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situ X-ray absorption
spectroscopy cell for studying crystallization
processes at the tender X-ray energy range†

Jacinta Xto, *ab Reto Wetter,a Camelia N. Borca,a Christophe Frieh,a Jeroen A. van
Bokhoven ab and Thomas Huthwelker*a

The understanding of nucleation and crystallization is fundamental in science and technology. In solution,

these processes are complex involvingmultiple transformations from ions and ion pairs through amorphous

intermediates to multiple crystalline phases. X-ray absorption spectroscopy (XAS), which is sensitive to

liquid, amorphous and crystalline phases offers prospects of demystifying these processes. However, for

low Z elements the use of in situ X-ray absorption spectroscopy requires the tender X-ray range, which

is often limited by vacuum requirements thereby complicating these measurements. To overcome these

challenges, we developed a versatile and user-friendly droplet-based in situ X-ray absorption

spectroscopy cell for studying crystallization processes. Time-resolved in situ experiments under

ambient conditions are carried out in the cell whilst the cell is mounted in the vacuum chamber of

a tender X-ray beamline. By following changes in the Ca K-edge X-ray absorption near edge structure

(XANES), we captured in situ the intermediate phases involved during calcium carbonate crystallization

from aqueous solutions. In addition, through linear combination fitting it was possible to qualitatively

observe the evolution of each phase during the reaction demonstrating the potential of the cell in

studying complex multiphase chemical processes.
1. Introduction

Liquid phase chemical processes are important in a myriad of
scientic elds. Key areas of interest include material
synthesis,1 photo-chemical reactions2 and catalytic processes.3

Of particular importance are phase transitions involved in the
nucleation of crystals from solution. These processes are ubiq-
uitous in nature and central to scientic advancement in the
elds of materials, drug and environmental research. A partic-
ular example of such a process is the nucleation and crystalli-
zation of calcium carbonate. Calcium carbonate, is abundant
and one of the most dynamic and fascinating minerals widely
utilized by organisms to develop functional materials.4–6

Despite its simple structure consisting primarily of calcium and
carbonate ions, the mechanism of its nucleation and crystalli-
zation is quite complicated. One of the major challenges faced
in elucidating themechanism is the fact that the nucleation and
crystallization process involves multiple phase transformations
starting from dissolved ions in aqueous solution, which convert
via amorphous intermediates into different crystalline
erland. E-mail: Thomas.huthwelker@psi.
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phases.7–10 The lifetimes of such intermediates range from
seconds to minutes depending on the thermodynamic condi-
tions.11,12 Understanding these mechanisms is vital for the
design and fabrication of calcium carbonate-based biomimetic
materials.

XAS is a powerful element-specic probe of the chemical
environment of the atom of interest.13 As monochromatic X-rays
are required, most XAS experiments are performed at large-scale
synchrotron facilities. In a typical experiment, monochromatic
photons are shot onto the sample, and the absorption coeffi-
cient is deduced either by direct measurement of the trans-
mitted X-rays, or from the uorescent photons. The XAS
spectrum is the absorption coefficient as function of the
incoming photon energy, at energies above the threshold for
creation of photoelectrons. The spectrum consists of two main
regions, the XANES which includes the pre-edge, the edge and
the near edge regions and the Extended X-ray Absorption Fine
Structure (EXAFS).14,15 The XANES region is characterized by
both electronic transitions from the core level to higher unoc-
cupied orbitals and by scattering of photoelectrons in the
surrounding of the probed atom, providing information on
oxidation state and local geometry.16 The EXAFS region, which
is dominated by photoelectron scattering from the nearest
atoms, gives information on the coordination number,
distances and the type of nearest neighbour.
This journal is © The Royal Society of Chemistry 2019

http://crossmark.crossref.org/dialog/?doi=10.1039/c9ra06084g&domain=pdf&date_stamp=2019-10-22
http://orcid.org/0000-0001-6448-7207
http://orcid.org/0000-0002-4166-2284
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra06084g
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA009058


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
O

ct
ob

er
 2

01
9.

