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ABSTRACT: An efficient approach for high-quality X-ray
absorption spectroscopy (XAS) measurements is proposed and
exemplified by monitoring the nucleation of palladium nano-
particles from Pd(II) acetate. The idea of an X-ray beam passing
through a microfluidic channel allowed for a significant improve-
ment of the data quality to monitor in situ the early stages of
palladium nanoparticle formation. The time evolution of Pd(II)
and Pd(0) fractions was followed by collecting the spectra in seven
subsequent channels and quantified by linear combination analysis
of Pd foil and Pd acetate reference spectra. This work illustrates
the application of XAS in microfluidics for chemical systems and
might be used for obtaining structural information under reaction
conditions in the presence of 4d metals.

B INTRODUCTION

Microfluidic technologies'~* are expanding into various fields,
from biomedicine to inorganic chemistry. A microfluidic chip
that handles a small amount of fluid (from nano to microliters)
inside the channels with dimensions from tens of micrometers
to millimeters can be connected to numerous online
characterization tools which open new possibilities for
researchers for optimization of the reaction conditions and
monitoring different reaction steps with a high temporal
resolution by accruing the data from spatially separated
channels. The microchip materials vary from silicon with
glass to polymers with glass. The use of polymers allows the
application of 3D printing for fast and cheap production of the
microchips.

Analysis of the processes inside the microchip in real time
allows one for fast optimization of the process parameters in a
fast and economical way.” For example, one can achieve the
desired size, shape, and composition of the colloidal nano-
particles by varying the synthesis parameters. Analytical tools
applied for online monitoring of the processes inside or
directly after the microchip range from laboratory-based ones,
such as optical microscopy, UV—vis spectroscopy,6 Raman
spectroscopy,” and those involving the large-scale facilities,
such as synchrotron-based small-angle X-ray scattering
(SAXS),*10 X-ray diffraction (XRD),"" or X-ray absorption
spectroscopy (XAS).'”"? The choice of the technique strongly
depends on the type of materials. For example, for gold
nanoparticles, exhibiting characteristic plasmon resonance,
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UV-—vis spectroscopy is a powerful tool, while for palladium
nanoparticles, it becomes less informative, making the use of
X-ray-based techniques more crucial.

There are a few examples of using microfluidic systems
coupled with XAS, which were aimed at achieving the time
evolution of the systems under investigation via space-resolved
measurements. A group of Grunwaldt monitored the formation
of gold nanoparticles'* by progressive decrease of the white
line in Au L;-edge X-ray absorption near-edge structure
(XANES) spectra, indicative of the reduction process.
Variation of iron oxidation state during the reaction of iron(II)
chloride with NaOH was monitored by Fe K-edge XANES at
the SOLEIL synchrotron.'” The early steps in the formation of
CdSe nanocrystals were monitored at Se K-edge.'” A group
from Paul Scherrer Institute and ETH Zurich studied the
calcium carbonate precipitation in a droplet-based microfluidic
system by Ca K-edge XAS."® Due to microscales of the chips,
the XAS quality drops with decreasing the optical pathway of
the X-ray beam through the sample, which forced the usage of
fluorescence mode (in contrast to transmission mode) in the
above examples. Therefore, one has to spend significant time
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Figure 1. (a) Top view of the microchip and (b) isometric view with the direction of the beam in channel #2 (red arrow) detected by ionization
chambers before (I;) and after (I;) the chip, and the direction of chip movement during the measurement (blue arrows).

to get extended X-ray absorption fine structure (EXAFS) data
of sufficient quality or limit the data analysis by the XANES
region. The advantage of high X-ray energies, such as for Pd K-
edge, is the higher flexibility in designing the cells and sample
environment for in situ measurements due to high penetration
depths of X-ray photons. In particular, the cells for high
pressures and temperatures were suggested.l7_19

Here, we have developed a system based on a chip with
millimeter-sized channels for the synthesis of palladium
nanoparticles with in situ control by synchrotron-based XAS.
The key feature of the system is the collection of high-quality
XAS data in transmission geometry by aligning the micro-
channels with the X-ray beam. The device was successfully
tested by monitoring the reduction of Pd(II) acetate to Pd(0),
with the formation of small palladium nanoclusters.

