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Micro- and milli-fluidic sample environments for
in situ X-ray analysis in the chemical and materials
sciences
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X-ray-based methods are powerful tools for structural and chemical studies of materials and processes,
particularly for performing time-resolved measurements. In this critical review, we highlight progress in the
development of X-ray compatible microfluidic and millifluidic platforms that enable high temporal and
spatial resolution X-ray analysis across the chemical and materials sciences. With a focus on liquid samples
and suspensions, we first present the origins of microfluidic sample environments for X-ray analysis by
discussing some alternative liquid sample holder and manipulator technologies. The bulk of the review is
then dedicated to micro- and milli-fluidic devices designed for use in the three main areas of X-ray
analysis: (1) scattering/diffraction, (2) spectroscopy, and (3) imaging. While most research to date has been
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performed at synchrotron radiation facilities, the recent progress made using commercial and laboratory-
based X-ray instruments is then reviewed here for the first time. This final section presents the exciting
possibility of performing in situ and operando X-ray analysis in the ‘home’ laboratory and transforming
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microfluidic and millifluidic X-ray analysis into a routine method in physical chemistry and materials
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1 Introduction

There remain many fundamental questions in the chemical
and materials sciences relating to natural phenomena and
industrial processes including the nucleation and growth
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pathways of materials,"”* the function and deactivation of
catalysts,* and the operation and failure modes of
batteries.””” X-rays seem ideally suited to provide insight into
these areas since they facilitate a suite of structural,
chemical, and imaging techniques, offer high spatial and
temporal resolution, and have the penetrating ability
required to make in situ or operando observations within
thick three-dimensional (3D) samples. These strengths have
only increased in recent years due to the widespread
availability of third generation synchrotron light sources,® the
arrival of X-ray free electron lasers (XFELs) and fourth
generation synchrotrons,”’® and large improvements in
commercial X-ray instruments.'* However, for many types of
samples, one bottleneck is introducing the analyte into the
X-ray beam in a way that fully exploits these attributes: for
example, rapidly and uniformly mixing liquid reagents to
initiate a reaction within the short timescales required to
make a single measurement.
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Microfluidic devices have been proposed as one solution
to this sample preparation and manipulation problem. In
an excellent earlier review in this journal, Ghazal et al
covered the benefit of microfluidics for X-ray analysis in the
life sciences and soft matter research.'”> Their review was
primarily focused on the ways microfluidic devices could be
used to produce and manipulate large numbers of samples
and make better use of experimental time at synchrotron
facilities. They also highlighted the ways that microfluidic
devices could be wutilized to perform time-resolved
measurements of processes not accessible by conventional
macroscale methods. Here, we seek to build upon their
work by covering applications in physical chemistry and
materials science and focusing primarily on the role of
microfluidic devices as “sample environments”. We define
these as specialized devices and reactors that enable in situ
or operando measurements of samples and processes in
their native states or under non-equilibrium conditions. For
the purposes of this review, in situ means that a
measurement is performed where the reaction or process
takes place without moving the sample into a second holder
or vessel, and operando means that a measurement is
performed both in situ and while the reaction or process is
occurring. By this definition, all operando measurements are
in situ, but not all in situ measurements are operando. This
is not necessarily the same definition as used in catalysis
literature.”® The opposite would then be ex situ or post-
mortem analysis, where a sample must be moved out of its
native environment and prepared for measurement, often
requiring quenching, washing, and drying steps, among
others.™

A growing interest across the chemical, physical, and
natural sciences is the study of processes in real-time. For
processes that are difficult to observe in nature (e.g., high-
pressure phenomena in the Earth's interior) or in industrial
environments (e.g., within large chemical reactors), these
conditions need to be re-created in the laboratory.
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Microfluidic and other miniaturized devices present a
promising way to achieve these goals owing to their ability to
control heat and mass transport phenomena quickly and
precisely and due to their increased safety over macroscale
methods when working under temperatures,
pressures, and chemical conditions. Here, our analysis is not
restricted to microfluidic devices with channel dimensions
<1 mm, because as many have correctly highlighted,">** a
longer X-ray beam pathlength through samples results in an
optimized signal-to-noise ratio (=1 mm with aqueous
solutions and Cu Ko radiation). Therefore, for some
applications, millifluidic sample environments may even be
preferred over their microfluidic counterparts.

Despite a handful of earlier papers, such as on the
microfluidic preparation of crystals for subsequent off-chip
X-ray diffraction,"®'” it may have been Greaves and Manz
(2005) who first recognized the potential of microfluidic
devices for on-chip chemical X-ray analysis."® They
highlighted, in particular, the power of X-ray fluorescence
and X-ray diffraction for elemental analysis and particle
identification in flow, respectively, and anticipated that
performing real-time measurements on-chip could reduce the
time required to optimize crystallization and synthesis
conditions. While they did investigate on-chip X-ray
generation to make a true “lab-on-a-chip”, they also realized
that microfluidic devices could serve as powerful
complements to full-scale laboratory equipment, and this is
precisely the direction in which the field of microfluidic X-ray
analysis has gone over the past 20 years. In fact, in this
context, microfluidic devices have been coupled to some of
the largest scientific instruments in existence: synchrotron
particle accelerators and free-electron lasers. This striking
combination of the very big and the very small, already
inherent in such facilities, offers the possibility of combining
the precise manipulation of subatomic particles with that of
molecules and nano- and micro-objects in flow. In addition
to this, the control of flow can also solve practical problems
like mitigating radiation-induced sample damage and
heating, which is becoming more and more important as
X-ray sources grow stronger."?

Our goal with this review is to provide as comprehensive
of an account as possible into the use of micro- and milli-
fluidic sample environments for in situ X-ray analysis in the
physical and chemical sciences. Therefore, we will cover
applications across the three main types of X-ray techniques:
scattering/diffraction (section 3), spectroscopy (section 4),
and imaging/tomography (section 5). There are many
commonalities in the design considerations and technical
challenges of sample environments for these different
techniques, and we believe that the communities around
each technique could benefit from the sharing of knowledge.
Preceding this central part of the review, we will also provide
some background on predecessor and alternative sample
environments for in situ X-ray studies in liquids and a brief
discussion of some important parameters to consider in
relation to microfluidic sample environments (section 2).
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As already mentioned, due to the need for fast
of dynamic and often dilute samples,
microfluidic X-ray experiments are typically performed at
synchrotron light sources and sometimes XFELs. These
facilities are operated on a competitive, proposal-based, user
access model where individual beamlines or end-stations
dedicated to scattering, spectroscopy, imaging, or a
combination of techniques must be solicited for experimental
time. Further, these facilities are seldom located near a
researcher's home institution. Therefore, experimental
“beamtime” is not guaranteed, not limitless, and often not
easy in terms of the transport and set-up of complex
equipment. Near the end of the review, we will thus cover
progress in utilizing micro- and milli-fluidic sample
environments with laboratory X-ray instruments (section 6),
where techniques such as Xray diffraction (XRD), X-ray
fluorescence (XRF), and micro-computed tomography (uCT)
are already readily available at most universities and research
institutes. The increasing feasibility of laboratory-based
analysis should facilitate much easier and more practical in
situ X-ray experiments. It should also allow many more
researchers to benefit from fluidic X-ray sample
environments in their own research, when the high brilliance
or coherence provided by large-scale X-ray facilities is not
strictly required. Finally, we will present our perspective on
the current state of the field and some practical tips
regarding device fabrication and best practices (section 7).
This will conclude with a look towards the future focused on
promising trends and developments that we think will guide
the field over the coming years.

This review will be limited to micro- and milli-fluidic X-ray
sample environments where measurements are performed in
situ, on-chip, and on inorganic and/or hard condensed
matter samples. Articles pertaining to only biological or soft
condensed matter samples, such as those already reviewed by
Ghazal et al.,'* will be referenced only where they have made
an important technical contribution later implemented for
physical chemistry or materials research. An exception will be
made in section 6 on laboratory-based analysis, where studies
of all sample types will be covered, since these have not been
reviewed previously. Similarly, articles where analysis is
performed on a droplet, jet, or spray exiting a microfluidic
device will also be excluded, although some will be
introduced briefly in the background section. Such jet-based
devices have been covered previously in the context of serial
crystallography, and the reader is directed to these reviews
for further information.>*** To the best of our ability, this
review is comprehensive up through the year 2023 unless
otherwise noted.

measurements

2 Background

This background section is not intended to be exhaustive,
rather its goal is to provide some general context for the
review. It will focus on two important pre-microfluidic
technologies and two important microfluidics-parallel
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technologies, all of which remain in use today and have
weaknesses—and also some strengths—compared to
microfluidics. This will provide the reader with the setting in
which micro- and milli-fluidic sample environments operate
and a general knowledge of the types of liquid sample
manipulation tools currently available at large-scale X-ray
facilities. We will finally present some design considerations
and definitions for describing micro- and milli-fluidic flow
reactors and their utility for in situ X-ray analysis, which will
aid in evaluating and comparing the devices presented in the
following review.

2.1 Precursors to microfluidic devices

2.1.1 Stopped-flow devices. Perhaps the most common
device for performing operando studies of chemical and
biochemical reactions and precipitation processes is the
stopped-flow device. It is popular not only for X-ray analysis,
but also for neutron scattering, FTIR spectroscopy,* and a
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range of UV-vis based spectrophotometric and fluorimetric
methods,” to name a few. In a basic stopped-flow
configuration, two reactant solutions contained in separate
syringes are quickly combined in a turbulent mixing unit and
introduced into a thin capillary for observation as a function
of reaction time (Fig. 1a).>® The observation should coincide
with the rapid stoppage of the flow by, for example, the
closure of an electromechanical valve (“hard-stop”) to prevent
back-flow into the capillary and to ensure reproducibility in
the analysis of reaction kinetics. This method has been
widely adopted at synchrotron sources for different
techniques (e.g.,, SAXS, XRD, XAS) to study processes
including micellar transformations,> catalysis,”® the
nucleation and growth of nanoparticles,*** the early stages
of mineral formation,®* and the crystallization of metal-
organic frameworks (MOFs)***> and biochemicals.*®

The popularity and longevity of the stopped-flow method
likely stem from its accessible operation yet powerful
performance. Originally developed in the 1940s, stopped-flow
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Fig. 1 Predecessors and alternatives to micro- and milli-fluidic devices for X-ray analysis. (a) Illustration of a stopped-flow device mounted at an
X-ray scattering facility. Two reactants are injected through a mixing element into a capillary where the flow is stopped by a fast valve (adapted
with permission from Virtanen et al., 2019; Copyright 2019 American Chemical Society).2® (b) Design of a capillary gas cell with flow and heating
capabilities. The inset shows a detailed view of the capillary where the powder sample is placed (adapted with permission from Chupas et al.,
2008; International Union of Crystallography).>” (c) A droplet injector for use with XFELs. Each droplet is hit by a single femtosecond X-ray laser
pulse (adapted from Roessler et al., 2016; with permission from Elsevier).*® (d) Design of a droplet levitator comprising acoustic transducer arrays
to position a liquid sample at a focal point within an X-ray beam (adapted with permission from Morris et al., 2019; CC BY).*°
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devices required a much smaller volume of solution than
their large continuous flow predecessors.”>* Utilizing
passive turbulent mixers, such as the Ball-Berger design,*
stopped-flow devices can also achieve mixing times in the 1
ms to 0.01 ms range (with dead times before observation
from ~10 ms down to 0.1 ms).**> From a practical standpoint,
many off-the-shelf commercial devices exist, which are often
available at synchrotron beamlines and already integrated
with beamline hardware and acquisition software. While they
are not always simple to use, they may be easier to work with
than many home-made devices.

Despite these numerous strengths, stopped-flow devices
have some weaknesses that are especially pronounced in the
case of X-ray analysis. One is that the time-resolution of the
measurements is limited by the duration of X-ray exposure
required to achieve a good signal-to-noise ratio. Taking X-ray
scattering as an example, the small number of photons
elastically scattered compared to the number of photons in
the incident beam often requires the use of high-brilliance
synchrotron radiation. However, even at many current
beamlines, it is difficult to obtain a good quality small angle
X-ray scattering (SAXS) pattern from exposures much shorter
than 0.02-1 s (i.e., frame rates of 1-50 Hz) depending on the
sample contrast. This is especially true at early reaction times
of less than a few seconds, when weakly scattering and/or
dilute reaction intermediates—requiring longer
exposures to be detected—are present. Moreover, longer
exposure times are also required for performing wide-angle
X-ray scattering (WAXS).

One solution to this first weakness of stopped-flow devices
is to average the results of several experiments. However,
combining individual time-resolved frames from different
experiments requires very high reproducibility in the mixing
conditions, the cleaning procedure, and the timing between
the data acquisition workflow and the operation of the
device. This is not always the case due to, for example, the
formation of bubbles during mixing and inconsistencies in
the mixing ratio.*® Another solution, such as increasing the
photon flux, only highlights another weakness of stopped-
flow devices. This is that the sample is retained in the
capillary and continually exposed to high energy ionizing
radiation. Depending on the sensitivity of the sample, it is
possible that radiation-induced heating or beam damage
could alter the process under study and introduce significant
uncertainty into data interpretation. Indeed, this problem
can even affect inorganic materials,***> and it has only
increased at fourth generation synchrotrons."

2.1.2 Capillary gas (Norby) cells. The second precursor
sample environment that we will discuss is the capillary gas
cell, also known as the Norby cell. Named after its inventor P.
Norby, the original Norby cell is a simple device comprising a
glass capillary and a modified T-piece tube fitting (e.g:,
Swagelok) designed for studying hydrothermal and gas-solid
reactions by XRD.'® One end of the metal T-piece is
connected to the capillary, and the other two ends are
reserved for a connection to a pressurized gas line and for
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mounting onto a standard goniometer head, respectively. In
this way, a sample inside the capillary (typically a powder)
can be placed under pressure and easily manipulated within
a diffractometer. The capillary can also be externally heated
using a hot air blower*® or cooled using a cryogenic gas
flow."” More complex versions of the device that permit
continuous gas flows over the powder and that integrate
heating elements are now routinely used at X-ray powder
diffraction, X-ray absorption spectroscopy, and high energy
synchrotron beamlines (Fig. 1b),>” where they are also
sometimes known as Clausen cells.**

Capillary gas cells are powerful sample environments that
enable a range of in situ and operando studies under extreme
conditions. These include investigations of hydrothermal
synthesis,**”° catalysis,”®" gas capture and storage,** solid
phase transformations,” and other gas-solid interactions.>
As already stated, their simplicity, ubiquity, and utilization of
commercial components make them attractive to many
researchers, however, they do have some weaknesses. They
are primarily designed to interact with a pre-loaded powder,
slurry, or sample bed that is fixed in place. Outside of a few
exceptions, in situ generation of the sample (e.g., synthesis
from solution) or subsequent manipulation or interaction
(e.g, fluid injection) with the sample is not supported. There
are versions of the capillary cell that enable high pressure
liquid flows, but these are essentially large millifluidic
systems®>**—although they will not be treated further here.
Even considering these exceptions, reaction products are still
not recycled under the beam, presenting the same potential
for radiation damage as stopped-flow devices. Additionally,
the high temperature and pressure of the gas cells and the
fragility of the glass capillaries present a safety risk that must
be considered during the experiment.”*"*

2.2 Parallel technologies

2.2.1 Liquid sample injectors. The need for high-
throughput sample introduction for macromolecular serial
crystallography (SX), X-ray photon correlation spectroscopy
(XPCS) and other coherent scattering, spectroscopy, and
imaging techniques at XFELs has led to the development of a
range of liquid sample injectors over the past two decades
(Fig. 1c). Although these devices are often considered
“microfluidic”, for the purpose of this review, they will be
treated separately since analysis is performed off-chip in a
free jet or droplet. The high fluence of an XFEL pulse would
damage the window of a microfluidic device, rendering it
inoperable or degrading the signal quality. Conversely, there
are indeed microfluidic devices designed for “fixed-target”
serial synchrotron crystallography (SSX), where analysis is
performed on-chip. However, these are generally restricted
for use in structural biology and are, therefore, out of the
scope of this review. Interested readers can find information
about devices for fixed-target serial crystallography from
other sources.'”*'

Lab Chip, 2025, 25, 1169-1227 | 1173
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Injector-based serial femtosecond crystallography (SFX)
was first demonstrated by Chapman et al® using a gas
dynamic virtual nozzle (GDVN),>® which can be tuned to
produce jets or monodisperse droplets with the use of a
piezoelectric actuator. A very fast (~10-100 m s ') and thin
(~1-25 pm diameter) fluid jet is created by a high flow rate
of sample (typically protein crystals in their mother liquor)
surrounded by a sheath flow of a low density gas (e.g., He) in
order to rapidly replenish the sample stream after each X-ray
pulse (up to MHz frequency).>> However, for rare or expensive
samples the amount of liquid consumed to maintain this jet
is too high, and utilizing crystals grown and injected in
viscous lipidic cubic phases (LCPs) was later shown to enable
jet formation at flow rates, reducing sample
consumption by a factor of 20.°° Other groups have
developed drop-on-demand systems, such as acoustic
injectors that can dose nanoliter to picoliter droplets directly
from a microwell plate (Fig. 1c).>® While many of the uses of
these XFEL injector systems have focused on structural
biology, they have also facilitated fundamental physics and
chemistry  experiments including investigating the
ionization®® and supercooling of water,** ice nucleation,®
the structure of semiconducting microcrystals,** and the
diffusion dynamics of nanoparticles.®®

In addition to studying static pre-grown crystals and pure
liquids, experimental methods have been developed for
operando studies of dynamic reactions and processes. The
first is the well-known “pump-probe” method, in which a
sample is hit mid-flight with an optical laser pulse and
subsequently probed by an X-ray laser pulse after a carefully
timed delay.®>®” Of greater interest here, is the so-called
“mix-and-inject” method, in which liquid reactants are
rapidly mixed and introduced into the XFEL beam.®® The
delay time between the mixing point and the point of
interaction with the beam determines the time point of the
reaction that is probed.®® This technique has primarily been
performed at XFEL sources to study the conformational
changes of proteins and nucleic acids upon ligand
binding.”°”> However, it has also been demonstrated at
synchrotron sources,”” where storage ring upgrades’ and the
possibility of using high-flux, polychromatic, ‘pink’ beams”
make these experiments more and more feasible.

