tween the two devices to enable the SAXS analysis at different
stages of the reaction. The corresponding addressable reaction
times ranged from 100 ms (19 cm tube length at 1 mm diameter)
to about 136 s (10 m tube length at 3.8 mm diameter). To ana-
lyze colloid samples at reaction times exceeding 140 s, liquid
samples were collected at the mixer outlet and aged under stir-
ring in a beaker. SAXS data on such samples were recorded in-
jecting the aged batch solution directly into the flow cell.

Tubing, flow capillary, and glassware were cleaned with aqua
regia, water, and isopropyl alcohol prior to each experimental
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run. Successful cleaning of the SAXS capillary was confirmed by
recording a scattering curve of ultrapure deionized water.

UV—Visible Spectroscopy. UV absorbance spectra were recorded
on an AvaSpec-2048TEC-2 equipped with a Deuterium halogen
light source (Avantes, Broomfield, USA), connected to a 10 mm
optical path length cuvette holder via fiber optical cables. The UV
spectra were corrected for background and the maxima were fit-
ted applying a Gaussian curve fit. The UV spectra were smoothed
using a FFT lowpass filter. Spectra were recorded in situ during
the AuNP synthesis adding equal volumes of both reactant solu-
tions at room temperature under mechanical stirring to the cu-
vette, followed by repeated spectra acquisition at 500 ms time
intervals.

Scanning Electron Microscopy (SEM). The imaging of nanoparticle
samples was performed on a JEOL JSM-7401F (Hitachi Ltd., To-
kyo, Japan) with an acceleration voltage of 10 kV at working dis-
tance of 7 mm. To minimize effects of particle aggregation and
growth during sample preparation, such as evaporation of the
solvent, solutions were spin-coated on the silicon substrate. The
latter was coated with a mesoporous nanocrystalline titania thin-
film to ensure enhanced surface conductivity, thus reducing sur-
face charging and improving a higher spatial resolution of the
microscopic images.

X-ray Absorption near Edge Spectroscopy (XANES). XANES measure-
ments were performed at the wSpot beamline of BESSY I1.32
The beam was monochromatized using the double-crystal
monochromator (DCM) installed at the beamline. Harmonics
were suppressed and the beam was focused by a curved mir-
ror. This constellation enables a precise energy adjustment with
an energy resolution of about 0.00015, that is, 1.8 eV at the en-
ergy of the Au LIll edge (11.919 keV). The excitation energy was
varied from 11889 to 11933 eV in steps of 1.2 eV, resulting in 20
recorded XANES-channels. The fluorescence radiation of the
sample was detected at an angle of approximately 90° with re-
spect to the X-ray beam. The intensity of the emitted fluores-
cence radiation is proportional to the absorption, thus the ob-
tained excitation spectra are equivalent to conventional
absorption spectra. The X-ray fluorescence of the Au La line
was detected with a silicon drift detector (SDD). XANES was ap-
plied to a gold foil and to a HAuCl, solution as reference. All mea-
sured XANES spectra were normalized to 0 at the lowest and 1
at the highest used excitation energy.
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