B MATERIALS AND METHODS

Chip Manufacturing and Characterization. The chip
was designed using Fusion 360 (Autodesk, Mill Valley, CA,
USA) with a total outer length of 112 mm, a depth of 100 mm,
and a height of 5.5 mm. The chip (see Figure 1) consisted of
two different zones: mixing and reaction zones, two inlets (A
and B) and one outlet (C). The total volume of the mixing
zone was 0.75 mL. The reaction zone consisted of 10 straight
regions of the microchannel (referred to as channel #]1,
channel #2, etc.) with the length of 80 mm and the cross-
section of 1.5 X 1.5 mm® To reduce the absorption of the X-
ray beam by the walls, small cylindrical recesses (shown in
Figure 1a) were made from the outer sides of the walls in the
direction of the channels. For the temperature control, two
silicone rubber heaters were attached to the reaction zone from
the top and bottom sides and covered by 3 M thermal
insulation (3 M, Saint Paul, MN, USA). The designed chip was
exported into a standard tessellation language (.stl) digital file.
This file was imported into Ultimaker Cura 4.13.1 (Ultimaker
B.V., Utrecht, The Netherlands). The .stl file was sliced to g-
code file format for fused deposition modeling (FDM) printing
with 100 um layer height and 350 ym wall line width. Both
mixing and reaction zones were printed as a single piece. The
Ultimaker 3D printer, which relies on fused filament
fabrication (FFF) technology, was used to 3D print the
microfluidic device with PETG filament (REC3D, Moscow,
Russia). This filament was extruded through a stainless-steel
nozzle with a diameter of 400 ym onto a glass printing
platform heated to 60 °C. The manufacturing parameters are
listed in Table 1.

Synthesis Procedure. Pd(II) acetate (Sigma Aldrich) was
used as the palladium precursor. 20 mg of Pd acetate was

Table 1. Settings Used for 3D Printing of the Microfluidic
Device

infill top
layer  extrusion print line wall  surface
height, width, temperature, width, line skin infill
pm pm °C pum  count layers  density, %
100 350 245 420 S 4 NY

dissolved in 10 mL of toluene (LenReactive) and loaded into
one of the syringes (Channel A). A solution of 132 uL of
triethylamine (LenReactive) was added to 10 mL of toluene
and loaded in the second syringe (Channel B). The reagents
were then dosed to the inlets A and B of the chip by the
commercial Beyond BYZ-810 syringe pumps. The connection
was done via PTFE tubes connected by HPLC fitting to the
chip and Luer-lock connection to the syringes. The flow rates
for channels A and B were set to 3 and 1 mL/h, respectively.
The reaction zone of the chip was preheated to 50 °C and kept
at this temperature during the synthetic procedure.

X-ray Absorption Spectroscopy. Pd K-edge XAS data
were collected at Structural Materials Science (STM) beamline
of the Kurchatov synchrotron source (Moscow, Russia). The
energy was selected by Si(220) channel-cut monochromator
operated in the step mode. The monochromator was de-tuned
to reduce the contribution of higher harmonics. The estimated
photon flux was 107 photons/s/mm* The spectra were
collected in the 24.1—25.2 €V range (ky,, ~ 15 A™'), with a
step of 10 eV in the pre-edge and 1 eV in the XANES region.
In the EXAFS region, a constant step in the k-space of 0.05 A™!
was chosen. The time per one spectrum was ca. 10 min. Pd(II)
acetate was measured simultaneously with the sample using a
third ionization chamber for energy calibration. Pd(0) foil was
measured as the reference sample. The beam profile was ca. 0.7
X 0.7 mm?, monitored by an X-ray camera. The long channels
of the microchip were oriented parallel to the beam and
aligned so that the beam could path through the central part of
the microchannel without hitting its edges. The total
absorption calculation and edge jump estimation were
performed using Henke tables for X-ray absorption attenuation
length. In particular, 80 mm of toluene resulted in a total
absorption of 0.66, the absorption of both front and back walls
is ca. 0.02, and the Pd(II) acetate was expected to have a total
absorption of 0.5 with the edge jump of 0.42, which was in
agreement with the experimentally observed one. A motorized
sample stage was controlled remotely to probe the sample in
different microchannels during the synthesis. All XAS data
were processed and analyzed in Demeter software.”’
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B RESULTS

Application of in situ analytical tools is crucial to designing
novel materials with desired properties: e.g, metal nano-
particles with controlled size, shape, and composition. X-ray
absorption spectroscopy is an efficient technique that provides
the oxidation state of the element of interest, coordination
numbers, and interatomic distances. However, for a low-
concentrated system, the amount of the element of interest
(e.g, palladium) is insufficient for high-quality data collection
in transmission mode. Below, we describe the setup and
approach for efficient in situ control of the growth of Pd
nanoparticles by XAS. The microfluidic device was installed at
the automated sample stage with the microchannels oriented
parallel to the X-ray beam (see Figure 2). Transmission of the
X-rays along the whole length of the microchannel allowed for
the optimization of the edge jump in XAS data by increasing
the optical path.

Figure 2. Photograph of the microchip installed on the automated
sample stage at STM beamline.