Injector-based serial crystallography, which has been
performed largely at XFELs, and microfluidic X-ray scattering
(discussed in section 3), which has been performed primarily
at synchrotrons, developed quite independently. However, in
recent years there has been more overlap between the two
communities as serial crystallography has been increasingly
performed at synchrotrons - sometimes even at the same
beamlines as on-chip microfluidics experiments.”®’” This
seems natural considering the two fields use much of the
same equipment, face many of the same technical
challenges, and have similar goals, albeit often studying
different sample types. A strength of both techniques is that
samples are constantly replenished in the beam to minimize
the effects of radiation damage on data collection. This is
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especially true of SFX at XFELs, where femtosecond data
collection physically outruns degradation processes (so-called
‘diffraction before destruction’).”” An additional advantage of
injector-based techniques compared to on-chip microfluidic
analysis is that no device materials are in the beam path to
attenuate the signal or produce background noise. Yet, while
both types of experiments are complex, currently injector-
based XFEL experiments are difficult and require a team of
scientists and engineers to perform. Likewise, the
requirements for device fabrication and interfacing with
XFEL hardware are much stricter than with synchrotron-
based microfluidics experiments. Finally, owing to the
experimental design and geometry, only a single time-point
can be collected per injector-based XFEL experiment. This
requires several separate experiments to probe different
intermediate states in a reaction, which takes a great deal of
time and requires high reproducibility.

2.2.2 Droplet levitators. A less common, but still very
useful liquid sample environment is the acoustic droplet
levitator (Fig. 1d). Using either a piezoelectric sonotrode (i.e.,
a Langevin horn)’® or arrays of ultrasonic transducers,*
these devices create standing acoustic waves containing
pressure nodes where a liquid droplet of ~5 nL to 5 pL (~0.2
to 2 mm diameter) can be levitated.”® In contrast to most
other sample introduction techniques, the free-floating
droplet is not in contact with any liquid or solid surface,
making droplet levitation a powerful technique for the study
of bulk phenomena away from surfaces, such as homogenous
nucleation.”® This also means that there are no reactor walls
or windows for the X-ray beam to pass through, reducing the
background noise. The acoustic trapping also imparts some
motion to the droplet, which helps to rotate crystals for
single-crystal X-ray diffraction (SCXRD) experiments®® and to
circulate fluid to avoid radiation damage.”” Compared to
most flow-based devices like droplet injectors—and even
microfluidic devices—total sample consumption is very low,
requiring just a few drops to be deposited with a microliter
syringe.®°

Despite the many strengths of droplet levitators, there are
also some drawbacks, particularly related to performing in
situ experiments. After the initial deposition of the sample,
controlled mixing and/or subsequent operations on the
droplet(s) are difficult. Sample evaporation is also a major
problem, unless evaporation is used to initiate the process
under study’® or to map a parameter space.”® Evaporation of
the solvent concentrates reactants in the droplets,
introducing an additional uncontrolled variable into in situ
chemistry experiments. There are ways to avoid or minimize
sample evaporation, but these each have tradeoffs that
compromise other advantages of droplet levitators. For
example, aqueous droplets can be covered in an immiscible
oil layer that inhibits water transport,® however this
introduces a liquid-liquid interface. Alternatively, large
droplets in which evaporative losses are negligible to the total
volume can be utilized, but these will be difficult to
uniformly mix and may have large inhomogeneities in

This journal is © The Royal Society of Chemistry 2025
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composition and temperature. Finally, droplets can be
levitated in an environment with controlled temperature and
humidity to prevent evaporation,®”®' but this normally
requires a sample chamber with walls through which the
X-ray beam must pass. Therefore, in many cases, droplet
levitation may be better for the introduction and
manipulation of static samples rather than as an operando
X-ray sample environment.

2.3 Micro- and milli-fluidic X-ray sample environments

2.3.1 Advantages. Microfluidic devices and their
millifluidic counterparts offer varying advantages compared
to the other liquid manipulation approaches discussed
above. The general strengths of microfluidic devices have
been well documented;**"®* these include low sample volume
utilization, minimal risk and severity of sample leakage,
precise control of mixing and diffusion, and a high surface
area-to-volume ratio that leads to efficient heat transfer,
faster reaction kinetics, and other beneficial properties.
Micro- and milli-fluidic devices also have several specific
advantages as sample environments for in situ X-ray analysis,
especially continuous flow devices. The first is simply their
small footprint, which makes them easier to mount in a
beamline experimental hutch or to fit within a laboratory
X-ray instrument that has considerable space restrictions.
The second advantage is the rapid replenishment of the
sample in the X-ray beam by the flow, which minimizes
radiation damage and heating.®> This is a particular
advantage micro- and milli-fluidic devices have over stopped-
flow devices, Norby cells, and droplet levitators, in which a
static sample is held within the beam (N.B., there are also
fluidic sample environments with fixed sample materials, but
there is usually still a flow that facilitates sample cooling).
The third advantage is their small channel size, which allows
high transmission of the beam. Except for very “hard” X-rays
(>20 keV) used for X-ray radiography and tomography, beam
path lengths of more than a few millimeters through liquids
result in significant attenuation. Moreover, for “soft” X-rays
(<2 kev) frequently wused for spectroscopy and
spectromicroscopy, it is difficult to measure samples of more
than a few microns in thickness. Conversely, as stated earlier,
depending on the energy of the incident X-rays, the thicker
channel of a millifluidic device may optimize the produced
signal relative to the amount of attenuation, at least in the
case of X-ray scattering in a transmission geometry. Finally,
the fourth advantage is the position-to-time conversion made
possible along a flow channel.*® As will be discussed in
greater detail below, this conversion enables the collection of
data with high time resolution independent of instrumental
hardware limitations.

2.3.2 Device material considerations. One of the first and
most important considerations in designing a micro- or
milli-fluidic device for X-ray analysis is selecting the device
material(s). The previous review of Ghazal et al. covered these
aspects well—and we encourage the reader to go there for
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more information*>—but we will provide a brief overview
here. As a general rule, any device material in the beam path
should be as thin as possible and made from light elements.
This minimizes the attenuation of the beam as well as
whatever contribution the material might have to the overall
X-ray signal, whether absorption, scattering, or fluorescence.
Due to fabrication, chemical, thermal, and other practical
constraints, this is not always possible. Thus, care must be
taken to find a material that at least does not overly absorb,
scatter, or fluoresce in a region of interest for your sample
(N.B., at very hard X-ray energies, these restrictions are often
relaxed). When a desired device material is not ideal for the
X-ray technique of choice, it is also possible to design so
called “windows” in your device made from a material with
suitable X-ray characteristics. However, the integration of
windows can present its own design challenges and provide
additional locations for device failure (e.g., leakage, fracture,
or hydrodynamic instabilities/eddies).

Many different device materials and fabrication
approaches have been reported, as will be seen in the
following review sections. Here, we will only introduce some
of the most common families of device materials. The first
are silicon and glass-based devices. These traditional
microfluidic materials have the advantage of being highly
chemically and thermally stable, and they can be patterned
with high resolution features. However, they usually require
expensive cleanroom fabrication methods and can present
issues with high X-ray absorption and scattering—especially
glass—unless using a very thin device or very hard X-rays.®
Silicon nitride (Si,N,) is also commonly used as a window
material since Si chips containing ultrathin low-absorption
Si,N, membranes (<1 um) can be readily purchased.’”*
However, these membranes are fragile, can bow/bend under
fluid or vacuum pressure,®® and can be expensive if non-
standard or low tolerance membrane sizes are required.
Conversely, simple millifluidic devices often utilize a thin-
walled glass capillary (~10-100 pm) as the main analysis
section. This is a cheap option with a very good signal-to-
noise ratio owing to the relative thinness of the capillary wall
with respect to its inner diameter.

The second group are curable polymers, such as
polydimethylsiloxane (PDMS). While cheaper and easier to
fabricate than microfluidic silicon/glass options, PDMS has a
significant X-ray absorption and scattering profile,”® and
many groups have demonstrated alternatives with Dbetter
performance including Norland Optical Adhesive (NOA81)"*
and off-stoichiometry thiol-ene (OSTE).”> Thirdly, another
common option is using a commercial polymer film, the
most popular of which is the polyimide, Kapton®. This
polymer can be bought cheaply in thin sheets (~25-100 pum),
and it has excellent thermal and mechanical stability,
moderate chemical resistance, and excellent resistance to
X-ray radiation.”® It is a very good all-around material for
microfluidic X-ray analysis; however, it does present some
X-ray scattering features at small angles, which can introduce
noise in SAXS data.’?
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Fourthly, high pressure/temperature flow cells are often
made from metals or metal alloys due to their high thermal
stability and mechanical strength. These are usually
integrated with windows made from Si,N, or diamond for
use at lower X-ray energies but may be used without windows
for hard X-ray tomography. Finally, some newer device
materials, e.g., graphene® and monocrystalline quartz,’> have
been  utilized for microfluidic fixed-target  serial
crystallography, and may find use for X-ray devices in the
physical sciences. The X-ray absorption, transmission, and
scattering properties of common device materials are found
in many of the papers cited above and throughout the review
and are widely available in previous microfluidic X-ray
literature. Additionally, several helpful online calculators
exist for estimating these parameters, such as from the
Advanced Photon Source (https://11bm.xray.aps.anl.gov/
absorb/absorb.php), Lawrence Berkeley National Laboratory
(https://henke.lbl.gov/optical_constants/atten2.html), and the
National Institute for Standards & Technology (https://
physics.nist.gov/PhysRefData/FFast/html/form.html). The
material information for all papers reviewed below can be
found in Tables 1-4.

2.3.3 Important temporal definitions. While the numerous
micro- and milli-fluidic devices intended for X-ray scattering,
spectroscopy, and imaging applications have a variety of
different design considerations and fabrication methods,
there are many attributes and important parameters common
to all platforms. Crucially, any sample environment should
be well characterized to determine the conditions
experienced by the sample and to enable accurate
comparison with other experiments. A full treatment of the
physical parameters and descriptors of microfluidic devices
is outside the scope of this review, and the reader is directed
to other sources for further information.’>%*°%°7 Here, as
this review is focused on the utility of microfluidic devices as
sample environments for in situ and operando analysis, we
will concentrate primarily on device operational parameters
related to time.

One of the most important parameters to determine for
a sample environment is the experimental or reaction time
(¢) associated with each measurement. This entails having
high control over and low uncertainty in assigning ¢ = 0
and understanding how the reaction or process develops in
space across the device, e.g., by fluid flow or heating.
Microfluidic devices are advantageous in this context,
because as mentioned above, for a flow device operated
under steady-state conditions, the position along a flow
channel can be converted into an effective time. However,
even for microfluidic devices, the task is not so
straightforward, and there are several parameters and other
characteristic times that must be considered before the
true reaction time and time resolution of an experiment
can be determined. Further, there are varying definitions
for these terms in use throughout the literature. We seek
to provide some clarity and standardization to these terms
below.
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Fig. 2 Examples of (a) continuous and (b) droplet microfluidic flow
reactors illustrating some important definitions of time related to
sample environments for operando X-ray analysis. Reactants A and B
are mixed at a Y-junction. Based on a given steady flow rate, the
characteristic lengths shown correspond to characteristic times, t. A
simple diffusive mixer is shown in (a), but various other designs could
be used in the mixing region to accelerate the mixing process, i.e., by
exploiting inertial effects for chaotic mixing.°® Mixing lengths are not
to scale.

For this discussion, we will use the example of the
micro/millifluidic flow reactor, as it is a common sample
environment used for a range of techniques and
applications (Fig. 2). The most fundamental time parameter
to consider for such a device is the mixing time (fyix)
between the molecules or reagents that initiate the
reaction. This time is critical because if reactants begin
mixing at ¢ = 0, but for example, it takes five seconds for
them to mix, then any measurement made before 5 s of
reaction time will contain some unreacted species and any
measurement made afterwards will contain a mixture of
reaction times: those starting closer to ¢ = 0 and those
starting closer to ¢t = 5 s. Here, we define ¢.,ix as the time it
takes to fully mix reactants, i.e., the time required from the
initial contact of reactants to achieve uniform composition
across the flow (Fig. 2a). Others may utilize a specific
mixing index for defining ¢y, for example, 90% mixed.’®
Clearly, many reactions may begin before full mixing is
achieved,®® thus experiments should ideally have ¢ <
reaction time to decouple the mixing and the reaction.
Failing this, the mixing should be at least faster than the
reaction kinetics of interest to minimize uncertainty and
prevent some kinetics from being masked. Although this is
less important for thermally- or photo-induced reactions,
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for example, where species can be mixed slowly before the
reaction is initiated further downstream.

Mixing times are generally determined through
numerical simulations and/or flow experiments using a
colorimetric or fluorimetric tracer in the place of chemical

reactants.”® Due to small measurement uncertainties or
uncertainties in the diffusion coefficients of reactant
molecules, often the mixing time 1is reported as a

conservative upper limit or even presented simply as the
observation dead time (fgeaq, Fig. 2a). This term is inherited
from the stopped-flow community and simply means the
time between the initiation of a reaction (¢ = 0) and the first
possible measurement time. This distinction between ¢y
and fgeaq stems from the physical separation between the
mixing element and the analysis capillary. Depending on
the design of a microfluidic device, it may also not be
possible to observe the flow right at the point of full
mixing, or conversely, a time point after ¢, may be
targeted intentionally to allow for a factor of safety in the
mixing time.

The next important time parameter is the time resolution
(tres, Fig. 2a). This term is also defined in different ways in
the literature, where it is sometimes taken to be equivalent
to the mixing time, ¢y, The logic for this definition is that
it would be impossible to achieve higher time resolution
than the distribution of fluid age resulting from mixing. To
some extent this is accurate, however, if mixing is fast,
often the limiting factor to resolution is the time it takes
for fluid to pass through the beam, i.e., the age distribution
of fluid within the beam neglecting mixing time. This is
determined by the beam size in the direction of the flow
and the fluid velocity, and it is one of several reasons why
microfocused X-ray beams are typically utilized for
microfluidics experiments. Improving temporal resolution
can be a real advantage for the analysis of rapid kinetics,
which are not able to be followed with the achievable
acquisition times of most current X-ray instrumentation
alone. For example, in the case of a microfocused beam
(typically ~20 um in size) and an average linear velocity of
0.1 m s (corresponding to a flow rate of 1 uL s ' in a
channel with a cross-section of 100 pum x 100 pum), one can
obtain a temporal resolution of around 0.2 ms—much
shorter than usual acquisition times.

Related to t..s is the average time interval between each
measurement position, or the time step (fsep, Fig. 2a).
Depending on the device design and operation and the
position of the X-ray windows, the distance between each
measurement position can vary, with the smallest typ
without overlap being the effective length of the beam along
the flow channel. This is often considered to be the full-
width at half maximum (FWHM) of the beam intensity. If
measurement positions are only a beam length apart, then
tstep 1S equal to t, Such an arrangement provides the
highest possible resolution of the reaction taking place along
the flow channel, but depending on the reaction kinetics,
having many positions so close together may not be useful
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and will add unnecessary time and complication to an
experiment. Importantly, like for t., fsep is related to only
the beam size and the fluid velocity with respect to the
beam and is completely independent of the X-ray exposure
time and detector frame rate unlike for stopped-flow
experiments. There is some uncertainty in the time step
arising from the precision of the sample stage motors and
Taylor dispersion, ie., the fact that fluid at the center of
the channel will travel faster than fluid near the walls,*®
although these effects are not often explicitly considered in
operando X-ray experiments.

Alternatively, it is possible to eliminate Taylor dispersion
by using a segmented flow of droplets in an immiscible
continuous phase, where liquid and solids contained within
a droplet stay together along a channel, forming an
independent microreactor (Fig. 2b)."°° In this case, t. is not
defined by the beam size, but rather by the spread of reaction
times in the fluid composing a droplet (i.e., tyix), assuming
all droplets to be wuniformly and continuously mixed.
However, when utilizing droplets, an additional sampling
consideration must be made to ensure that the signal of
interest from the droplets is not masked by noise from the
continuous phase.’®" In droplet microfluidics, high density
fluorinated oils are often utilized in this role, and these
scatter significant numbers of photons. Thus, to minimize or
eliminate noise from the continuous phase, the data
acquisition strategy must adopt a droplet size, droplet
velocity, beam size, and frame rate combination such that
the effective acquisition length (or acquisition time, t,) is
contained within a single droplet (Fig. 2b).°> This
consideration is analogous to the Nyquist rate in analog-to-
digital signal conversion.'® For this reason, it is even more
important to wuse a microfocused X-ray beam when
performing an experiment with a droplet microfluidic device.
Taylor dispersion can also be minimized using hydrodynamic
flow focusing to concentrate reactants into a narrow fluid jet.
However, this is only effective at short reaction times when
diffusion can be neglected'® and also requires a
microfocused X-ray beam to isolate data from the
concentrated jet.

Now that we have learned about some alternatives to
micro- and milli-fluidics and briefly discussed some
characteristics and  definitions for fluidic sample
environments, the following three sections will cover the
use of these devices in X-ray scattering & diffraction,
spectroscopy, and imaging, respectively. The goal of these
sections is to present as comprehensive of a view as
possible into the work done in these areas in order to
serve as a reference and to present the varied ways
researchers have addressed the challenges of performing
in situ X-ray measurements. These sections will also
contain a greater focus on applications by discussing the
science enabled by each device. Thus, to present as clear
of a record as possible, the majority of our analysis and
perspectives on the field will be included at the end of
the review.

Lab Chip, 2025, 25, 169-1227 | 177


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4lc00637b

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 08 2025. Downloaded on 02.11.2025 22:56:02.