 D
ow

nl
oa

de
d 

on
 1

/2
3/

20
26

 9
:3

6:
15

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
The distinctive strength of XAS is its element specicity and
its applicability to any sample environment be it liquid, gas or
solid. In contrast to diffraction, XAS probes the short-range
order, and is one of the very few techniques that probes both
amorphous and crystalline matter with time resolutions
ranging from milliseconds to hours. Through the development
of in situ cells, XAS has been used to study aqueous chemical
reactions,17–19 to demystify electrochemical reactions,13,20,21 to
understand catalytic processes22–24 and to study micrometre
sized environmental materials in X-ray scanning transmission
microscopy.25 The study of low Z elements such as calcium,
magnesium, or the L edges of transition metals by XAS, requires
the use of tender X-rays (0.5–5 keV). Due to the low transmission
of tender X-rays in air such experiments require specialized
experimental chambers maintained under vacuum or helium
environment. To achieve this, a variety of liquid cells have been
designed which oen consist of one or two X-ray transparent
windows (silicon nitride) in which the sample (thin liquid lm)
is sandwiched between the windows or ows through them.26–31

While these cells address homogeneous systems, the study
of precipitation reactions poses additional challenges; once
a solid precipitate forms, clogging of tubing in ow through
cells or sedimentation at the bottom of the reactor is inevitable
hampering the complete analysis of the reaction post nucle-
ation, simply because the precipitate is not within the probing
beam. To overcome these challenges that are not only unique to
calcium carbonate but also to a variety of other nucleation
processes involving low Z elements, we developed a versatile
droplet-based in situ environmental cell to study precipitation
reactions under controlled conditions. Through the efficient
control of the gas phase composition, the chemical composi-
tion and supersaturation within the droplets can be set. The
compact and vacuum tight design of the cell makes it possible
to maintain ambient environmental conditions in the reactor
independent of the vacuum chamber of the synchrotron end-
station. The main advantage of the droplet-based cell is that the
entire droplet is probed, minimizing pitfalls caused by sedi-
mentation of precipitates out of the probing beam. Herein, we
demonstrate the potential of the cell in studying environmen-
tally relevant nucleation processes involving low Z elements by
following the crystallization of calcium carbonate in situ.

2. Experimental
2.1. Materials and method

2.1.1. Chemicals. Analytical grade calcium hydroxide,
calcium chloride dihydrate and sodium carbonate were
purchased from Sigma-Aldrich and used without further puri-
cation. ALPHAGAZ™ pure carbon dioxide from Airliquide was
used for the sample synthesis. Deionized water was obtained
from a Milli-Q water purication system (Milli-pore, Milford,
MA, USA) with an electric resistance of the water > 18.2 MU at
298 K.

2.1.2. Reference samples. Calcite was purchased from
Sigma Aldrich and used without further purication. Aragonite
was synthesized based on the Wang et al. protocol33 where
0.735 g of CaCl2$2H2O and 0.9006 g of urea were added to 20 ml
This journal is © The Royal Society of Chemistry 2019
of deionized water in a 50 ml Pyrex bottle. The mixture was
sealed and put in an oven at 90 �C for 4 hours, followed by
Buchner vacuum ltration using glass bre membrane (What-
man, 1820-025) and washed several times using deionized
water. The ltered precipitates were le to dry for 16 hours at
90 �C in convection oven. Vaterite was synthesized by mixing
40 mM ammonium carbonate solution (pH 9.0) with 40 mM
CaCl2 solution at 1 bar pressure and 24 �C, followed by imme-
diate ltration using Buchner vacuum ltration using glass
bre membrane (Whatman, 1820-025) and washed several
times with analytical grade ethanol then le to dry in a desic-
cator. Amorphous calcium carbonate (ACC) was synthesized at 1
bar pressure and 24 �C through the rapid reaction of calcium
hydroxide aerosols with carbon dioxide followed by rapid
quenching of the reaction by instantaneous drying of the ACC
aerosols using a diffusion drier.32