The optimized length of the microchannels allowed for high-
quality data collection in both XANES and EXAFS regions
(see Figure 3). The data were collected in seven consecutive
channels, each representing a specific stage in the process of
palladium nanoparticle formation. In XANES data (Figure 3a),
a clear transition from Pd(II) toward Pd(0) was observed,
which indicated the reduction of the palladium acetate
precursor. At the same time, the FT-EXAFS data showed the
increase of the Pd—Pd contribution (light green area in Figure
3b) which evidenced that the Pd(0) species formed in the
microchip are represented by palladium nanoparticles. Due to
the small size of the particles, the intensity of the Pd—Pd
contribution in FT-EXAFS data (which is proportional to the
average coordination number) is significantly lower in
comparison with bulk palladium.

Linear combination fitting was used to quantify the amount
of Pd(0) and Pd(II) species in each channel (Figure 4a). In the
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Figure 4. (a) Evolution of Pd(0) fraction (black squares) over the
first seven channels of the microchip obtained by fitting the
experimental XANES data by the reference spectra of palladium(II)
acetate and palladium foil. The green dashed line corresponds to the
exponential fit of the data. (b) Changes in the edge jump in XAS data,
which is proportional to the total concentration of palladium in the
channel.
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Figure 3. Evolution of XANES (a) and FT-EXAFS (b) data collected in situ in different channels of the microchip (solid lines, from brown to
green). Dashed red and green lines correspond to the reference palladium(II) acetate and palladium foil, respectively. The FT-EXAFS spectrum of

Pd foil in part (b) is scaled by 0.5 for visualization purposes.
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Figure S. Experimental (solid black) and fitted (dashed red) EXAFS data in k-space (a, c) and magnitudes and imaginary parts in R-space (b, d) for
channels #1 (a, b) and #7 (c, d). The gray background shows the regions excluded from the fit.

Table 2. Interatomic Distances (R), Coordination Numbers (N), Debye—Waller Parameters (6°), Zero Energy Shift (AE,),
and the Relative Fractions () for the Pd—O and Pd—Pd Contribution Obtained from EXAFS Analysis for the Data Collected

at Channel #7

path R (A) N
Pd-0O 2.01 + 0.01 47
Pd—Pd 2.75 + 0.02 3.6+ 0.5

“Fixed. "Fixed to 1 — apy_py.

s AE, a
0.001 + 0.001 29+ 08 0.41 + 0.04
0.006 + 0.001 -3.0+08 0.59°

seventh channel, the Pd(0) concentration is close to the
saturated value of 0.56 obtained by fitting the Pd(0)
concentrations by an exponential function (green dashed line
in Figure 4a). However, the actual amount of Pd(0) particles
obtained by such method may be significantly underestimated
since the actual state of small palladium nanoparticles is
expected to have a strong contribution from the interaction of
surface atoms with the solvent and capping agent and can differ
from palladium foil used as a reference of linear combination
fitting. Notably, despite the difference in the spectral shape, the
position of the absorption edge, which is indicative of the
oxidation state, is very close to that of palladium foil. The
change in the absolute value of the edge jump, which is
proportional to the total concentration of palladium in each
channel, was also investigated. A decrease of ca. 32% from the
first to seventh channel was observed (Figure 4b) which was
associated with the precipitation of the particles on the walls of
the microchannels. The Pd concentration calculated based on
the edge jump is decreasing from 7.5 to 5.5 ymol/mL. Given
the volume of the cell and the speed of the flow, the residence
time was also calculated (the abscissa axis in Figure 4b).
Quantitative EXAFS analysis (Figure 5 and Table 2) further
proved the formation of Pd—Pd bonds of 2.75 + 0.02 A, as in
metallic palladium foil. At the same time, a strong signal of
Pd—X (X = C, N, O, which are indistinguishable by EXAFS) is
present at 2.01 + 0.01 A. To extract the particle size based on
the average Pd—Pd coordination numbers, the following model
was applied. The Pd—X (Pd—O) coordination number was
fixed to 4 as in the palladium precursor and the Pd—O
contribution was multiplied by S§ - 4 - @, where a is the
remaining fraction of Pd precursor and Sj is the amplitude
reduction factor fixed to 0.8 as determined for the reference
palladium foil. The Pd—Pd contribution was multiplied by Sj -
Npg_pg - (1 — a), where Npg_pg is the average coordination
number. The obtained Npyg_pg of 3.6 corresponds to the

particle size of 0.5 nm in an assumption of ideal spherical
particles with fcc structure (with the first shell coordination
number of 12):

3 Rpgpg 1 (Rpacpa)’
Noa-ra = 12[1 2 p 2Up

(1)
where Rpy_pq is the first shell Pd—Pd distance and D is the
mean particle size.

However, if the particles have defects or deviate from the fcc
lattice, such determination will underestimate the real particle
size.