(cc)

View Article Online

Critical review Lab on a Chip
- - ©° DN ~
3 Devices for X-ray scattering and = = % 0=
. . g £ vz S
diffraction g8 58 2% =%
. . A %S ¥z g3
3.1 Brief theory and overview =8 =8 £8 88
In microfluidic and millifluidic synchrotron X-ray analysis to g g .
date, scattering- and diffraction-based methods have received _ @ 5 § g 3 E b
. . <O o .
the most attention. The phenomenon of X-ray scattering STE|S £ %« ag'% écz'a
(=) N
results from elastic and inelastic interactions between
incoming X-ray photons and the electrons within a sample.'** E g @ s &
. o1 . @ IR S
Focusing on the more common methods that utilize elastic E é .2 P E % £ € g
= g - —
X-ray scattering (of which diffraction is a special case), these =38 5|5 = S =3 8V
provide the user with information on the length-based 5 g o &

. . . on Q ) 5]
properties of a sample, such as its structure, size, and shape, E g | < - £ % £
depending on the scattering angle at which photons are S E A P 5 ]z g7
analyzed.'®'%> This dependence is well described by the

. . . =] e P Py Py
relation formulated by W. L. Bragg in 1912: 2 % % - % %
= i g o o =0 = o o
4=2dsing ® ZEFE|E & & 22 &R
X
where 1 is the wavelength of the incident X-rays, 0 is the E g g E g g£E E Eg
%2}
scattering angle, and d is the associated distance within the § g e e s83-ge Zs&

104 I 5 : QG| = - - 2SO X am & O
sample. Consequently, for so-called “hard” X-rays with .
energies >5 keV (or wavelengths <2.5 A) used in most 2 5> E
scattering and diffraction experiments, wide angles above g g o8 m“&) G E =2

. . . . = O 2 - N o f
~5-10° provide atomic-scale structural information and g5 ;% o g .- -2 1% %’%V) S %‘;
. . . < o M 2] %} . LA
smaller angles provide information on nanoscale features. K § 2l88d AZ2RE2&dKRER
This distinction has led to the development of two groups
of techniques: those based on X-ray diffraction (XRD) and <
those based on small-angle X-ray scattering (SAXS). The term z ‘i & o oo "
“wide-angle X-ray scattering” (WAXS) also appears in the g% EN .3 g g g
. . . . . . A=
literature and is equivalent to X-ray diffraction. “XRD” is a SE|& ZE g z
term used by crystallographers and engineers, especially with g g g o "
crystalline samples that produce sharp Bragg peaks, whereas - Z z Z 2 e 2
“WAXS” is preferred by SAXS practitioners, especially with g g g . E £ g - o E g & E g
. . b= =4 Q Q
poorly crystalline or amorphous samples. While there are a S g 5|83 g3 SE £&1 é—g
[ S —~
variety of different experimental setups for performing SAXS s CE R R =R £~ ABS AE5S
and XRD/WAXS analysis, the most obvious difference ‘§
between the two groups is the position of the detector. Wide % ] g g 4 & §
= A -
angles are analyzed when the detector is close to the sample ® —§ g E g N»é § é % 4 & % U;é
e o S8 S = g 2
(normally within ~5-50 cm), whereas small angles are more % EES|EX E S5 SE A& &S
easily accessed when the detector is a meter to several meters =1 = = .
away or more. By convention, XRD data are typically plotted i foq-:: g % E i
as a function of 26 and scattering data as a function of the 2| g . §° a,s g EB,U o §‘°,U g5 .. E
. . . 1 s g =& 2 = I a8 &
scattering vector, g = (4n/A)sin(0). Micro- and milli-fluidic >’<6 S5t 3 %%5 EE § é o -%55 gy .
w“ s < 2= Q= — =
devices for performing both SAXS and XRD/WAXS analysis 0 _:g“'g g;ﬁé EERE :E%E = 52523 a8
are discussed below (Table 1). L EESE|RSDASAS - FRoas ey
3 n
° RS
o « a k=
5 = S .3 =
3.2 SAXS & = 2 o Tm & BY
= 852 wE- S8 £8 8%
3.2.1 Early work. Microfluidic SAXS analysis began around S 3 B E =858 S5 3 E R
R rd _—
the year 2000, when it was utilized to study protein folding in 2 RE| & “eE o A AR Ao e
response to chemical stimuli.’**"'** To our knowledge, the 5
first microfluidic SAXS experiments on inorganic samples did %’ ©)
not take place until close to a decade later. Merlin et al. used - %
a polydimethylsiloxane (PDMS) device to study the 2 =g 2 2 2 2
. . . . 5 g
concentration of a suspension of silica nanoparticles (NPs) by e < 8 ) 5

1178 | Lab Chip, 2025, 25, 1169-1227 This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4lc00637b

View Article Online

Critical review

Lab on a Chip

9938
ssourels
Uuo SaARIppe UMOD[UN
6n(IT0T) 0 32 S 0CT A 0L JowAjod wui g ‘aqmn (9918 poduwepd Kofraasey
DEPaIARIN S 6L0 V/N umow[un  90ys-9jSuls umow(un  ‘STSN ‘TALIX UM FOSBE  ‘UOISSIWISUELY, ssa[urels ‘pouryoRIN  ‘[993s SSO[UTRIS aax
UO0dI[IS UO
AnIppe
m:?oomv S 0ZT A 29 TowiAjod wuwr ¢ UMOD[UN padwep Koqparsey
D 32 UdYD  uMmow U V/N umowun 9oys-9[duIs umowyun  ‘STISN ‘TALIX YIM EQDRD  ‘UOISSTWISURIL], ‘aqny uodI[IS ‘pauryoeiN ‘aqn) uodI[IS aiax
t_ﬁoo@ S 0CT A9 L9 UO0DI[IS UO ww UMOD[UN padwep Koqparsey
v 39 UdYD  umowjun V/N UMOWUN  “OUS-9[3UIS UuMmow U  ‘SISN ‘TALIX €0DeD  ‘UOISSIWISURIL], ‘aqny uodI[IS ‘pauryoriN ‘aqny uodI[IS aiax
A9 88 wr 05T x ¢ s3umy
m:ﬁmoomv S 09-0€ ‘AIngsare@  auUI[IUBONIU-f ww ¢ ‘(xouroN) uorssardwiod  aqny winuUIWN(e
‘1D 39 UOST[Y S g-T~ sw 0g SW 06  OUS-O[3UIS UMOWUN SYS ‘T°9T  -owoIqId-9‘c  ‘UOISSTWISUEIL], Idd  ‘Surnd anodig ‘somendes ssein SXVM/SXVS
Juridjoos
wreaq
ww 6 ‘YIpis Burpuoq
[PuuEyd dIpoue “3uryol
m:@SQ wm 00T AN TIT SdN ‘ony uo uMoT{UN wrl o1 UOT 2AT)ORIT (x014q)
IV 79 SaIY)] S €T V/N umowyun umowun  x wr ot ‘S1S ‘SXVSO  UOnEpIXO 0D ‘uonddped ‘uooris  ‘Ayderdoprjoioyd SSB[3 ‘UODI[IS SXVMID/SXVSIO
umowyun
juridioog padurepo
A 86'8 weaq ‘YIpm ‘papuoq apI[s ssefd
wzﬁmoowv S 00T wm 09 ‘I SRIOA [ouuByD W wm 00S x ¢ Arewroyy  payeod-rowAjod
D 32 [eMIPIN V/N V/N V/N  9oys-9[8uis  x wr og ‘T SAN NV T ‘UOIdI[FoY ‘D0D ‘pauryoeN  (SVdOL) DOD SXVSID
jurrdjooy
wreaq w padurepo
A 868 SPL ‘ppm ‘papuoq
m:ﬁmoomv ura 09 wn ¢¢ ‘I SRIOA [Puueyd W wm 00S x ¢ A[rewroyy opI[S Sse[d
D 39 UINON V/N V/N umowun  90ys-9[duls  x w g9 ‘Tmd SAN Y T ‘Uonodoy ‘D00 ‘pauryoeIN - (SVAOL) DOD SXVSID
[ewoyew Sul-Q
umowyun umow[un
N:ﬁmmo& S G x 09-0S A ST 20D umowyun xT poduwrep ‘puowrerp
IV 32 SOUNOX V/IN V/N V/N  ‘SWennn  umowun ‘T4SS ‘c-v  [eonuoradng  ‘UOISSIWUSUBLY, ‘puowrerq ‘pauryoeiy ‘tunruey, SXVS
SsawI
Areides Tem pue
Io)ourerp [erarew
11:(1207) wirl 00S A S°ST I9)NO W ¢ umowun s3umiy
‘w30 3uoq  UMOWUN V/N umowyun umowjun  x wrl 00s ‘TYSS ‘S-T SIN Pd  ‘UOISSTWISUBIL], Jo Areqden uorssardwop umowun SXVS
papuog-a1mo
o1r(8700) A TT ‘parnd
D 79 ZInyg wrl 0ST ‘TIATOS Jje[EXO wr o€ w6z x ¢ ‘Aydexdoyn yos uoydey ‘zee
Zangupoy S /-9~ SW G'EE  UMOTUN sw 00z x w08 ‘ONIMS WNIIRD  ‘UOTSSTWISURL], ‘uoydey  ‘Aydexoproroyqd AANAISO SXVS
REN| awmn dorsy G awn ozIS AZ1oua Aer-x parednsaaur p3uayyped ssawIp poyewr (S)rerxoyewa (s)onbruyoey
douapisar  ‘days awn SuxiN amsodxa wreaq £901nos (s)ordures wreaq ‘[errayetx Aquuosse 20maQg Aerx
[®10], WNWIUIA ‘opowt ‘ourpuueag ‘Anowioan MOPUIMN Jo/pue
uonismboy uonedtqe

'90UB217 paModun 0'g uong LNy suowiwoD aaireas) e sepun pasusol|siapiesiyl |[EEGEEL ()

'20:9G:2¢ G202 TT"20 U0 papeo|umod ‘G202 80 U0 PaUSIaNd ‘[0 1MY ss900Y UsdO

(ponunuo2) T S1qel

Lab Chip, 2025, 25, 1169-1227 | 1179

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4lc00637b

View Article Online

Lab on a Chip

Critical review

(dund
onpesuad SXVM 10§
pue mofj soureyj s g 10 Suiqm
paddoas 1°0 pPue SXVS MULIYSJeay
duisn 10 souwrerj A ST rem wir og ‘sdumy  sdumy rowiAjod
mﬂ?ﬁomv 123u0]) sw QT wr ¢/ ‘T T10S ww g ‘Kreqnided uorssaiduwiod Buiqm A11d
I 32 KNS swt 00F V/N SW(0Sg~ ‘owenymmy  x wr /¢ ‘ONIMS ~ SAN NA:YOAA ~ ‘UOISSIWUSUBL], aeoisorog  ‘Guidwimo aqny,  ‘Areqided sse[H  SXVAA PUB SXVS
wri o1 x AN THCT
umowyun wrl 0T RISA ‘g-0edl
<:(0207) A T8CT ursar T-AT
D 72 UapUIT wrl og ‘RIS sressdod urjord  w 0GZ-00T~ WU €T ‘uIsal (a1a) pare[nuuioy @IxX
Iop ueA V/N V/N S G~ umowjun  x w og ‘ev-0edI ‘O%HC-YOSeD  ‘UOISSIWISUEL], payund-ag dunuud g woisn) [easkro-o3uis
memwnr o¢  popuog-ewserd
‘aqm pue paind
1er(T20T) 0 32 SW 0 x 000T  w oF AN TTT SAN wrlosz  uoyde/edss  ‘Aydexdoyn yos
pismafepey S 0€T S 0T S I~ ‘oweynnN xwr oy ‘puowrerp ‘cel 9PIXO UOI[] ‘UOISSIWISUBL], pasng  ‘Aydexdoprjoroyd sse[3/SINad SXVM/SXVS
pareuruue|
A 9T pue win 002 x ¢ pue paind
26(020T) sw s x 00T wr 6zT 71 “TIITOS ~ 9IB[EXO WNLIAD wr OST ‘zee  ‘Ayderdoyny yos
7D 32 93ue] S 0¢ sw9  sg0~ oweynmuw - x wr og ‘ONIMS ‘SAN Y~ ‘UOISSTUUSURL], YANALSO ‘Ayderdoypriolouqd 7€ YHNALSO SXVM Pue SXVS
3urioo
ourdozewreqred duiqny quereas
«:(020T) 0 32 ‘proe auooI[Is ‘s3umy
JustAeA uru SWw 00T X TS ww A ST oumIqIRq wwr 6T°¢ rem wl 66 paurgoewr  saqny uodeyy
‘UIaISuaAY T €6T-F'0T S 0E£T-8€T UMOWUN  ‘QWEHDMNN T x WW [T ‘puowelp ‘11 ‘eI ‘UorssSTwISuel],  ‘oqm uoydeyy woisn) ‘AA1d ‘ddd AX 19pmod
sw SAN 9pIX0
0T x 000w oge AN ¥CL Uoal ‘SdN NV
‘QureynnN  x wr g8 ‘puowrelp ‘zzl ‘syuode QUODI[IS
Nﬁﬁmﬁoﬁ w19 SW 0T x 000T w61 A €T dunesonu wnrl 00¢ wr g/ x7g padurep ‘uoydeyp
UI9)SUAY T S OFT S ¥ S T~ QuieynnN x W zT ‘TISH ‘eTdl M €QDeD  ‘UoISSIuSuel], ‘uoydeyy  ‘Sumno 1ase[ AN ‘AALd ‘VININA AX 19pmod
s 0T1-09  wm og A ST
S ¢g¢ S6 SOT~ “oys-o[duls xwm 0oz ‘puowrerp ‘I1I syuade QUODI[IS
No%owomu w19 SW 0T x 000T w61 A €T duneaonu wrl 00g wri G/ x7g padurep ‘uoydey
UIISUDAY T S OFT S ¥ ST~ ‘oweynmpy xuwr gy ‘TISH ‘eTdAl PIm E0DRD  ‘UOISSTWISURIL], ‘uoydeyy  ‘Sumno 1se[ AN ‘HALd ‘VININA MIX Iapmod
wr 08z
‘uodiis  Surpuoq orpoue
1a(S100) swI 00T win g A 67°CT wr 0z7e ‘wr oz ‘Buryore Jom (x214g) ssed
D 32 IDIANDY  UMOWD U V/N umowyun  “9oys-9[duis  x wm og ‘TISH ‘7oAl £0DED  ‘UOISSIWUSUPIL], ‘ssepn  ‘AyderSoprioloyd ‘uooI[IS SXVM/SXVS
pdop
uonenauad
wr
¢ qurdiooy
9918 weaq
sso[urels wm £/ ‘qIpm
oﬁGSNV SQ09 xS IoPuWep A9 OF GOX  [ouUEBYD W wr GZL x T podwepd uoydey
D32 9p[Ng  umowun V/N umowun  ‘Sweynmnn wm 00T ‘puowreIp ‘STI uo QDo ST ‘uonddpioyd ‘uoydeyy ‘pauryoely  ‘onserd [erooy SXVMID
REN| awmn dorsy G awn ozIS AZ1oua Aer-x parednsaaur p3uayyped ssawIp poyewr (S)rerxoyewa (s)onbruyoey
douapisar  ‘days awn SuxiN amsodxa wreaq £901nos (s)ordures wreaq ‘[errayetx Aquuosse 20maQg Aerx
[®10], WNWIUIA ‘opowt ‘ourpuueag ‘Anowioan MOPUIMN Jo/pue
uonismboy uonestqes

'90UB217 paModun 0'g uong LNy suowiwoD aaireas) e sepun pasusol|siapiesiyl |[EEGEEL ()
"20:9G:22 G202 TT'Z0 UO papeo|umoq ‘G202 80 UO paus!and 9p1ly sseody uadO

(ponunuo2) T S1qel

This journal is © The Royal Society of Chemistry 2025

180 | Lab Chip, 2025, 25, 1169-1227


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4lc00637b

View Article Online

Critical review

Lab on a Chip

[eonIaA A9 €T ‘SAV S[eLYew
wr 61 ‘a-artt 9pondI[P
wrl 00S A9 €00T s3umy ‘Ae1re ssed
x wr 00¢ ‘Sdv ‘a-d1-9 uorssaiduwod snoiod ‘ursax
ASY £°8S swy urg ‘SapondIId Jo 0T8a5d SXVMID pue
¢£1(6107) ur 6-g  wm gos ‘Sdv 9pIXO I[BqOd wuI ¢ wr 6z x g uonisodap 1ake[ -TB9[DOIDA  AAd/SulIaneds
‘1D 39 UOM V/N V/N V/N  9oys-9[durs x wmr gog ‘G-ar-It snoydiowry ‘uorSSTwIsuely, ‘uoydeyy orwoje ‘Axodyg ‘uoydeyy [elor,
A9 00T
‘Sdv
‘a-ar-9 “00DI'T
A SOT  ‘SAN 9PIXOIpPAY
‘Sdv o[qnop
‘D-AI-TT  paIoke] IN-o4 wuw /9°0 Buiqny 1aqqna
A9 69°8S ‘ouayderd ‘Areided ‘QuatAtpasiod
2er(£107) ‘Sav pue SIND ww eg'T  Iqy uoqred s3umy ‘Aredes  gad/Sutianeds
‘v 39 3UNOX V/N V/N V/N UMOWUN UMOW U ‘G-AI-TT  PaIeod-dN 3d  ‘uorssiwusuerl,  paudie-Axodg uorssaiduion Iaqy uogieD) [eloL
A 9T T L
1e:(T20T) 0 32 ‘IFSTSN sSumy
sreAneagq ‘I-a1-8¢ sioydepe [993s Ssa[ureIS
S 00T A 2988 wu payund-ag ‘oqm uoydey
omﬂﬁmomu w19 pue‘or ‘T wWwgQ ‘Sdv 60 10 W €' em wrd 0OT ‘s3umy ‘Aredes. gad/3utieneds
sTeAneayq SOI-T'0 S T°0-10°0 ST0> 9OUs-9[3UIS  x WU §'Q ‘9-dI-1T Soq n&? ‘worssrwusuel], ‘Areqideo sse[o uorssardwiopn SSe[H e
S 0T-T~
‘. apotu A 98°29
mﬁﬁwﬁowv uonisimboe I-SISN wuw g UMOD[UN sSumy sSumy eew  Jad/3uriaiess
I 70 URQIA], S 7-S0"0 V/N umowun pidey,, umowjun ‘Z-aI-8T 8-AI7 ‘uorssiwsuel],  ‘aqmy uoidey uorssaiduion ‘aqmy uoadey [eloL
(moy SXVM Buiqny ssumy
paddoss I0J S ¥ x ULIYS-1eay] Towijod
3ursn 0¢T Pue SXVS A 9T rem wir og ‘s3umy Buiqnm FA1d
wﬁﬁmmomv 103u0]) 10} S T x 0T wr g/ “TIHT0S 9je[BXO wuI G ‘Areqnided uorssaiduwod ‘Areqnided
‘D 32 A[[PINA sur Sz V/N Sw(QSg~ ‘owennmy  x wd 6/g ‘ONIMS WNA)  ‘UOISSIWUSURIL], aeorisorog  “Surdwiod aqny, SSe[D  SXVM PU® SXVS
(dmos
yoreq-Twas
3ursn [rem wir 0og dumoo  s3umyy 1owijod
1(020T) 32 193u0]) ur o1 AN VT wu T ‘Areqnided Juiqn ‘s3umy ‘Buiqnm FA1d
preyuasag S 09T-S V/N SWOQS~  “90yS-9[3UuIS UMOWNUN ‘IO ‘TAYX SAN OPIXO UOI]  ‘UOISSIWSUBL], 7)rend) uorssardwion  ‘Areqpided sse[n X 19pmod
REN| awmn dorsy G awn ozIS AZ1oua Aer-x parednsaaur p3uayyped ssawIp poyewr (S)rerxoyewa (s)onbruyoey
douapisar  ‘days awn SuxiN amsodxa wreaq £901nos (s)ordures wreaq ‘[errayetx Aquuosse 20maQg Aerx
[®10], WNWIUIA ‘opowt ‘ourpuueag ‘Anowioan MOPUIMN Jo/pue
uonismboy uonestqes