2.1.3. Sample preparation. At 1 bar pressure and 24 �C,
a 20 mM sodium carbonate solution was prepared by dissolving
sodium carbonate in Milli-Q water (resistance 18.2 MU). The pH
of the synthesized carbonate solution was lowered to pH 5.9
through the continuous bubbling of 100% carbon dioxide gas
through the solution whilst monitoring the pH with a freshly
calibrated Mettler Toledo pH meter. 10 mM calcium chloride
(ACS grade CaCl2$2H2O from Sigma Aldrich) in 3 M NaCl (Alfa
Aesar) solution was added slowly to the sodium carbonate
solution with continuous carbon dioxide bubbling and stirring
such that the solution was completely clear and the nal pH of
the solution aer mixing was 5.8. This procedure prevented
unwanted carbonate precipitation during solution preparation.
2.2. Design of the in situ cell

With an enclosed sample environment of about 50 mm3, the cell
consists of four main pieces (Fig. 1a). Piece (1), made of stainless
steel, is the window holder, which hosts the X-ray transparent
window and the connection to the gas inlet and outlet tubing.
Piece (2), which is also made of stainless steel, hosts the sample
holder-piece (3). Piece (4), which is made of copper, is the back
plate and is used for vacuum tight sealing of the cell and for
mounting the cell onto the sample manipulator in the beamline.
The cross-section drawing of the cell in Fig. 1b shows that the
window holder (piece 1) has a conically shaped opening to offer
a sufficiently large solid angle for the incoming and outgoing
beam. At the base of the cone, there is a circular opening where
a detachable X-ray transparent window is attached. Here
a 500 nm thick silicon nitride window from Silson (wafer size 10
� 10 mm2, window size 5 � 5 mm2 or 6 � 3 mm2) was used.

The window was attached to the base of the cone using
ecobond wax. The main advantage of a detachable window is
that it can easily be replaced with any other suitable window
e.g. a thinner/thicker silicon nitride window, diamond or
Kapton window. Ecobond was used as the bonding agent
because it is relatively inert and easy to use, however any other
adhesive can be used depending on the specic requirements.
On both sides of the window holder, gas inlet and outlet
channels are drilled and at the exit of each channel, a steel
tube (3 mm outer diameter) is soldered to connect the cell to
RSC Adv., 2019, 9, 34004–34010 | 34005
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standard tube ttings. Piece (2) houses the sample holder (3)
and connects the window holder (1) with the base plate (4). It
has an O-ring groove scooped on the surface to ensure
vacuum tight fastening with the window holder. The sample
holder (3), is tightly inserted into piece (2) and can be easily
replaced or adjusted depending on the needs of the experi-
ment. It is made of copper to ensure good heat contact to the
backplate (4). At the top of the sample holder, there is a groove
for tting an O-ring, which seals the interface between sample
holder and piece (2) vacuum tight. The sample holder is made
of copper for good thermal contact to the backplate to allow
sample heating or cooling via the back plate. The sample
holder has a shallow trench where a removable vitreous
carbon support is mounted. Vitreous carbon is preferred
because it is chemically inert. Secondly, its electric conduc-
tivity prevents ejection of nano particulate matter upon
possible charging by the intense synchrotron X-rays. Thirdly,
a vitreous carbon sample holder is advantageous for
Fig. 1 (a) Schematic diagram of the individual cell parts of the in situ
cell, (b) cross-section of the cell with dimensions in mm and (c) picture
of the cell when closed and ready for mounting in the vacuum
chamber.

34006 | RSC Adv., 2019, 9, 34004–34010
measurements of X-ray uorescence, as there is only inni-
tesimal uorescence background for energies sufficiently
above the carbon edge. The scheme in Fig. 1b shows the
dimensions of the cell whereas the picture in Fig. 1c shows
a picture of the compact cell when completely assembled and
ready for mounting in the vacuum chamber.