B DISCUSSION

The suggested methodology allowed for in situ XAS data
collection of high quality for a low-concentrated system during
the formation of palladium nanoparticles in solution. In
particular, the edge jump of almost 0.5 was obtained, which is
only twice lower than the optimal one, normally obtained for
ex situ (solid) samples. This allowed us to utilize EXAFS data
up to k ~ 12 A~ for the spectra collected in situ, with the time
acquisition of only 10 min at the second-generation
synchrotron source. The quality of the signal in k-space can
be easily appreciated from Figure Sa, which is crucial for
EXAFS analysis. For comparison, in other in situ cells (see, e.g.,
ref 21), a similar quality of the data was achieved for much
higher concentrated systems using a significantly more
advanced synchrotron source (and ca. S orders of magnitude
higher photon flux).

It should also be noted that the Pd—Pd interatomic obtained
for the formed palladium clusters is similar to that of the bulk
palladium foil. Although a contraction of metal-metal
distances can be expected for palladium nanoparticles, this
result is in agreement with our previous studies of supported
Pd particles with sizes from 1 to 10 nm on various
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supports.””~>* The elongation of Pd—Pd distances can be
caused by the presence of H or C atoms easily forming
palladium hydrides** and carbides’ ™" and expanding the
lattice. A similar explanation was presented by Ciapina and co-
workers who concluded that H or C atoms can originate from
catalytic decomposition of the organic compounds present
during the synthesis.”*

At the same time, the total volume of the sample used during
the experiment was around a few milliliters, and the total
amount of Pd precursor spent for the whole experiment was
less than 20 mg (in comparison, this is even less than one
needs for a pellet of 13 mm for standard ex situ XAS
measurement of Pd(II) acetate). It should also be noted that
due to the low price and well-developed technology of 3D
printing, such microchips can be easily tuned and optimized
for any particular liquid system depending on the total
absorption of the solvent itself, concentration of metal, etc. In
addition, it should be noted that such geometry is advanta-
geous with respect to perpendicular one with the measurement
of XAS in fluorescence mode, which is also because in the
latter case, the X-ray beam can induce additional processes
(e.g, photoreduction, nucleation, and radiation damage) on
the chip/liquid interface which will significantly contribute to
the collected XAS signal, whereas in the presented geometry,
even if this would be the case, its contribution to the total
spectrum averaged over the whole channel is negligible.
Finally, the fact that the growth of Pd clusters is observed over
all seven channels while the decrease of Pd concentration is
negligible starting already from the second channel (Figure 4b)
suggests that the observed evolution is not affected (at least
significantly) by the beam damage effects.

The elements with absorption edges in the hard X-ray range,
such as Pd, are obviously advantageous systems for such
experiments since the absorption by the organic solvent at
these energies is very low. For K-edges of 3d metals and L-
edges of Sd metals, the optimization of the microchannel
length will be strongly limited by the absorption of the solvent.
Even for high energies, the solvent should also be taken into
account and chosen carefully. For example, the DMSO at Pd
K-edge absorbs about 6 times stronger than water and about
20 times stronger than toluene. Additional synchronization of
X-ray data collection in transmission mode, in contrast to
fluorescence where this is less an issue, with the flow rate
should be made in the case of using a segmented flow.

Finally, it should be noted that the good quality of the
EXAFS spectrum is achieved at the expense of the time
resolution which is reduced due to the averaging of the signal
over the length of the channel. On the one hand, this problem
can be solved by increasing the reactant flow or reducing the
thickness of the microchannels. For example, reducing the
channel diameter below 1 mm as in most of the current
microfluidic devices will still be sufficient for XAS measure-
ment at modern synchrotron beamlines whose optics can
provide beam focusing down to the 100 ym range. However, it
has to be considered that both flow rate and channel geometry
can affect the reaction by changing the mixing pattern. On the
other hand, the photon flux at most of the modern EXAFS
beamlines is 3—5 orders of magnitude higher than that used in
the current work, which will allow obtaining high-quality data
from much shorter channels, improving the time resolution
(e.g., reducing the channel length to 10 mm would still give a
reasonable edge jump of ca. 0.05).

B CONCLUSIONS

We have successfully demonstrated the strategy for in situ XAS
monitoring of the chemical process inside the microfluidic
devices with exceptional data quality due to the collection of
spectra in transmission geometry by aligning the micro-
channels along the direction of the X-ray beam. A gradual
reduction of Pd(II) acetate with the formation of small Pd(0)
particles was observed by probing different microchannels. As
most of the previous reports on coupling XAS with
microfluidics,’*~'° this work is methodological, but the
suggested strategy can be definitely used to gain important
chemical insights for a wide range of processes involving the
elements with the absorption edges in the hard X-ray range,
especially 4d metals.
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