'90UB217 paModun 0'g uong LNy suowiwoD aaireas) e sepun pasusol|siapiesiyl |[EEGEEL ()
"20:9G:22 G202 TT'Z0 UO papeo|umoq ‘G202 80 UO paus!and 9p1ly sseody uadO

(ponunuo2) T S1qel

Lab Chip, 2025, 25, 1169-1227 | 1181

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4lc00637b

Open Access Article. Published on 08 2025. Downloaded on 02.11.2025 22:56:02.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Critical review

solvent evaporation.'® The main channel of the device was
made within a thin PDMS membrane (~20 pm wall
thickness) to enable the transmission of X-rays. The gas
permeability of this thin PDMS layer was also exploited to
create a steady-state evaporation-driven flow of water, which
slowly concentrated the NPs from the end of the
microchannel inwards, until they were converted into a solid-
state colloidal crystal at a NP volume fraction of 30-40%. By
using a high flux, microfocused beam, the researchers were
able to perform the study with high spatial and temporal
resolution, scanning the beam along the channel in a grid
with 50 um steps and 1 s X-ray exposure time per step.
Around the same period, several millifluidic studies were
also performed. McKenzie et al. designed a custom flow-cell
to enable simultaneous in situ SAXS and ultraviolet-visible
(UV-vis) spectroscopy and validated it by determining the
size distribution of pre-made suspensions of reference Au
NPs (Fig. 3a).’°” The ability to perform both in situ and ex
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situ UV-vis allowed for quality control and the comparison
of in situ SAXS data to subsequent ex situ transmission
electron microscopy (TEM) of the different Au NP standards
after surface-deposition, which would be especially
important when characterizing experimental samples.
Takesue et al. performed operando SAXS analysis of Ag NP
synthesis using a poly(methyl methacrylate) (PMMA) device
with Kapton X-ray windows (Fig. 3b).'°® By utilizing a very
high flow rate (120 mL min™"), the authors obtained a
turbulent flow, which facilitated rapid mixing of reactants
and also sub-ms time resolution through the vertical
movement of the device in the beam. In this case, the
continuous flow of solution permitted long X-ray exposures
(>1 min) at each channel position to obtain good
scattering statistics of dilute intermediate species without
sacrificing time resolution.

3.2.2 Mitigation of device fouling. In many precipitation
and synthesis scenarios, the continuous flow of solution can
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Fig. 3 Devices for SAXS analysis. (a) Millifluidic flow-cell for simultaneous SAXS and UV-vis of nanoparticle solutions. Inset: Example 1D scattering
pattern of AuNP suspension (adapted with permission from McKenzie et al., 2010; Copyright 2010 American Chemical Society)1°7 (b) Experimental
setup for sub-ms synchrotron SAXS measurements of the early stages of AgNP synthesis (reprinted with permission from Takesue et al., 2011;
Copyright 2011 American Chemical Society).'°® (c) Continuous flow microfluidic device for the study of cerium oxalate precipitation (top left:
photo of the device; top right: measurement geometry; bottom: illustration of the mixing configuration with the water buffer flow; adapted with
permission from Rodriguez-Ruiz et al. 2018; Royal Society of Chemistry).!*® (d) Example of a microfluidic GISAXS experiment (reprinted with
permission from Metwalli et al., 2009; Copyright 2009 American Chemical Society).*'*
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result in the build-up of products on channel walls.**¢%7
This can convolute or degrade the X-ray signal, change the
chemical environment and modify reaction products, and
potentially lead to device failure.'®>'*® For this reason, Stehle
et al. performed the first SAXS analysis of nanoparticle
synthesis using droplet microfluidics.'® They utilized two
devices: one in which a pre-made solution of Au NPs was
emulsified in a PDMS chip and injected into a glass capillary
for analysis and another device made from nested glass
capillaries where the synthesis and analysis were both
performed in situ. They were able to obtain a SAXS signal
from the Au NPs synthesized in situ, however, the long
exposure times employed (900 s) meant that the acquired
scattering curves contained a mixture of scattering from
many droplets and the surrounding continuous oil phase. We
will see in the next subsection different routes for isolating
droplet scattering from that of the rest of the flow to obtain a
higher signal-to-noise ratio.

Another method for limiting precipitation on channel
walls without producing droplets is by introducing a strong
‘buffer’ flow of water between reactant streams. This delays
their contact and slows down their mixing to prevent a
sudden precipitation event that could instantly clog a device.
Such a method was employed by Rodriguez-Ruiz et al. in an
OSTEMER-Kapton microfluidic device to study the
precipitation of the highly insoluble, rare earth mineral,
cerium oxalate (Fig. 3¢).""* Using a flow of water >10 times
faster than their reactant flows (also resulting in a >10 times
reactant dilution), they were able to successfully acquire
scattering curves from within the first second of the reaction.
However, the slowed mixing resulting from the water flow
meant that it was not possible to analyze reaction times <0.2
s due to inconsistent background signal.

3.2.3 Machine learning. An exciting recent application of
in situ SAXS comes from Fong et al, who used a
millifluidic continuous flow reactor and machine learning
to optimize the synthesis of Pd nanoparticles in real-
time.""" Their setup consisted of pumps containing the
reactants, surfactants, and solvents coupled to a mixing
manifold and heated capillary tube. SAXS data acquired at
the outlet of the tube were automatically processed by a
control computer, which could then adjust the flow rates
and reactor temperature in a closed feedback loop. After
performing a short grid search to roughly map a reaction
parameter space, the system was able to rapidly converge
on conditions to synthesize nanoparticles with targeted
size, concentration, and yield using Bayesian optimization
(BO). Similarly, Younes et al used BO to efficiently
determine the phase diagram of supercritical CO, using
SAXS and a high-pressure microfluidic cell.'** Correlation
lengths were extracted from SAXS curves obtained at
different temperature and pressure combinations, and the
BO algorithm was shown to accurately predict the
correlation length maximum for each temperature after
measuring at only 5-10 different pressures. This required
3-6 fewer measurements with the microfluidic device than

This journal is © The Royal Society of Chemistry 2025
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when using a more traditional statistical approach (the
bisection method) and could be used in the future to
eliminate unnecessary data collection.

3.2.4 GISAXS. Standard SAXS measurements made using a
transmission geometry are good for obtaining information
from bulk samples and liquids, but they are less sensitive to
surface features.'®® Therefore, there has also been interest in
performing grazing incidence SAXS (GISAXS) in a reflection
geometry to study interfacial phenomena occurring within
microfluidic devices. Moulin et al. developed a device for this
purpose made from cyclic olefin copolymer (COC, TOPAS®)
that could be reversibly clamped to various substrates of
interest (Fig. 3d).""* They confirmed its suitability for GISAXS
by studying the interaction between a flow of Au NPs and a
glass surface. Later, the team followed up this study by using
the same device to monitor the templated growth of Au
nanowires on a polymer substrate."* Similarly, Kehres et al.
designed a silicon-based device for studying gas-solid
interactions in catalysis.'*® Prior to device bonding, a catalyst
layer is deposited, and then catalytic reactions at the
interface can be monitored using different gas mixtures,
temperatures, and pressures. Their device was also
configured to work with inline mass spectrometry while
simultaneously collecting grazing incidence WAXS (GIWAXS)
data.

3.3 XRD/WAXS

3.3.1 Millifluidics. While in situ microfluidic XRD/WAXS
analysis is a more recent trend than microfluidic SAXS
(excluding for  structural biology), several groups
implemented millifluidic XRD/WAXS quite early, and often
combined with SAXS. Alison et al. utilized a glass capillary-
based plug-flow reactor to investigate the crystallization of
2,6-dibromo-4-nitroaniline, a model compound for studying
crystallization mechanisms."*® Using a high flow rate and a
turbulent ‘teardrop’ mixer, they observed the formation of
non-crystalline particles by SAXS during the first second of
precipitation and prior to the appearance of crystalline
diffraction observed by WAXS. This combination of
techniques thus allowed them to evidence potential
crystallization pathways that do not follow single-step
classical nucleation theory, which does not account for the
formation of non-crystalline intermediate phases. Likewise,
Chen et al. developed a millifluidic flow cell for studying
scale formation from salt brines on different materials
(including silicon and stainless steel).'’” Beginning with a
study of the effect of temperature on CaCOj; scaling, the
authors went on to study both BaSO, and CaCOj; scaling in
the presence of anti-scaling agents."'®''® Later, the same
team developed an updated flow-cell that could perform
GIWAXS studies of steel corrosion combined with
simultaneous electrochemical monitoring (Fig. 4a)."*°

3.3.2 Microfluidics. More recently, researchers have
miniaturized these WAXS and SAXS/WAXS studies further by
utilizing microfluidic devices. Beuvier et al. studied the
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Fig. 4 Devices for WAXS/XRD analysis. (a) An experimental setup for millifluidic GIWAXS and electrochemical measurement of steel corrosion
(reprinted from Burkle et al. 2016 with the permission of AIP Publishing).** (b) A hybrid silicon-glass microfluidic device for continuous flow study
of CaCOs crystallization (reprinted with permission from Beuvier et al. 2015; Royal Society of Chemistry).!?! (c) Comparison of CaCOs
crystallization in microfluidic devices in continuous flow (top left) versus under conditions optimized to prevent scaling (top right). An illustration
of the distance-to-time conversion enabled when scaling is prevented (bottom) (adapted with permission from Levenstein et al, 2020; Royal

Society of Chemistry).1%? (

permission from Radajewski et al., 2021; Royal Society of Chemistry).1?*

precipitation of CaCO; by SAXS/WAXS using a hybrid silicon-
glass device (Fig. 4b),"*" where the single-crystalline silicon
layer provided a very low SAXS background and the glass
layer permitted visual monitoring of the flow. WAXS enabled
the identification of the structure/polymorph of the CaCO;
crystals formed, and the presence of streak-like crystal
truncation rods in the SAXS patterns enabled the
determination of their micron-scale size. Similar to the above
studies of mineral scaling, the authors observed the rapid
growth of CaCO; on device surfaces starting from the point
of reactant mixing. However, as discussed in the previous
section, for many applications, such surface growth is
undesirable, making it more difficult to study processes
occurring in the bulk flow. Levenstein et al. also performed a
WAXS study of CaCO; growth in a microfluidic device in
order to test several different flow configurations and
determine those best for minimizing device scaling.'®®> They

184 | Lab Chip, 2025, 25, 1169-1227

d) A workflow for SAXS/WAXS frame selection and background subtraction for droplet microfluidics (reprinted with

identified that a combination of water buffer between
reactants, hydrophobic surface treatment, segmented water-
in-fluorinated oil flow, and triblock co-polymer surfactant
facilitated studies of CaCOj; precipitation for ~1 hour without
significant crystallization on surfaces (Fig. 4c). Importantly,
this enabled the crystallization process to be studied as a
function of a droplet's position along the channel with time,
where the rotation of crystals within the droplets additionally
allowed diffraction to be collected from a range of scattering
angles 6.

In order to isolate scattering from the droplets from that
of the surrounding fluorinated oil phase, the authors
implemented a multiframe data acquisition and processing
approach first used for bioSAXS.'®" Briefly, short 20 ms
frames were captured at a rate of 50 Hz and WAXS frames
containing the characteristic scattering of the oil phase were
identified and discarded. The remaining frames were then

This journal is © The Royal Society of Chemistry 2025
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summed to obtain a good signal-to-noise ratio at each
position.”*  This WAXS-based technique was later
implemented in a millifluidic flow system,'*® and a similar
technique was also performed by Lange et al., who utilized
SAXS frames to distinguish between the water and oil
phases.”” More recently, Radajewski et al. presented an
innovative data processing technique combining both WAXS
and SAXS frame selection to isolate not only droplets, but
also the sections of droplets with the highest concentration
of sample for subsequent data treatment (Fig. 4d).'**
Alternatively, for studies not requiring operando
measurements, van der Linden et al. developed a 3D-printed
device for storing and measuring samples contained with
isolated, static droplets to avoid signal from the oil phase."*®

3.3.3 Plug-and-play devices. Despite this progress in
microfluidic SAXS/WAXS studies, a growing trend is the use
of simpler ‘plug-and-play’ millifluidic devices and set-ups
that lower the fabrication, cost, and time barriers to
performing in situ flow experiments. These often make use of
commercially available compression fittings (e.g., Upchurch/
IDEX, Swagelok) and/or mixers, the outlet of which is
connected to a thin-walled glass capillary for performing
SAXS and/or WAXS analysis. For example, Fleury et al. made
use of a simple home-made turbulent mixer'*° to study the
synthesis of luminescent Eu-doped YVO, nanoparticles.'>®
Using combined SAXS, WAXS and fluorescence spectroscopy,
they observed that the final fluorescent nanoparticles were
formed from non-fluorescent amorphous aggregates, the size
of which defined the size of the product crystallites.
Similarly, Besenhard et al. studied the precipitation of iron
oxide nanoparticles by XRD using commercial mixers
combined with custom temperature controlled modules of
varying lengths to adjust the age of the material probed in
the beam (Fig. 5a).">” They additionally tested mixers with
different internal diameters, and thereby different Reynolds
numbers, and showed that they produced similarly sized
nanoparticles with production that was consistent over >30
min of operation. Recently, Durelle et al. used a simple
device to compare in situ SAXS and WAXS measurements of
crystal nucleation rates to traditional incubation-counting
methods used in chemical engineering and found that
traditional methods could result in underestimates of several
orders of magnitude.’*® This illustrates clearly the power of
even simple millifluidic continuous flow devices for in situ
X-ray scattering. Many other studies utilizing such devices
exist and cannot all be covered here.'*' 43

3.4 Total scattering/PDF

In this final scattering section, we will cover recent efforts in
millifluidic X-ray total scattering, used for performing pair
distribution function (PDF) analysis of atomic to nanoscale
correlations within materials. These measurements are
usually performed at high energy beamlines to incorporate
scattering from small length scales since wavelength and
energy are inversely proportional and wavelength and the

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 Simple ‘plug-and-play’ millifluidic devices for XRD/WAXS/PDF
analysis. (a) A setup for in situ SAXS/WAXS utilizing commercial mixers
and custom temperature-controlled sections for time-delay (reprinted
from Besenhard et al, 2020; with permission from Elsevier).*?” (b) A
Norby-style device with active mixing for X-ray PDF analysis (adapted
with permission from Beauvais et al. 2022; IUCr).132

probed length scale are directly proportional at fixed 6 (see
eqn (1)). By utilizing crystalline Bragg diffraction and diffuse
scattering at large angles normally neglected during XRD
analysis (ie.,, the “total” scattering pattern), the PDF
technique provides information on not only long-range
crystalline order within a sample, but also short-range
correlations within even amorphous materials.'** These
techniques are additionally well suited for in situ analysis
because the high energies impart more penetration power
and allow the use of thicker and denser samples and sample
environments.

Terban et al. performed in situ X-ray PDF analysis of the
synthesis of the zeolitic imidazolate framework, ZIF-8,'*°
using a simple millifluidic continuous flow device consisting
of a Kapton tube, a metallic frame and commercial fittings
mounted on a goniometer head in the same way as a Norby
cell. With this setup, they were able observe the formation
of long-lived solution species and amorphous solid phases
during the synthesis of this model metal-organic
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framework. Similarly, Beauvais et al. developed a millifluidic
device resembling a Norby design but comprising an active
vibration mixing element (Fig. 5b)."*" They tested a variety
of injection capillary sizes, types and materials, including
glass and Kapton, and converged on a design that fully
mixed reactants in less than a few hundred milliseconds.
The authors validated the system by studying the hydrolysis
of AI’" and then went on to study the formation of FeS by a
ligand-exchange reaction, demonstrating the presence of
previously unknown intermediate phases in the form of
nanosheets."*’

A few groups have also developed innovative cells that
enable in situ X-ray PDF measurements of electrochemical
processes. For example, Young et al. designed a millifluidic
electrochemical cell with an epoxy-aligned carbon fiber
capillary serving as both the working electrode and the
X-ray window."**> A recirculating flow of electrolyte solution
could be applied through the capillary, and various samples
relevant to electrocatalysis and batteries could be loaded
and measured during cycling, including Pt nanoparticle-
coated carbon nanotubes and LiCoO, powder. Kwon et al.
developed their own electrochemical cell consisting of a 3D
porous glass capillary-array (GCA) sitting in an electrolyte
reservoir with Kapton walls to facilitate X-ray analysis.'*?
The GCA array was coated by gold and either indium tin
oxide (ITO) or indium zinc oxide (IZO) to serve as the
working electrode, and fresh electrolyte was pumped
through the GCA pores from below the reservoir using a
syringe pump during cycling.

4 Devices for X-ray spectroscopy
4.1 Brief theory and overview

X-ray spectroscopy techniques are utilized to obtain chemical
information such as elemental composition, oxidation state,
and coordination number. This section will be focused
primarily on X-ray absorption spectroscopy (XAS), which is
one of the main groups of X-ray spectroscopic techniques
and the one utilized in most previous micro- and milli-fluidic
studies. Another major type of X-ray spectroscopy is X-ray
photoelectron spectroscopy (XPS), but to our knowledge, in
situ XPS has been performed exclusively in free liquid jets,"*®
likely due to the poor transmission of electrons exiting
through device windows. There are two primary acquisition
modes for XAS analysis: transmission and fluorescence. The
most common, transmission XAS, is based on measuring the
incident beam flux (I,) and the flux of the beam transmitted
through the sample (I), which are related by the Beer-
Lambert law:

I = I,-e % ()
where p(1) is the wavelength-dependent linear attenuation
coefficient of the sample and x is the sample thickness.'*®

XAS spectra are collected by scanning the wavelength of the
incident X-ray beam across an absorption edge of an element
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of interest in the sample, where the shape and position of
the edge and post-edge oscillations are used to determine the
chemical speciation of the target element. The location of the
collected spectra in relation to the absorption edge
subdivides XAS into different techniques based on where the
data are collected, such as X-ray absorption near-edge
structure (XANES) and extended X-ray absorption fine
structure (EXAFS) spectroscopy for the edge and post-edge
regions, respectively.'*®

XAS is performed in fluorescence mode by monitoring the
total yield of secondary X-rays at 90° from the incident beam
(normally 45° from the sample) rather than the transmitted
flux, which is helpful when using thick or highly dilute
samples."*®'”  For both modes, different acquisition
strategies using polychromatic radiation and position/energy-
resolved detectors can also be employed to more rapidly
record full spectra without scanning the energy of the
incident beam.***° The closely related technique of X-ray
fluorescence (XRF) has also been performed with microfluidic
devices,"”"'** although primarily for 2D elemental mapping
and laboratory analysis, and will thus be covered in sections
5 and 6, respectively. Further details on the micro- and milli-
fluidic devices for X-ray spectroscopy discussed below can be
found in Table 2.

4.2 XAS

4.2.1 Hard X-rays. Unlike with scattering methods,
microfluidic XAS was developed and has been primarily
conducted for the physical rather than biological sciences.
Early work in micro- and milli-fluidic XAS was focused on
devices designed for analyzing heavy elements at hard X-ray
energies. The first devices, such as from Hoffman et al., were
made from corrosion-resistant metal alloys and diamond
windows for studying high pressure phenomena.'?*'**
Subsequent devices were made from silicon and glass using
more conventional microfluidic fabrication processes and
applied to catalysis and nanoparticle synthesis. Sankar et al.
utilized such a device to study the dehydrogenation of
methanol on an silver catalyst with XANES and EXAFS.'>
Using fluorescence mode acquisition at the Ag K-edge (25.5
keV), the authors evidenced a cyclical process of oxidation/
reduction of the metal catalyst involved in the conversion of
methanol to formaldehyde.

Chan et al. also utilized a silicon-glass microfluidic device
to monitor a cation exchange reaction in semiconducting
CdSe nanocrystals by XANES at the Se K-edge (12.66 keV).'*°
In addition to silicon and glass, their device comprised a 2
pm thick silicon nitride/SU-8 X-ray window designed for
performing measurements in fluorescence mode (Fig. 6a). In
their experiment, a suspension of CdSe nanocrystals was
introduced in a hydrodynamic flow focusing geometry
surrounded by a sheath flow of Ag" ions. As the ions diffused
into the stream of nanocrystals, the kinetics of the CdSe —
Ag,Se transformation could be followed over ~100 ms with
~8 ms time resolution owing to the narrow channel width,

This journal is © The Royal Society of Chemistry 2025
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Ref.

residence

Total
time
N/A

Minimum
time step,
tstep
N/A

Mixing
time, mix
N/A

Acquisition

multiframe,

10° x 8.33
XP:

mode,
exposure
Sp-XPCS:

X-ray energy Beam size time

SAXS:

unknown unknown

SAXS:

ms
XPXP: XPXP:
unknown unknown

sp-XPCS:
3 um

diameter
XP:

unknown

SAXS:

Beamline,
source,

Sp-XPCS:

LCLS, 9.5

kev
XP.
SSRL, 15

kev

XP:
SACLA,

BLA-2,

investigated
Superecritical

H,0

Sample(s)

Mode, beam
pathlength
Transmission,
~0.4-1 mm

Window
material,
thickness
Diamond,
2 % 100 pm

Fabrication
and/or
Machining,
clamping,
Poulter seal

assembly
epoxy,

method

Device
material(s)
Ti-6Al-4V alloy,
diamond (type
Ila)

Table 2 (continued)
technique(s)
XPXP, SAXS,

WAXS

sp-XPCS,

X-ray
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fast flow rates, and use of a microfocused X-ray beam.
Similarly, Hofmann et al.'® and Tofighi et al'®® used a
silicon-glass microfluidic device to study the synthesis of Au
nanoparticles by fluorescence-based XANES at the Au L;-edge
(11.92 keV). By utilizing on-chip turbulent cyclone mixers
with <2 ms mixing time, the authors were able to gain access
to early stages of the synthesis after only 1-2 ms of dead
time.

More recently, Micheal Raj et al. reported a silicon-glass
type microfluidic device for performing both fluorescence
and transmission mode XANES and EXAFS."° They validated
their device by studying Fe, Pb, and Br salt solutions and
evaluating the quality of fluorescence vs. transmission mode
data collected at different ionic concentrations between 1
mM and 1 M (Fig. 6b). Good quality data were obtained for
Pb and Br solutions at the Pb L;-edge (13.04 keV) and Br
K-edge (13.47 keV), however, the thick glass windows of the
device (~500 pum) resulted in strong attenuation at the Fe
K-edge (7.11 keV), preventing further analysis. For Pb and Br,
fluorescence detection performed better at concentrations of
1 mM, transmission better at 1 M, and both performed
similarly at intermediate concentrations. The authors also
paid particular attention to the world-to-chip connections of
their device by designing a 3D-printed sample holder that
enabled reproducible and safe mounting at the beamline.
Britto et al. used a commercial microfluidic device for an
operando XANES/EXAFS study of the synthesis of Pt NPs in
fluorescence mode.'®® Their device had a long channel
length, and by tuning the flow rates, the authors were able to
study the synthesis over reaction times from a few seconds to
almost 40 minutes. Using multivariate analysis of the data,
they were able to identify two intermediate phases that
formed during the conversion of the H,PtCls precursor into
metallic Pt.

Several polymer-based microfluidic devices have also been
reported for XAS analysis at hard X-ray energies. For example,
Zinoveva et al. utilized a PMMA microfluidic chip to study
the synthesis of Co nanoparticles by fluorescence mode
XANES at the Co K-edge (7.78 keV).'®" Similarly, Oyanagi
et al studied the nucleation and growth of CdSe
nanoparticles using fluorescence mode XANES and EXAFS at
the Se K-edge.'® Their device consisted of two components:
a microfluidic continuous flow mixer and a separate module
comprising a Kapton capillary tube and a resistive heating
element for studying reactions under high temperatures.
Here, the combination of XANES and EXAFS enabled the
modeling of the XANES data with multi-scattering
calculations and comparison to EXAFS data in order to
estimate the kinetics of Se-Cd bond formation. Monnier
et al. developed a microfluidic electrochemical cell made
from polyvinyl chloride (PVC) and brass for operando analysis
of the reduction and oxidation of different iron-containing
phases.’®>'®" They performed XANES and EXAFS at the Fe
K-edge using both transmission and fluorescence read-out in
order to study the corrosion of archeological samples and
materials for the storage of nuclear waste.
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Fig. 6 Devices for hard XAS analysis. (a) Design of a microfluidic device with a silicon nitride window for XAS in fluorescence mode (adapted with
permission from Chan et al., 2007; Copyright 2007 American Chemical Society).*>® (b) Br K-edge XANES spectra of aqueous NaBr solutions at the
indicated molar concentrations. The dark grey curves are from transmission detection and the green curves are from fluorescence detection
(adapted with permission from Micheal Raj et al., 2021; Royal Society of Chemistry).*>® (c) Design of a 3D-printed millifluidic device for XAS in

transmission mode (adapted with permission from Dobrovolskaya et al., 2023; Copyright 2023 American Chemical Society.

4.2.2 Sensitivity considerations. One problem in early
microfluidic XAS, and especially EXAFS, was low sensitivity to
dilute species—even in fluorescence mode—because of the
short beam path through the solution. This often results in
total scan times nearing or exceeding one hour to obtain
sufficient signal-to-noise ratio. Attempts have been made to
solve this problem in different ways. For example, Krishna
et al. utilized a commercial polyester (PET) millifluidic device
with wider channels to obtain a higher fluorescence yield."®®
The authors then employed this device to study the growth of
nanostructured Au catalysts by XANES and EXAFS at the Au
L;-edge. Alternatively, Dobrovolskaya et al. developed a 3D-
printed millifluidic device for transmission-based XAS studies
(Fig. 6¢c)."®® An 80 mm pathlength was obtained by
illuminating along straight sections of a serpentine flow
channel rather than across the shortest dimension of the
channel as is standard practice. Such long pathlengths
combined with highly penetrating X-rays at the Pd K-edge
(24.35 keV) allowed the authors to perform operando XANES
and EXAFS of the formation of Pd nanoparticles with scan
times of only 10 min at a second-generation synchrotron.
However, averaging the signal along 80 mm of the flow
channel significantly limited the potential time resolution of
the device.

4.2.3 Soft X-rays. Researchers have also explored
performing microfluidic XAS in the soft and tender X-ray
regime, where transmission is lowered and increased
interaction between the beam and device materials must be
taken into account. To our knowledge, the first such example
comes from Fulton et al., who modified the high-pressure cell
of Hoffman et al'®® with thinner windows and a shorter
beam pathlength.'®” This enabled them to use the device
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down into the tender X-ray regime in transmission mode,
but not to lower energies. Subsequently, Fuchs et al
reported a lower pressure flow cell made from PTFE.'®®
This cell was sealed by either a top silicon nitride (Si.N,)
or silicon carbide membrane designed for fluorescence
read-out of XAS data in the soft X-ray regime. They also
performed X-ray emission spectroscopy (XES), which is
equivalent to XRF with higher energy resolution. Nagasaka
et al. utilized a flow-cell comprising Si;N, windows to
perform transmission XANES measurements of liquid
water at the O K-edge (532 eV).'"® Performing such low
energy XAS in transmission mode was made possible by
keeping the fluid layer <1 pm by controlling the spacing
of the silicon nitride membranes. Schreck et al. developed
a similar flow-cell and used it to study not only pure
water, but also solutions of CoCl, and water-ethanol
mixtures."”"

More recently, Probst et al. utilized a PDMS-based droplet
microfluidic device with a Si,N, window to study the
crystallization of CaCO;."”" They monitored the precipitation
of amorphous calcium carbonation (ACC) over the first few
seconds of the reaction by fluorescent XANES at the Ca
K-edge (4.04 keV). However, owing to the background from
the oil phase and the small droplet volumes, long scan times
were required at each device position to obtain good photon
counting statistics (>1 h). Additionally, the tender incident
X-rays produced discolorations in the PDMS layer of the
device, although the device shape and flow behavior were
unaffected. Similarly, Brenker et al utilized PDMS- and
silicon-based droplet microfluidic devices with Si,N, windows
for fluorescence mode XANES at the Ca K-edge and found
that the silicon devices were more resilient to the incident

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4lc00637b

Open Access Article. Published on 08 2025. Downloaded on 02.11.2025 22:56:02.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Lab on a Chip

beam.'”” The authors also used the Ca Ka line fluorescence
yield to distinguish between droplets and the oil phase and
isolate spectra from droplets. Despite this, the low total
fluorescence yield still required the averaging of several long
scans to obtain a good signal-to-noise ratio (>1 h), which
demands highly stable device operation over long durations
and large sample volumes.

4.2.4 Multi-technique analysis. Finally, a large focus of
research has been in developing single devices that could
support not only XAS analysis, but also accommodate other
X-ray methods or simultaneous acquisition of non-X-ray data.
In these cases, an extra layer of difficulty is in selecting a
window material that works for different techniques or

having multiple analysis windows made of different
materials. For example, Chiarello et al developed a
millifluidic  gas flow-cell to support simultaneous

transmission mode XAS and diffuse reflectance infrared
Fourier transform spectroscopy (DRIFTS) on catalyst powder
beds (Fig. 7a)."”? Since most IR transparent windows are
made of crystalline materials that introduce diffraction
artefacts in XAS spectra, the authors drilled a hole in their
CaF, window and infilled it with an amorphous carbon glue
to facilitate transmission of the X-ray beam (Fig. 7b).
Conversely, Dann et al. designed an aluminum XAS/
DRIFTS reactor with a separate CaF, window for conducting
IR analysis and used it to study a Pd-Al,O; catalyst operating
at high temperature."””* A polychromatic X-ray beam passed
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directly through a thinned section of the Al reactor, where it
was used to perform energy dispersive XANES and EXAFS at
the Pb K-edge and collect full spectra in only 4.8 ms (for
XANES). The gas effluent at the outlet of their device was also
directed towards an instrument for performing simultaneous
mass spectrometry (MS). Similarly, Venezia et al. developed a
silicon-glass millifluidic chip for XAS/DRIFTS/MS analysis
that had separate thin silicon windows for the X-ray and IR
beams, respectively."’> They also studied the operation of a
Pd-Al,O; catalyst and its performance in two separate
reactions. Huyke et al. developed a microfluidic device for
performing XAS and XES."’® Their device consisted of a fused
silica hydrodynamic flow focusing mixer connected to a
Kapton capillary for X-ray analysis. The authors used it to
study the reduction of ferricyanide by ascorbic acid with
millisecond time resolution.

Several devices have also been designed to support both
XAS and SAXS analysis. For example, Karim et al. studied the
synthesis of Pd nanoparticles in a silicon-glass microfluidic
device with SAXS and fluorescence mode XANES/EXAFS at
the Pd K-edge."”” For SAXS analysis, the glass layer was
replaced by another Si layer to lower background scattering.
Binninger et al also performed XAS and SAXS with a
millifluidic electrochemical flow cell.'”® Their device was
made from a polyether ether ketone (PEEK) housing that held
two electrically conductive Kapton films to serve as both the
X-ray windows and electrodes. Using this device, they
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Fig. 7 Hybrid devices for XAS and other techniques. (a) Exploded view of a millifluidic gas flow-cell for transmission mode XAS and simultaneous
IR spectroscopy (adapted from Chiarello et al. 2014 with the permission of AIP Publishing).}”® (b) EXAFS spectra of a Pt/Al,O5 catalyst obtained
from the device in (a) with CaF, windows (top) and CaF, windows comprising a high temperature (HT) carbon glue bypass for X-ray transmission
(bottom). Diffraction from the crystalline CaF, window produces artefacts in the EXAFS data, which are eliminated by using the HT glue bypass
(adapted from Chiarello et al. 2014 with the permission of AIP Publishing).”* (c) Conceptual design of an ultra-fast mixing device for XAS/SAXS/
UV-vis analysis of nanoparticle synthesis. The inset shows the design of the butterfly mixing element (adapted with permission from Ramamoorthy

et al., 2024; Royal Society of Chemistry).}”®
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performed Ir L;-edge (11.22 keV) transmission mode XANES/
EXAFS to follow the oxidation state of a mixed Pt/IrO,-TiO,
electrocatalyst as a function of the applied electric potential.
In turn, anomalous SAXS was used to follow the
degradation of the Pt cathode, where performing SAXS at
energies near the Pt Lz-edge enabled isolation of the
scattering from the Pt nanoparticles from that of the IrO,-
TiO, support. Recently, Ramamoorthy et al. demonstrated
an ultra-fast microfluidic mixer for performing XAS, SAXS,
and UV-vis analysis with dead times as low as 200 ps
(Fig. 7¢).'”® They used the OSTEMER and Kapton-based
device to study the nucleation and growth of Au NPs with
transmission mode XANES at the Au L;-edge. With the aid
of these three complementary techniques, the authors
revealed the formation of transient pre-nucleation clusters
and Au(i) lamellar phases prior to the nucleation of Au(0)
nanoparticles. Notably, the authors performed both
continuous and stopped-flow analysis on-chip to access
shorter and longer reaction times, respectively.

4.3 XPCS

X-ray photon correlation spectroscopy (XPCS) has also
received some attention in continuous flow micro- and milli-
fluidic devices. XPCS is not a true spectroscopy technique
based on the measurement of light transmission as a
function of wavelength, but rather it is a time
spectroscopy.’®”  Intensity  fluctuations, or  so-called
“speckles”, appearing in X-ray scattering patterns collected
over time using coherent X-ray radiation are temporally
correlated to extract information on the physical dynamics of
a sample, such as related to diffusive or advective motion.'*
More simply, the technique is an extension of Dynamic Light
Scattering (DLS) into the X-ray regime, where it is useful for
analyzing thicker, more turbid samples at smaller spatial
scales.'®®

The technique was first performed in flow by Fluerasu
and co-workers, who used a simple millifluidic capillary cell
to determine the diffusive dynamics of PMMA and latex
nanoparticle suspensions.’®”'®" The authors found that
scattering in the direction of the wavevector, g, perpendicular
to the flow was insensitive to the advective component of
particle motion at low shear rates (“transverse flow
geometry”), whereas scattering in the direction parallel to the
flow was strongly affected by advection (“longitudinal flow
geometry”; Fig. 8). They thus exploited the transverse flow
scattering to isolate the thermal motion of the particles and
extract diffusion constants. Later, Fluerasu et al. followed up
their work by using both the transverse and longitudinal
scattering to study the diffusive and advective dynamics of a
flow of silica nanoparticles.’®* Transverse flow scattering data
were used to deconvolute the longitudinal scattering data
collected from different radial positions along the cross-
section of the flow tube in order to calculate the shear
relaxation rate. The rates calculated at each position matched
well with a Poiseuille model of the flow.
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Fig. 8 An example of an XPCS flow experiment. Scattering of the
incident beam (k;) in the longitudinal (q|)) and transverse (q,) directions
by fluid flowing within the capillary is obtained from averaging of the
regions within the dotted lines along the Z and X axes of the area
detector, respectively. The photo shows the simple capillary setup of
Fluerasu et al. (2008). Adapted with permission of the International
Union of Crystallography.8*

More recently, Urbani et al. further miniaturized this
technology using a microfluidic chip and a microfocused
X-ray beam.'® They mapped the advective dynamics at
different channel positions along the chip, including
straight and curved sections and a Venturi flow
constriction. Flow velocities at the constriction calculated
from XPCS data were compared to a CFD model with
relatively good agreement, however some deviations were
observed, especially at the center of the constriction where
velocities were the highest. Lhermitte et al improved the
ability to calculate absolute flow velocities from XPCS data
by performing heterodyne analysis, i.e., collecting scattering
from the dynamic sample and a static reference material
simultaneously."® This heterodyne XPCS technique was
subsequently utilized by Steinriick et al. to measure ion
transport within the polymer electrolyte of a lithium-ion
battery cell.'”®® Finally, Muhunthan et al recently
demonstrated a millifluidic flow-cell for performing split-
pulse XPCS (sp-XPCS), X-ray pump X-ray probe (XPXP), and
SAXS/WAXS measurements under extreme conditions at
both synchrotrons and XFELs.'®® The cell was constructed
from titanium alloy with diamond windows and validated
by obtaining speckle patterns from supercritical H,O at 380
°C and 25 MPa.
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5 Devices for X-ray imaging
5.1 Brief theory and overview

The field of X-ray imaging comprises a wide variety of
techniques that can provide morphological and chemical
information on extended samples. These techniques can be
divided broadly into two categories: full-field and
scanning.'® Full-field techniques make use of an X-ray beam
that irradiates an entire sample or region of interest in
transmission mode. Conversely, with a scanning technique, a
sample is irradiated by a small X-ray beam in a 2D raster
pattern, and the image is constructed as a mosaic of the data
collected at each position.'®”'® Contrast in the image is
obtained by recording the absorption or phase shift of X-rays
by the sample using a 2D detector. Both of these quantities
are related to a material's complex refractive index, n:

n=1-45+ip (3)

where 0 is the real phase and f is the imaginary absorption
of the sample material."”®’ Importantly, £ is related to the
linear absorption coefficient (4) of the material, and thus,
similar to XAS, X-ray imaging can be used to probe the
chemical state of the sample by varying the wavelength of the
incident beam (see eqn (2)).'® For obtaining contrast
between soft materials or materials of similar densities, it is
often necessary to probe the phase shift or utilize X-ray
energies at an absorption edge of a target element.

With a scanning technique, data can be collected using
different geometries and may be composed of single-
wavelength absorption contrast measurements, or more
commonly, of collected at multiple
wavelengths. Scanning instruments making use of other
types of detection are also possible and can be used to
construct, for example, fluorescence, scattering, or diffraction
“maps”. Most techniques can also be made 3D by collecting
2D data (called “projections”) from multiple orientations of a
sample under rotation and reconstructing the 3D volume
using tomographic algorithms.">

In science and engineering applications, full-field X-ray
imaging techniques relying on either phase-shift or
absorption contrast are collectively referred to as full-field
transmission X-ray microscopy (TXM), while scanning
techniques are collectively referred to as scanning
transmission X-ray microscopy (STXM). In both cases, the
maximum spatial resolution is about 20-50 nm, mainly
determined by the imaging zone plate in TXM, and by the
focusing zone plate (which dictates the minimum raster step)
in STXM. This resolution may be degraded in liquid though,
in particular due to Brownian motion.

Owing to the wide variety of specific imaging techniques,
this section will be organized by the type and application of
the micro/millifluidic device rather than by the specific
measurement technique as in the previous two sections. In
fact, despite the number of beamlines and devices utilized,
most studies have been conducted using similar device styles

measurements
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for similar applications. Specifically, the majority of papers
report either thin microfluidic devices for performing TXM
and STXM, often for electrochemistry applications, or larger
millifluidic flow cells for performing tomographic studies of
fluid flow and geochemistry within porous media. More
details on all the papers reviewed below can be found in
Table 3.

5.2 Devices for STXM and TXM

5.2.1 Early work (static cells). Microfluidic STXM began in
the early 1990s for the study of cells and subcellular
structures,”"*** and these first studies influenced the design
of most subsequent devices for both TXM and STXM. Both
techniques are often performed at soft X-ray energies (<2
keV) at which beam pathlengths of more than a few microns
through water result in significant attenuation. Therefore,
microfluidic devices comprising ultrathin silicon nitride (Si,-
N,) windows spaced just a few microns apart are ideally
suited for performing in situ TXM and STXM experiments
(Fig. 9a). While these types of devices are very thin, the
window width is normally on the order of a millimeter,
allowing large regions of the flow to be imaged. To our
knowledge, microfluidic studies of hard condensed matter
samples were not reported until a few years later in the year
2000. For example, Neuhausler et al. studied static samples
of clay aggregates'®® within a similar Si/Si,N, wafer-based
device and Rieger et al. studied the crystallization of CaCO;
from pre-mixed solutions using a device with Si/SiO,-coated
polyimide windows.'** Subsequently, Guay et al. upgraded
the basic silicon chip design by patterning Au electrodes over
the Si,N, windows to enable electrochemical measurements
and time-lapse imaging of samples under electrical
stimulus.’®® Many similar static electrochemical cells for
TXM/STXM were developed over the succeeding years and
more information on these can be found in earlier
reviews.>*?%

5.2.2 Gas flow cells. The first flow reactor for in situ STXM
was developed by Drake et al. to study catalysts under
controlled gaseous environments at high temperatures.'®®
Their reactor had ultrathin Si,N, windows coated with a
patterned aluminum thin film to provide local resistive
heating. The channels of the device were fabricated from
glass and PDMS and had a total depth of 0.8 mm, a beam
pathlength made possible by the lower attenuation
coefficient of gases compared to liquids. The authors studied
the oxidation and reduction of a Cu catalyst at temperatures
up to 260 °C in CO/He atmospheres using spectro-STXM, i.e.,
spatially resolved XANES. By obtaining a series of STXM
images at energies between 926 eV and 937 eV, where the Cu
L;-edge is located, the authors could monitor the relative
presence of Cu(i) and Cu(u) within the catalyst particles.
Huthwelker et al. developed a gas-cell for spectro-STXM that
they used to monitor aerosol particles and environmental
contaminants under gases with different relative
humidities."®” Notably, their device comprised two parts that
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Fig. 9 Microfluidic devices for operando TXM/STXM. (a) A STXM setup with a MEMS gas nanoreactor for studying catalysis at high temperature
(top). The inset shows a detailed illustration of the Pt electrode design and the Si,N, windows (bottom left) and an example of spectro-STXM data
from a heterogeneous catalyst particle (bottom right) (reprinted with permission from de Smit et al. 2008; Copyright 2008 Springer Nature).?°° (b)
An electrochemical STXM setup based on a Si/SiyN, chip for studying Li-ion battery particles. The inset shows the side view of the device and the
~1 um spacing between the Si,N, windows (from Lim et al., 2016; reprinted with permission from AAAS).2%*

enabled ease of mounting and rapid sample exchange: a back
piece containing the heating/cooling system, gas connections,
and standard mounting fixtures and a front clip holding the
sample. The device was then utilized for subsequent
environmental studies of ammonium sulfate aerosols.'”®
Kelly et al. designed a similar device comprising Si\N,
windows and a body machined from either aluminum or
PEEK."® However, they improved upon the design of
Huthwelker et al. by enabling temperature and humidity
measurements directly on-chip.

De Smit et al. adapted a micro-electromechanical systems
(MEMS) cell designed for transmission electron microscopy
(TEM)**® to perform the first spectro-STXM study of a working
catalyst (Fig. 9a).”°° They studied an iron-based catalyst
during a Fischer-Tropsch synthesis (FTS), which is used to
convert CO and H, gas into hydrocarbon products. Imaging
the catalyst at the C K-edge, O K-edge and Fe L,- and L;-edges
enabled them to quantify the different iron phases formed
and investigate their contribution to the FTS reaction. The
same team followed up this work by imaging a single catalyst
particle at different FTS reaction temperatures up to 500
°C.*>*' Yoo et al. also adapted a commercial cell designed for
TEM to study the oxidation of CO gas by a TiO,-supported Pt
catalyst.>**> By using STXM at the Ce M-edge, they showed that
doping of the TiO, support with Ce encouraged the formation
of highly efficient Pt single atoms at CeO,-TiO, interfaces.

This journal is © The Royal Society of Chemistry 2025

5.2.3 Liquid flow cells. Although originally developed for
the field of biology,*"**> most subsequent liquid flow cells
for TXM/STXM have been developed for applications in
electrochemistry. Sun and Wang constructed a stainless steel
flow cell with silicon nitride windows to study a galvanic
replacement reaction between Ag nanowires and aqueous Au
species by TXM.>*®* However, this device contained no active
electrical components. To our knowledge, the first active
electrochemical flow-cell was reported by Bozzini et al>*®
Like previous designs for static electrochemical cells, theirs
was also based on a Si/Si,N, chip, however, better device
sealing and more consistent spacing between Si;N, windows
were obtained through the use of a UV-curable resin instead
of glue or vacuum grease. They used their device to study the
electrodeposition of a Co-polypyrrole electrocatalyst using
both STXM and scanning pXAS with fluorescence read-out to
perform XANES at particular points of interest.

Lim et al. used a commercial electrochemical flow-cell to
study single Li-ion battery particles under charging and
discharging cycles (Fig. 9b).>** STXM enabled them to
observe spatial heterogeneities in Li composition arising
from non-uniform rates of lithiation and delithiation, which
could affect battery performance and safety. Similarly,
Mefford et al. used the same electrochemical flow cell to
study compositional heterogeneities and the resulting
catalytic  heterogeneities within electrocatalyst single
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crystals.>*>?*% Other microfluidic electrochemical cells for
TXM/STXM have been reported for studying electrode-
electrolyte interactions,””” including the hybrid device of
Prabu et al., which combined a Si/Si,N,, type chip with a 3D-
printed holder for making world-to-chip connections.>*®

In contrast to most of the flow devices we have reviewed
for scattering and spectroscopy, which were designed for
rapid fluid mixing, most in situ TXM/STXM—and even TEM
—studies have not been focused on flow management. This
is likely because the reactions of interest were initiated by
localized heating or an applied voltage rather than by the
mixing of chemical reactants, and simply ensuring the
replenishment of an electrolyte was sufficient for device
operation. In this context, Gosse et al. presented a Si/SiyN,
type device for STXM designed to study precipitation
reactions with precise flow control.** By using a pressure-
actuated, rather than syringe-driven, system with flow meters
upstream and downstream of the chip, the authors
demonstrated the ability to adjust or stop flows within
seconds. They also showed that the liquid within the Si/Si;N,
cell could be completely refreshed in less than two minutes
using flows of only a few microliters per minute.

5.3 Tomography for flow imaging

5.3.1 Early two-dimensional and tomographic work. Two-
dimensional X-ray imaging of macroscale flows dates back to
the 1950s and 1960s, when it was used to visualize opaque
multiphasic fluidized beds and chemical reactors that could
not be imaged by optical methods.>®” Much later work at
third generation synchrotron sources on X-ray phase contrast
imaging paved the way for higher resolution studies of
weakly absorbing liquids and soft materials.**® Lee and Kim
exploited these developments to perform the first 2D X-ray
particle image velocimetry (PIV) study of a microflow in
2003.>° Using an X-ray beam, rather than a conventional
laser-based PIV probe, the authors irradiated a flow of
alumina microspheres within a 750 pm diameter PTFE tube
to extract the velocity field. Lee et al. subsequently extended
the technique into 3D by using a beam splitter and mirror to
image a microflow from two directions and extract a third
velocity component.**°

Around the same time, work was beginning in the
geological community to visualize processes within porous
rocks that were also inaccessible to light microscopy. X-ray
micro-computed tomography (uCT) was already an
established method for investigating the internal 3D
microstructure of geological samples. The next step was to
combine it with a fluidic sample environment to perform
dynamic studies. Cylindrical rock cores with diameters on
the millimeter scale are thin enough to allow the
transmission of hard X-rays, and they can also be assembled
into simple millifluidic devices by sealing the sides with an
epoxy resin and making fluid connections at both ends. Early
work in this area required the sample to be alternatively
applied with a flow and then taken to the beamline for
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imaging due to the difficulty of attaching flow equipment to
a rotating tomography stage.>*° Subsequent studies, such as
from Prodanovi¢ et al.>™* and Noiriel et al.,*'*> were performed
in situ but not operando, in that the devices were mounted on
the stage during flow, but the flows were stopped during
imaging. Thus, the difficultly of connecting the flow
apparatus to the sample stage and the long acquisition times
required to obtain a full tomogram continued to limit the
potential time-resolution of the technique.

5.3.2 Investigations of flow phenomena. The situation
improved with the development of so-called “fast-uCT”
methods, in which full tomograms can be acquired in
seconds or less. This is made possible using synchrotron
radiation and high frame rate detectors by synchronizing the
rotation of the sample stage with the acquisition of 2D
projections.>****! Berg et al. were the first to utilize these
advances in fast-uCT for operando studies of fluid transport
within opaque porous media.*"* To enable the fast rotation
of the sample for the rapid acquisition of projections, the
authors constructed an integrated millifluidic device
containing pumps, fluid reservoirs, and an encased rock
sample that could be mounted directly on the motorized
stage without external tubing connections (Fig. 10a). They
investigated the displacement of oil within a sub-millimeter
porous network of sandstone and observed Haines jumps,
snap-off events, and the entrapment of oil droplets with a
temporal resolution of 16.8 s in 3D (Fig. 10b). Armstrong
et al. later followed up this work to obtain better spatial and
temporal resolution by incorporating information from
individual 2D projections on the millisecond time-scale.*™*
The authors utilized the continuous rotation of the sample
and simultaneous collection of projections to identify time
points at which fluid motion occurred. Then the projections

from intervals of relatively little motion could be
reconstructed into 3D tomograms with fewer blurring
artefacts.

The time resolution of full tomograms has continued to
increase. For example, Hasan et al. used fast-uCT to study
solute transport in water-saturated and -unsaturated porous
media with a full-tomogram time resolution as short as 6
s.”!> Piovesan et al. fabricated a porous millifluidic device
using a powder-based 3D printer and used it to study
capillary wicking in 3D.>"® They performed fast-uCT with sub-
second time resolution, however, the readout time of the
detector limited the frequency of tomogram acquisition,
requiring a 12 s time step between consecutive tomograms.
To the best of our knowledge, Dobson et al. performed the
first operando fast-uCT experiment with both a sub-second
time resolution and time step, with full-tomogram
acquisition frequencies up to 20 Hz.*'” More recently,
Bultreys et al. combined earlier work in 2D X-ray PIV with
fast-uCT to perform the first synchrotron-based 3D X-ray PIV
study of flow within porous media.*’® They imaged
multiphase flows containing tracer particles within limestone
and sintered glasses and obtained tomograms with 0.25 s
time resolution at an acquisition rate of 4 Hz. Many

This journal is © The Royal Society of Chemistry 2025
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Fig. 10 Operando X-ray micro-computed tomography. (a) An integrated millifluidic device for fast-uCT that can be mounted on a rotated
tomography stage without external connections (adapted with permission from Armstrong et al. 2014; Copyright 2014 John Wiley and Sons).?' (b)
Drainage of water (gray) and infilling of oil (red) within sandstone pores observed with fast-uCT (1-2). (3) Cross-section at a pore throat showing
the three phases (water, oil, and quartz rock) (used with permission from Berg et al. 2013; Copyright 2013 The Authors).?*®

additional studies of hydrology in porous media have been
conducted using fast-uCT and millifluidics and cannot all be
covered here.>*>*” To our knowledge, the only microfluidic
uCT study of fluid transport was reported by Knoska et al.,
who characterized the flow within a helical Kenics mixer by
merging streams of low-contrast water and a high-contrast KI
solution.>" Due to the steady-state concentration profile of
the flows in the static mixer, standard puCT with an
acquisition time of ~2.5 h was sufficient to capture the
mixing process.

5.3.3 Investigations of geochemistry and mineral
precipitation. In parallel with tomographic work focused on
fluid transport, operando tomography was also used to
investigate geochemical processes occurring at the fluid-pore
interface. Unlike for fluid dynamics, due to the slow speed of
many of these processes, it is not always necessary or
practical to obtain consecutive tomograms of near-second
resolution over durations of hours. This would result in the
collection of large volumes of redundant data. For this
reason, acquisition rates are often wused, and
collections may be spaced further apart throughout the
experiment. For example, Noiriel et al used puCT and a
millifluidic device to study the dissolution of calcite within
fractured limestone under acidic conditions. They followed
the dissolution process over 55 hours using tomograms
collected at six different time points.**° Similarly, Godinho
et al. used a continuous flow millifluidic device to study the
precipitation of barite (BaSO,) within a microporous silica
column.”*! Using uCT with a time resolution of 24 minutes,
they followed the precipitation-induced occlusion of pores
and the resulting changes in the flow velocity and crystal
growth rate. Fusseis et al developed a Hassler-type
millifluidic cell for performing fast-uyCT of fluid-rock
interactions under extreme conditions up to 200 °C and 15
MPa.*®* In particular, they studied the dissolution and

slower

This journal is © The Royal Society of Chemistry 2025

precipitation of magnesium-based minerals under high salt
and carbonate solution conditions. More recently, Morais
et al. further miniaturized these geochemical studies by using
a packed-bed microfluidic reactor and X-ray laminography,***
a computed tomography technique for obtaining high-
resolution 3D images of thin planar samples.>*® The authors
packed a wide microfluidic reservoir with particles of calcite
and subsequently injected packets of acidified media to study
the dissolution dynamics of this mineral bed. X-ray
tomograms were acquired between each injection of an
acidified fluid volume, and the changing structure of the bed
caused by the dissolution process was input into a CFD
model to simulate the resulting flow profiles.

To investigate diffusive- rather than advective-driven
transport processes in samples with smaller pore sizes,
several researchers fabricated simple counter-diffusion-based
devices. These devices are easier to set up at tomography
beamlines than their flow-based counterparts since it is not
necessary to mount pumps on the sample stage or connect
devices to external equipment. For example, Godinho et al
made a passive-diffusion cell by connecting short sections of
tubing to both sides of a 3 mm-diameter shale sample
containing micrometer-scale fractures and sub-micron sized
pores.”** The tubing sections served as fluid reservoirs
containing counter-ions, which were allowed to diffuse into
the sample, and the whole assembly was mounted vertically
on the stage using one of the tubes as the support. Using this
device, the authors continued their uCT studies of BaSO,.
They observed that as Ba** and SO,>  ions diffused and
reacted within the sample, barite precipitated first within the
larger fractures and then later in smaller fractures and pores.

Anduix-Canto et al. used a similar setup to study the
precipitation of calcium sulfate within controlled porous
glass (CPG) rods with an average pore diameter of 7 nm.>*
The authors performed not only pCT, but also X-ray
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diffraction computed tomography (XRD-CT) to reveal both
the morphology and crystal structure of the phases that
precipitated over time. Utilization of CPGs enabled the
authors to confine the solution within nanopores that were
completely isolated from macropores, and this nanoscale
confinement effect led to the precipitation and stabilization
of normally unstable amorphous and hemihydrate
CaSO,-xH,O phases. The field of geological uCT is a large
area, often on the border between milli- and “macro”-fluidics,
and thus cannot be completely covered here. The reader is
directed to other reviews for further information.***>*

5.4 Other scanning techniques

In addition to absorption- and phase-contrast X-ray imaging
and tomography, several microfluidic studies have made use
of the spatially resolved acquisition of other types of X-ray
data. The most popular approach in the physical sciences has
been using scanning pXRF to map micromixers and visualize
the concentration profiles of chemical species. Such an
approach was implemented by Nagasaka et al., who utilized a
microfluidic device comprising a PDMS microchannel and a
silicon nitride window to study the mixing of pyridine and
water.”*® They first mapped the steady-state laminar
microflow by uXRF and then obtained N K-edge XAS spectra
at different points across the width of the microchannel to
determine the local pyridine concentration. Similarly,
Chaussavoine et al. developed a vacuum-compatible
microfluidic device for studying the synthesis of iron (hydr)
oxide nanoparticles.*”” They performed uXRF of the channel
and identified regions of interest at which to acquire full Fe
K-edge XANES spectra using fluorescence read-out. This
approach was also utilized in several studies previously
reviewed in section 4.'%¢'71172

Scanning pXRF has also been used to study spatial
heterogeneities within planar microfluidic devices. For
example, Chen and Kocar investigated Fe-As-S geochemical
reactions using devices containing arrays of quartz micro-
posts as models of porous rock.>*® First, the authors would
mix a basal salts solution (BSS) with an Fe*" solution to
precipitate iron (hydr)oxides. Subsequently, As- and
S-containing solutions were introduced along with NaBr as a
flow tracer, and the resulting flow profiles and sorption of
As/S were visualized by pXRF (Fig. 11). Similarly, Neckel et al.
used scanning XRF to map the electrodeposition of Ag/AgCl
films within a microfluidic electrochemical cell.*** They
utilized a nanobeam to obtain maps of Ag nucleation sites
with sub-micron resolution.

Finally, in an interesting recent study, Matsumoto et al.
utilized a multi-window Si/Si,N, microfluidic device at an
XFEL to perform coherent diffraction imaging (CDI) of
nanoparticle aggregation.””® Two separate suspensions of
spherical and rod-shaped gold nanoparticles, respectively,
were stored on-chip. Mixing of the solutions was initiated by
an XFEL pulse breaking a silicon nitride window at the end
of the flow channel and rapidly depressurizing the device
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1. BSS
2.BSS

1. Fe
2. As/Br

Fig. 11 Scanning pXRF within a microfluidic device containing micro-
post arrays. Brightfield optical image illustrating the flow direction and
chemical addition (top). Model geochemical reactions in the Fe-As-S
system are monitored using the appropriate Ko fluorescence peak
(bottom and insets). Br is utilized as a flow tracer (reproduced with
permission from Chen and Kocar, 2021; International Union of
Crystallography).??®

under vacuum. Once a flow was established, the device was
scanned upstream along the channel to image particles
under different aggregation states. To our knowledge, this
may be the only example of on-chip microfluidic analysis at
an XFEL, and it illustrates a creative way to overcome the
challenge of X-ray pulse-induced device damage through
experimental design.

6 Developments in laboratory-based
analysis

In this final review section, we will look at developments in
performing in situ micro- and milli-fluidics experiments in
the ‘home’ laboratory, that is, using laboratory X-ray
instruments rather than large-scale facilities. Even
researchers and institutions with strong official links to a
synchrotron radiation facility cannot expect more than a few
weeks of beamtime per year under normal circumstances.
For other researchers and relative newcomers to user
facilities, more than a few days per year might be a luxury.
Conducting an experiment with a complex sample
environment at another institution also requires a great deal
of planning, set-up, and hard work. Additionally, one may
utilize unfamiliar equipment or software and rely heavily on
the help of local staff, who will have varying levels of
investment in user experiments. These are just a few of the
many reasons why researchers are interested in the ability to

This journal is © The Royal Society of Chemistry 2025
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perform microfluidics experiments—and in situ experiments
in general®®®**'—in a laboratory setting.

Fortunately, there have been substantial improvements in
laboratory X-ray sources and hardware over the past decade
and a half. First and foremost, the flux of rotating anode and
liquid metal jet X-ray sources has approached that of second-
generation synchrotron facilities,"* achieving up to ~10°
photons per second at the sample depending on the source
type and collimation/focusing optics.'>>**  State-of-the-art
sealed tube sources are also improving and able to reach the
~107-10° range. Multilayer optics and scatterless slits have
provided better quality beams,>***** and sensitive, low-noise,
hybrid photon counting detectors used at synchrotrons are
now commonly employed on laboratory systems.>>*>?>°
Further, current commercial systems offer better software
and increased functionality, automation, and sample control,
reducing the need to build custom platforms. All these
factors have increased the performance and user-friendliness
of laboratory X-ray instruments, resulting in renewed interest
in using them to perform operando experiments. While they
still cannot compete with third- and fourth-generation
synchrotrons in terms of flux or coherence, more and more
micro- and milli-fluidics experiments are becoming feasible
in the laboratory, as the papers reviewed below demonstrate
(Table 4). Here, we will again cover progress in scattering/
diffraction, spectroscopy, and imaging, and we will also
include biological and soft matter applications since, to our
knowledge, laboratory X-ray analysis in these areas has not
been reviewed previously. Where possible we will also
compare the data quality and time resolution of laboratory-
based studies to similar synchrotron experiments.

6.1 X-ray scattering and diffraction

6.1.1 Early work and acquisition time considerations.
Micro- and milli-fluidic laboratory-based X-ray scattering
analysis has its origin in the recirculating flow cells used to
sample materials forming within batch reactors. This early
work focused on monitoring the crystallization of model
pharmaceutical compounds by powder X-ray diffraction®*%2%°
or the synthesis of nanoparticles by SAXS,>®® where the
continuous recirculation of products between mL- to L-scale
batch reactors and the X-ray instrument facilitated operando
measurements. To our knowledge, it was Polte et al. who first
coupled a true continuous flow reactor to a laboratory X-ray
instrument for operando analysis (Fig. 12a).>®” The authors
utilized a millifluidic mixer module connected to a glass
capillary to study the synthesis of gold NPs by SAXS. By using
different lengths of tubing between the mixer and analysis
capillary, the authors were able to study reaction times from
0.1 to 136 s with ~100 ms time resolution, despite requiring
~3 min to acquire laboratory SAXS curves. The authors
followed-up this work by using the same flow system to study
silver**® and palladium®*® NP synthesis.

A similar approach was later employed by Chen et al. and
Herbst et al. to study the nucleation and growth of gold and
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ZnO NPs, respectively, over hours by simultaneous SAXS/
WAXS and UV-vis spectroscopy.’®>*®*' In contrast to Polte
et al., once a steady flow was achieved within the capillary,
flows were stopped and the reactions were followed within
the static solutions. The authors analyzed the syntheses with
a time resolution of between 0.5 and 10 minutes depending
on the required acquisition time. Tillier et al used a
modified version of the electrochemical flow cell of Binninger
et al. (reviewed in section 4.2.4) to study the degradation of
carbon-supported Pt NP catalysts.*®*> Compared to their
synchrotron experiments with exposure times on the second
to minute time-scale, the acquisition of laboratory SAXS
patterns with good signal-to-noise ratio required
approximately 1 hour. Therefore, it is clear that depending
on the kinetics of a reaction or process of interest, the
experiment must be designed to consider the acquisition
time required for lower flux laboratory sources.

6.1.2 Biological applications. Laboratory sources have also
been utilized for biological applications. Bucciarelli et al
used a laboratory SAXS platform with an integrated
millifluidic flow system to study biomolecules fractionated by
inline size-exclusion chromatography (SEC).**® This so-called
“SEC-SAXS” technique is utilized to produce monodisperse
populations of often heterogeneous and unstable biological
samples so that quantitative information on the structure,
dynamics, and molecular weight of specific biomolecules can
be extracted from SAXS data. This was the first time SEC-
SAXS was performed without the use of synchrotron
radiation, and the authors demonstrated that high quality
data could be obtained with a similar amount of sample
consumption and total experimental time with no radiation
damage. Anaraki et al. used millifluidics and laboratory SAXS
to study the stability of NP suspensions in the presence of
biomolecules, an important parameter related to the behavior
of nanoparticles in the environment and within the human
body.*** The authors utilized a micromixer coupled to a
quartz capillary to study the aggregation of silica NPs in the
presence of human serum albumin (HSA) and in media with
differing pH and ionic strength. They found that HSA
significantly accelerates the aggregation of silica compared to
the pH or ionic strength jumps studied.

6.1.3 Multi-source studies. Several research teams have
also worked on projects using a combination of synchrotron
radiation and laboratory sources. For example, Besenhard
et al. used synchrotron PXRD (see section 3.3.3) and
laboratory SAXS to study the synthesis of iron oxide
nanoparticles.’” The authors used a continuous flow
millifluidic device to assess the aggregation state of freshly
precipitated NPs, finding that they were already highly
aggregated after 5 s of reaction time. They subsequently used
a semi-batch setup to study the de-agglomeration of the NPs
using a neutralizing solution of citric acid, confirming de-
agglomeration began within 20 s of citric acid addition.
Lange et al. performed a synchrotron SAXS and WAXS study
(see section 3.3.2) and used a laboratory SAXS platform to
design and evaluate their microfluidic device before their
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Fig. 12 Laboratory-based X-ray scattering analysis. (a) A flow system for operando SAXS studies of the synthesis of gold nanoparticles. Different
tubing lengths (Ad) between a commercial micro-mixer and the X-ray beam give access to different time points (used with permission from Polte
et al., 2010; Copyright 2010 American Chemical Society).?>” (b) A flow system for in situ SAXS studies of the polymerization-induced self-assembly
comprising a heated reactor module and a cold-quench to stop the reaction before SAXS analysis. (c) Time-resolved SAXS data of nano-objects
obtained with the system in (b) at reaction times controlled by the applied flow rate (adapted with permission from Guild et al. 2023; Copyright

2023 The Authors).2%®

beamtime.”” They evaluated the scattering profile of their
chosen device material, OSTE+, as a potential X-ray window
against more the commonly used Kapton and found that it
had lower background and structure in the SAXS region. After
selecting to use a completely OSTE+ device, they checked its
transmission profile as a function of its thickness. They also
refined the fabrication protocol to produce devices that
would not age under the beam, and thus result in
inconsistent background signal. Similarly, Monnier et al
used laboratory micro-XRD to complement their synchrotron
XAS experiments on the corrosion of iron phases (see section
4.2.1)."%'%" Micro-XRD was used to confirm the phase
composition before and after redox processes and identify
reaction intermediates that contributed to shifting
absorption edges in the XANES spectra.

Garcia-Lojo et al. performed a synchrotron and laboratory
SAXS study of the assembly of NPs into colloidal supercrystals
by pervaporation in microfluidic channels.>®> In comparing
2D SAXS data collected at the synchrotron and the laboratory,
they observed that single-crystal small angle diffraction spots
were much better resolved in the synchrotron data due to the
smaller beam size and higher angular resolution. Finally,
Ehm et al 3D printed a millifluidic dialysis chamber with
COC windows for monitoring 100 pL samples by SAXS.>®°
They demonstrated the device by following reversible
structural transitions in lipids and polymers induced by
changing media pH and salt concentration over hours using
acquisition times of 20 min. The in situ laboratory SAXS data
were compared to ex situ data collected using synchrotron
radiation with good agreement.

1212 | Lab Chip, 2025, 25, 1169-1227

6.1.4 Exploring the limits of laboratory analysis. Two
recent studies sought to explore the limits of in situ
laboratory-based X-ray scattering analysis of micro- and milli-
fluidic sample environments. Levenstein et al. studied a
range of different samples, fluidic devices, and X-ray
instruments and compared the type of data that could be
obtained with an instrument optimized for performing SAXS/
WAXS to an instrument optimized for performing single-
crystal XRD." In particular, they investigated the potential of
using a multi-frame measurement approach with short
acquisition times to study processes with fast kinetics. They
found that on the highly collimated SAXS/WAXS setup with
lower flux at the sample (3.7 x 10° photons s™), decent
quality SAXS data from flowing silica NP solutions could be
obtained with even sub-second acquisition times. However,
the WAXS signal-to-noise ratio from such short acquisitions
was too low to obtain valuable data. Conversely, on the
microfocused XRD setup with higher flux at the sample (5.7 x
10° photons s™), the authors could obtain powder diffraction
patterns from flowing organic and inorganic crystallites with
acquisition times as short as 25 ms. These results
demonstrate that WAXS/XRD analysis is clearly flux limited
on laboratory sources, yet SAXS analysis, which requires more
collimated beams to avoid smearing at small angles, appears
less restricted by the source flux.

Radajewski et al. performed a microfluidic SAXS study on
a state-of-the-art laboratory SAXS platform that was modified
to obtain a small 0.25 x 0.25 mm?> beam while providing a
flux density of almost 10" photons s.** In particular, they
investigated the quality of data that could be obtained from

This journal is © The Royal Society of Chemistry 2025
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flows of strongly scattering inorganic nanoparticles to
moderately to weakly scattering proteins and polymer
materials. For the high contrast gold and silica NPs studied,
10 min exposures were enough to obtain good quality SAXS
patterns that could be fit with form and structure factors and
for which the invariant could be calculated. For more weakly
scattering bovine serum albumin (BSA) and latex NPs, longer
1 hour acquisitions were required to fit form factors, and
even in these cases, increased noise especially at high g,
made it difficult to resolve all the structure peaks of dilute
samples. However, these results are very promising, especially
for stronger contrast inorganic materials, and the use of a
rotating anode or liquid metal jet source could provide
between one and two orders of magnitude greater flux with
the same optical configuration.

6.1.5 Laboratory facilities dedicated to in situ
measurements. In the previous subsections, we highlighted
research from several groups who have developed
methodology for in situ laboratory-based X-ray scattering
analysis including at the Federal Institute for Materials
Research and Testing (BAM, DE),>*"*>*® the Forster group
(DE),>*>?%" and our own laboratory at CEA Paris-Saclay
(FR).?>?***2%° These advances have led to the recent creation
of two new laboratory X-ray facilities dedicated to operando
X-ray experiments. The first is the DL-SAXS facility managed
by the 122 beamline of Diamond Light Source (UK).**® This
facility comprises a commercial SAXS/WAXS platform with a
high flux liquid metal jet source, and it is designed to enable
tests of sample environments before use on the beamline or
as an alternative to synchrotron radiation. Guild et al,
recently demonstrated the use of this facility to study the
self-assembly of block co-polymer nano-objects with a
millifluidic continuous flow system (Fig. 12b).**® Using
acquisition times of 5 min, the authors were able to study
the polymer self-assembly process over reaction times of 1 to
25 minutes controlled by adjusting the flow rate of reactants
through the system and into the analysis capillary. These
revealed a two-step assembly process,
beginning with the formation of loose hydrated aggregates
between 60 and 100 s and the subsequent densification of
the aggregates into well-defined spherical nano-objects over
~300-750 s (Fig. 12c).

The second platform is the Flow-Xl National Facility for
Analysis of Crystallization in Flow Systems located at the
University of Leeds (UK).**® Flow-XI is built around an X-ray
diffractometer with a microfocused rotating anode source
that is also coupled to a Raman spectrometer for performing
simultaneous XRD/Raman. This facility was designed
specifically for performing operando flow-based experiments,
and as such, is equipped with a range of sample
environments from millifluidic flow cells and humidity
chambers to  microfluidic  devices. = Commissioning
experiments on this platform performed by Turner et al
demonstrated its potential for studying the nucleation and
growth of inorganic and organic materials from aqueous
solution.>®® XRD and Raman yielded information on the

measurements
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dynamics of both the solid phases and solution chemistry,
with limits of detection of 0.02-0.1 wt% and 0.625-2.5 g L™,
respectively, depending on the materials and solution species
studied. For operando analysis of the cooling crystallization of
NaSO,4, XRD and Raman acquisition times of 18 and 17 s,
respectively, were found to be sufficient to obtain data with
good signal-to-noise ratio.

6.2 X-ray spectroscopy

6.2.1 X-ray absorption spectroscopy. Less work has been
performed on micro- and milli-fluidic laboratory-based X-ray
spectroscopy compared to X-ray scattering and diffraction.
Taking XAS as an example, even for ex situ experiments, it is
still most often performed at synchrotron radiation
facilities.””" While laboratory-based XAS is indeed becoming
more common, most in situ studies to date have utilized
Norby-type capillary devices (see section 2.1.2).>°>%%* Despite
this, we are aware of at least one millifluidic laboratory XAS
study. Kozyr et al. developed a 3D-printed photocatalytic cell
for performing XANES with inline mass spectrometry of gas
production.””° This cell had two windows, one for holding a
TiO, support film and performing XANES in fluorescence
mode and the other for UV irradiation. The cell also had a
fluid port for the injection of a Pt salt solution and a gas inlet
and outlet for applying a continuous flow of Ar gas. The
authors used this cell to follow the photodeposition of a Pt
catalyst onto the support and its subsequent catalytic activity
in a hydrogen evolution reaction. Although due to the low
flux of the laboratory source, the acquisition of full XANES
spectra was too slow for operando kinetics studies. Therefore,
only three representative wavelengths (pre-edge, edge, and
post-edge) were selected to follow with time.

6.2.2 X-ray fluorescence. XRF instruments are much more
commonly found in laboratories than XAS instruments, and
perhaps for this reason, there exist a few more micro- and
milli-fluidic laboratory XRF studies. To the best of our
knowledge, the first example comes from Miller et al., who
coupled a classic microfluidic capillary electrophoresis device
to a benchtop micro-XRF spectrometer.>’* The authors
demonstrated the separation and detection of a variety of
metal and organic species with a comparable limit of
detection (~10™* M) to previous synchrotron studies.'>'>?
Greaves and Manz built a lead-lined miniaturized XRF device
containing a small radioactive Am source for on-chip
production of X-rays."® They analyzed the sensitivity of the
device to detect various metal films inserted into the chip
and obtained decent signal-to-noise ratios despite the
relatively low flux of the Am source compared to standard
XRF instruments. More recently, Maurice et al. reported an
automated setup for microfluidic liquid-liquid extraction of
metal waste streams using inline XRF (Fig. 13).””> They
demonstrated the utility of the system by performing
extractions of three rare earth elements and quantifying the
metal concentration within both liquid phases as a function
of the fluid contact time. Olivier et al. followed-up this study
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Fig. 13 Experimental setup for laboratory-based X-ray fluorescence
analysis (left). (i) View of the measurement area. (ii) Illustration of the
microchannel path and the elliptical footprint of the X-ray beam. (iii)
Cross-section of the microchannel. (iv) Photograph of the XRF device

(used with permission from Maurice et al; Copyright 2021 The
Authors).?”2

by developing a similar millifluidic platform with inline XRF
for quantifying solid-phase metal extraction.””®> There are
additional examples of micro- and milli-fluidic laboratory-
based XRF studies where 2D or 3D spatial mapping was
performed, and these will be covered in the next subsection.

6.3 X-ray imaging

6.3.1 Development of laboratory-based in situ pCT. Similar
to X-ray scattering and diffraction, there has also been a great
deal of work in micro- and milli-fluidic devices for in situ and
operando X-ray imaging with laboratory sources. Most of this
has been focused on X-ray tomography as the small beam
sizes and soft X-rays normally utilized for STXM are not
readily available in the laboratory and decreased flux makes
scanning  techniques impractical for time-resolved
experiments. Before the development of miniaturized flow
cells for laboratory puCT, the wetting and diffusion dynamics
within cm-scale rock samples were first analyzed in 2D with
X-ray radiography®* and then in 3D wusing X-ray
tomography.>*® Various groups also developed new laboratory
X-ray imaging instruments for visualizing flows, such as X-ray
stereography setups with two perpendicular source-detector
pairs for obtaining 3D information without requiring the
slow tomographic rotation of a sample.”®® Work was also
done in enabling helical-CT, where a sample is both rotated
and translated vertically during tomogram acquisition to
reduce beam artefacts and measure longer samples,>”>%
and in using gantry-based systems where the source and
detector are rotated instead of the sample.”*® Although this
list is far from exhaustive, we note in particular developments
at the Center for Multiphase Flow Research and Education at
Towa State University (COMFRE, US),”® the Micro CT Facility
of the Australian National University (CTLab),>*”*° the
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Ghent University Centre for X-ray Tomography (UGCT, BE),>*®
and the Henry Moseley X-Ray Imaging Facility at the
University of Manchester (HMXIF, UK)**° for improving in
situ pCT of fluid flow.

6.3.2 pCT for geophysical studies. To the best of our
knowledge, Youssef et al. performed the first operando flow-
based laboratory pCT study.”’* They used a millifluidic
Hassler-type cell made from PEEK to analyze an oil-water
drainage/imbibition cycle within a 6 mm-diameter core of
sandstone. The authors used different oil flow rates that
produced equilibrium conditions within the core and
visualized the various 3D fluid distributions that developed.
Continued flow ensured that the fluid distribution remained
relatively stationary, so that even long tomogram acquisition
times of 80 minutes could reliably capture different steps in
the drainage/imbibition cycle. Andrew et al. performed a
similar experiment using a high-pressure Hassler flow cell to
study geological CO, sequestration in limestone.””” In this
experiment, 2D projections were collected continuously
during the injection of super-critical CO, until reaching
steady-state, at which point a full tomogram was acquired.
The authors later expanded their study to analyze the
trapping of super-critical CO, in a range of different rocks>”®
and worked to quantify wetting in the three-phase CO,-brine-
limestone system by extracting contact angles from 2D slices
of tomograms.”’”” Bultreys et al. performed the first
laboratory-based fast-uCT study of flow within porous
media.””® Using a gantry-based system with a microfocus
X-ray source and CMOS detector, the authors were able to
acquire full tomograms within 12 s with a voxel size of ~15
pm. Data quality at this fast speed was improved using
information on the sample obtained a priori from a higher
resolution tomogram collected under equilibrium conditions.

6.3.3 NCT for geochemical studies. As for synchrotron-
based studies, laboratory-based nCT studies have also
investigated geochemical processes occurring within porous
media. For example, Menke et al. used a millifluidic Hassler
cell to study the dissolution of a limestone core during the
injection of a CO,-saturated brine at 50 °C and 10 MPa.*”’
They followed the dissolution of the pores over ~2.5 hours
with a spatial and temporal resolution of 3.8 pm and 15
minutes, respectively. Gajjar et al. studied the precipitation of
barite within a microporous glass column.?®° The authors
used an innovative approach in which projections were
acquired at angles calculated by the golden-ratio rather than
sampling at equally spaced angles around the sample. While
taking longer to acquire each projection, this approach
required fewer projections to reconstruct a tomogram. In this
way, the authors tried to find a protocol that optimized the
spatial and temporal resolution of tomograms. Godinho et al.
used a similar microporous column to study calcite
precipitation and performed the first operando helical-CT
study of flow in porous media.”®' They followed the slow
growth of calcite over 17 days with nine tomograms collected
at different times, each taking 2.5 hours. More recently,
Singh et al. performed a pCT study of calcite dissolution with

This journal is © The Royal Society of Chemistry 2025
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a tomogram acquisition time of 83 s and a voxel size of 19.3
um.zsz

6.3.4 Tomographic X-ray PIV/PTV. Before 3D tomographic
X-ray particle image velocimetry (PIV) or particle tracking
velocimetry (PTV) was performed at the synchrotron, at least
two groups implemented it with a laboratory source.
Mikiharju et al performed a proof-of-concept study by
analyzing a creeping flow of 60 um diameter tracer particles
within a single-phase pipe flow, a microporous glass column,
and a thin liquid film around a flow of gas slugs (Fig. 14).%
In each case, the cylindrical flow channel was continuously
rotated at ~20 rpm while projections were acquired at 68 Hz
(14.5 ms per projection) and full tomograms completed in
~3 seconds. As the tracer particles were moving at only ~20-
50 um s ' in the pipe flow, the authors could collect high
contrast projections with negligible blur and use standard
PIV/PTV algorithms to obtain the 3D velocity fields. However,
the flow constrictions in the other two cases increased the
flow velocity, so that only particles that had become stuck
could be resolved. Bultreys et al. performed a similar analysis
of a creeping flow within porous media and successfully
resolved the flowing particles to extract the 3D velocity
field.”®* While they used a slower scan speed of 100 ms per
projection and 70 s for acquiring a full tomogram, they
utilized flow rates of only tens of nanoliters per minute that
produced particle velocities of ~100-200 nm s *. They also
utilized a filtered backprojection algorithm during
reconstruction that interleaved data between two consecutive
tomograms, effectively decreasing the time step between
tomograms to 35 s. Together, the flow rates and
reconstruction methods meant that, on average, particles
moved only 0.5 voxels between frames providing a sufficient
resolution for particle tracking. Despite this progress, it is
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clear that laboratory-based 3D X-ray PIV can only follow slow
flow dynamics, and its time resolution cannot compare to
subsequent work in synchrotron-based X-ray PIV (see section
5.3.2).

6.3.5 XRF mapping. There has been some limited work in
laboratory-based pXRF for in situ microfluidic chemical
mapping. Tsuji et al. developed microfluidic chips for
concentrating medical and environmental samples for
elemental analysis with a benchtop XRF spectrometer.”®
They developed two chips, one for preparing samples for
grazing-incidence XRF and one for scanning pXRF. In the
case of uXRF, the authors demonstrated that a nL sample of
solution containing just nanograms of Cu, Cd, and Fe could
be concentrated, dried, and then mapped on-chip.
Subsequently, Nakano and Tsuji performed confocal 3D-XRF
on a multi-layer polymer microfluidic device containing
separate microchannels within the different layers.”®® To
demonstrate the method, they filled one channel with a Cu
solution and one with a Co solution (both 3 mg mL™) and
obtained a 3D map that distinguished both channels with
elemental selectivity. Finally, McIntosh et al. developed a
polycarbonate-Kapton microfluidic device for monitoring Pu
concentrations in nuclear waste.”®” Using Sr as a surrogate
for Pu due to its similar fluorescent signature, the authors
demonstrated that chips could be filled directly from a
micropipette with 5 pL of solution and subsequently mapped
for their Sr content with a limit of detection of ~5 ppm.

7 Discussion and outlook

The numerous examples cited in this review demonstrate the
huge interest in using micro/millifluidics to carry out in situ
and operando X-ray analyzes in both liquids and gases. We

Radiographs

Particle tracing . 4
and analysis m .

k.

Fig. 14 Experimental setup for laboratory-based 3D tomographic X-ray particle tracking velocimetry of a creeping millifluidic flow (used with

permission from Makiharju et al.; Copyright 2021 The Authors.?®®
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have seen that there is interest across all types of X-ray
analysis, whether scattering, spectroscopy, or imaging and
using both synchrotron and laboratory sources. In total, we
have reviewed 148 articles (139 explicitly found in Tables 1-
4), which we believe represents a near-comprehensive
account of micro- and milli-fluidic X-ray literature in the
physical sciences from the year 1999 until 2023. The growth
in the number of articles produced is clear (Fig. 15), where
the average number of papers produced per year from 1999
to 2015 was ~4 and the number per year since the life
sciences review of Ghazal et al.** in 2016 is ~10.

There is good reason for this high and growing level of
interest. Specifically for continuous flow devices, the renewal
of fluid under the beam has several advantages for X-ray
measurements, including increasing their temporal
resolution. In continuous flow, time resolution does not
depend on the frame rate of a detector, but rather on the
time it takes for fluid to pass through the beam and,
therefore, on the linear velocity of the fluid as well as the
beam size (and, in certain cases, on the initial mixing
processes). Inline fluidic devices also make it possible to
reduce the aging time of the sample before analysis by
eliminating the step of introducing the sample under beam.
This both reduces the observation dead time while
guaranteeing the repeatability of measurements, e.g., by
eliminating sample preparation artefacts. Using an inline
fluidic configuration can also increase the rate at which
samples can be measured thanks to the possibility of
changing the nature of the sample (e.g., flow rate ratio,
temperature) without a disassembly/reassembly operation, a
particularly time-consuming process for techniques requiring
operation under vacuum. This time saving makes it possible
to accelerate data collection and even consider performing
large screening studies. Finally, the continuous renewal of
the sample under an ionizing beam limits the effects of
radiation damage.

160

@ New articles
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Fig. 15 Chronology of the articles covered in this review (excluding
articles from 2024).
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The size reduction associated with microfluidic devices
adds further advantages to the previous list. It makes it
possible to reduce the necessary sample volumes by one or
more orders of magnitude, to carry out transmission analysis
of highly absorbing samples (crucial in the soft X-ray
domain), to access reaction times of less than a millisecond
due to very efficient mixing functions at the micro-scale, and
more generally, to combine many types of sample
manipulation (e.g:, droplet generation, separation, heating)
into a single platform. It also results in an increase in the
surface area-to-volume ratio, which can be a significant
advantage when the objective is to probe the interactions
between the substrate of the device and the objects conveyed
by the flow, for instance, in catalysis studies. This increase of
surface effects can, however, also constitute a point of
weakness when uncontrolled events of adsorption and/or
heterogeneous nucleation on the walls of a microchannel
obscure or alter the bulk phenomena of interest."*>

Initially condensing into a field of research in its own
right,”® microfluidics quickly became a formidable tool for
manipulating samples in domains as varied as biology,
clinical diagnostics, synthetic chemistry, and materials
83,84,300,301 Many research groups and companies have
found success in applying microfluidic tools to these various
areas. However, “going microfluidic” normally requires a
large investment in equipment and technical skill, and this
has been no different for groups looking to use fluidic
devices for in situ X-ray analysis. In our opinion, perhaps the
greatest bottleneck here has been in the complex
microfabrication techniques and specific environments
required for making conventional microfluidic devices. Such
environments, of the “cleanroom” type, are characterized by
a very low concentration of particles in the air as well as
controlled temperature and relative humidity. Various
specific equipment, such as spin-coaters, UV mask aligners,
and plasma cleaners are also necessary. The investment, both
in terms of cost and manpower, needed to establish such an
environment cannot, therefore, be justified when its use is
only occasional. This strongly hinders the wuptake of
microfluidics by non-specialist laboratories.

Fortunately, this barrier is continually being lowered due
to the increasing availability of commercial solutions and the
development of  more accessible methods in
microfabrication. Some companies (e.g, Microfluidic
ChipShop, Micronit, Protochips) offer turnkey microfluidic
devices associated with different fluidic functions such as
droplet production, mixing, and electrochemistry. This
solution thus relieves the user of any microfabrication duties
and might only require access to a laminar flow hood to
guarantee sufficient cleanliness when setting up the fluidic
system. Indeed, many of the studies reviewed herein were
performed with commercially available components or
completely commercial chips, for example, ref. 160, 165 and
287 and several others.

At the same time, microfabrication is beginning to require
less expertise due to new technologies that reduce the

science.
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number of fabrication steps and guarantee very good device
reproducibility and reliability. For photolithographic
cleanroom-based fabrication, the use of commercial polymer
films (i.e., dry film photoresists) of calibrated thickness for
the creation of molds avoids the production of photoresist
films by spin-coating, the result of which strongly depends
on the temperature and humidity of the laboratory.>*> Many
non-cleanroom routes are also available. The use of hot
embossable materials such as cyclic olefin copolymers (e.g.,
TOPAS®) or cyclic olefin polymers (e.g., ZEONOR®,
ZEONEX®) makes it possible to replicate the same device
many times in an automated and repeatable manner.***3%*
The use of laser micromachining makes it possible to
produce monolithic devices from many types of materials
and/or to produce “sandwich™type devices combining
different materials, again in an automated manner,'?>30%3%¢
The main challenge with the high-performing femtosecond
laser machining platforms required for patterning small
features in a large range of materials is that their cost is on
the scale of large cleanroom equipment. Much less expensive,
3D printing now makes it possible to directly print devices
with minimum channel sizes below 100 pm using
commercial printers with minimal to no modifications.">*>*%”
Indeed, a large number of the studies used here were
performed with 3D-printed components or chips (e.g., ref.
131, 216 and 266). Further, the adoption of simple plug-and-
play millifluidic devices or millifluidic devices with lower
requirements in manufacturing precision can still produce
excellent data (see ref. 127, 262 and 273 for example). The
multiplicity of available fabrication techniques now enables
one to be more selective in the choice of device material to
optimize key parameters such as its X-ray absorption or
scattering profile or even its degradation under irradiation.
For example, in our laboratory, where we perform a variety of
different X-ray techniques for different types of samples, we
have investigated every process mentioned above and found
them all to be wuseful depending on the technique
requirements and demands of the particular experiment.
These developments should ultimately encourage the use
of micro- and milli-fluidic sample environments for in situ
characterization at the synchrotron and in the laboratory.
Until very recently, synchrotron studies conducted with
microfluidic devices produced relatively little data due to the
numerous technical challenges encountered during their
implementation. Their handling, already delicate, is made
even more difficult at the synchrotron and away from one's
own laboratory environment. Consequently, journal
publications only reflect a small part of the real effort made
by the scientific community to develop micro- and milli-
fluidic tools that better exploit the potential of X-ray analysis.
For their part, synchrotron facilities have largely participated
in this effort by developing microfocused beams compatible
with the typical size of microfluidic channels (typically
hundreds of microns). Many synchrotron facilities have also
formed dedicated teams to help wusers with sample
preparation in general, or microfluidics in particular, such as
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the Partnership for Soft Condensed Matter at the ESRF,'**
the Microfluidic Laboratory at SOLEIL,””” and the Sample
Environment Development Laboratory at Diamond Light
Source.

Additional actions on their part could further facilitate
micro- and milli-fluidic experiments. These include the
installation of “clean” zones in the form of laminar flow
hoods or biosafety cabinets (ISO 7 or 5)—essential for the
preparation of the devices before experiments—near the
beamline experimental hutch, the provision of commercial
microfluidic environments already tested and integrated by
the beamline staff, and the inclusion of inline optical
microscopes for the visualization of microfluidic channels
and the identification of measurement points. To our
knowledge, automated or remote access to microfluidic
equipment has not yet been implemented at a synchrotron
beamline. However, this has been demonstrated for stopped-
flow devices at bioSAXS beamlines (e.g., SSRL 4.2, PETRA III
P12) and may be possible in the future for continuous flow
micro- and milli-fluidic platforms for greater accessibility.

There are also several things beamline users can do to
increase the success rate of their microfluidics beamtimes.
The first is ensuring that the devices they bring are safe and
reliable, e.g., not prone to leaking on expensive beamline
hardware. Beamline staff have invested significant time in
building their unique instruments and must continue to
devote time to hosting user experiments. When users come
with unreliable devices that do not produce data and thus,
do not produce papers, they are less enthusiastic about
recommending future microfluidics experiments. We have
seen above that there are many routes to making robust
micro- and milli-fluidic devices. We have also seen in section
6 that laboratory-based analysis is becoming more and more
feasible. For this reason, we recommend that potential users
try to perform an experiment with a laboratory instrument
before applying for synchrotron beamtime. For example, the
Sample Environment Development Laboratory at Diamond
even offers this opportunity in partnership with beamline 122
and their offline SAXS platform.>*® Even if an experiment is
not feasible with the lower flux of a laboratory source, using
a laboratory instrument to first characterize the scattering/
absorption of a device such as done by Lange et al®* or
practicing the mounting of a device to avoid any potential
surprises at a beamtime can go a long way.

X-ray analysis techniques, whether performed with a
synchrotron or a laboratory source, are powerful tools for
structural and chemical characterization. When combined
with a micro- or milli-fluidic sample environment, they offer
unparalleled possibilities for in situ and operando studies.
The combination makes it possible, on one hand, to
eliminate the preparation artifacts inherent in post-mortem
analyses, and substantially improves, on the other hand, the
temporal resolution compared to studies in a static
configuration (i.e., without fluid renewal). However, while
synchrotron light sources have long been and will continue
to be a powerful tool in the arsenal of crystallographers and
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chemists, the relative inaccessibility of these facilities does
limit the progress of individual research teams, which could
otherwise measure more samples, develop more robust
workflows, and iterate more rapidly. It is here we see
tremendous potential for the generation of
commercial laboratory X-ray instruments, not just to permit
more efficient use of synchrotron beamtime, but also to
support completely independent in situ flow-based analysis
platforms (see section 6.1.5).

Perhaps the most innovative prospect in the use of micro-
and milli-fluidic X-ray sample environments is the possibility
of exercising feedback control over the injected reagents,
temperature, or other reaction conditions. Real-time analysis
of data coupled with machine learning, as demonstrated by
Fong et al.''' and Younes et al.''® for SAXS (section 3.2.3),
makes it possible to direct the system towards a state
corresponding to a pre-defined structural or chemical
parameter. For example, in the field of (nano)materials
synthesis, this ability should facilitate a departure from the
classical trial-and-error approach and guarantee both the
outcome of the syntheses and their reproducibility. Another
recent study reported an autonomous laboratory for the high
temperature synthesis of solid powders and their
characterization by XRD.**® We could envision a similar type
of system,** but one using XRD/SAXS analysis for automated
liquid phase synthesis with a micro- or milli-fluidic device
benefiting from all of the advantages discussed above. The
industrial value of such a paradigm shift would be
considerable. Thus, making these techniques more accessible
to the point of being routine, both at the synchrotron and in
the laboratory, is a worthwhile effort not only for gaining
fundamental scientific understanding, but also for
developing new materials and processes for industrial and
societal use.
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