2.2.1. Setting up the cell at the synchrotron in PHOENIX
beamline. The PHOENIX (Photons for the Exploration of Nature
by Imaging and XAFS) beamline at the Swiss Light Source is an
undulator-based beamline, providing photons in the tender X-
ray range between 0.3 and 8.0 keV with spot sizes between 3
� 3 mm2 and 1 � 2 mm2. A double crystal monochromator
generates monochromatic light (energy resolution �0.3 eV at
8.0 keV). Experiments are performed in a vacuum chamber,
which is kept at about 10�5 to 10�6 mbar. The cell is mounted
on a motorized 5-axis sample manipulator to position the cell
into the beam (Fig. 2a and b). Ideally, the sample in the cell is at
45 degree geometry relative to the incoming beam and 45
degrees to the X-ray uorescence detector. The rotation move-
ment allows for optimization of the angle between the incoming
beam, the X-ray uorescence and the opening cone of the cell.
Fluorescent photons from the sample are measured using an
energy dispersive 4-element silicon dri diode (Vortex) uo-
rescence detector. The intensity of the incoming beam (I0) is
taken from the total electron yield signal from a nickel-coated
(�50 nm) polyester foil, which is inserted into the beam.

The gas supply is attached by standard ttings to 3 mm steel
tubes, which are welded to the window holder (1) of the cell. For
connection to the gas ow system PFA tubes are used, which are
guided via vacuum anges to the gas ow system, located
outside the vacuum chamber.
2.3. Gas ow system

Fig. 3 shows a schematic of the gas ow system, which consists of
a humidifying system, connected to mass ow controllers, which
regulate the gas ow rates and tune the humidity through the
mixing ow of dry and humid gases. Humidity and temperature
Fig. 2 (a) Schematic representation of the samplemounting geometry
with respect to the incoming X-rays and the fluorescence detector
and (b) picture of the in situ cell mounted in the vacuum chamber of
the PHOENIX beamline at the Swiss Light Source (inset front view of
the cell before mounting).

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 Schematic representation of the gas flow system consisting of
four mass flow controllers (MFC).
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sensors are positioned at the inlet and outlet of the in situ cell to
ascertain the relative humidity in the cell. A pressure sensor is
also attached to the ow system. Using a computer-controlled
regulation valve (Pfeiffer EVR 116), the pressure in the gas ow
system can be set to pressures between 1 bar and�30 mbar, just
above the vapour pressure of water in the humidier. Running
the system at lower pressures has the advantage of minimizing
the pressure difference on the silicon nitride window, and allows
doing experiments with thinner windows, which are not stable
enough to stand 1 bar pressure difference. The pressure
measurement also makes it possible to determine whether the
cell is vacuum tight. A gas drying/scrubbing system and
a membrane pump coupled to a pressure head are also included
in the ow system. All the input and output signals of the ow
system are calibrated to a 0–10 V signal making it possible to
remotely control and monitor the entire ow system using Lab-
VIEW and EPICS control system enabling automated time-
resolved experiments which can last several days.
3. Results and discussion
3.1. In situ study of calcium carbonate crystallization from
solution using the droplet-based in situ cell

To test the capability of the cell, freshly prepared calcium
carbonate droplets were mounted into the cell using a micro-
pipette. Approximately 0.1 ml sized droplets were deposited on
the vitreous carbon sample support and loaded within 20 s in
the in situ cell. Calcium K-edge X-ray absorption near edge
spectroscopy (XANES) was performed on the droplets to eluci-
date the structural changes occurring in the droplet solution,
while changing the gas phase composition in the cell. An X-ray
beam size of 0.6 � 0.6 mm2, slightly larger than the size of one
droplet was used for the experiments to ensure that the entire
droplet was measured.

To monitor and quantify the phase evolution in the droplets,
calcium carbonate reference spectra of calcite (Sigma Aldrich),
aragonite (synthesized), vaterite (synthesized), ACC (synthe-
sized) and 10 mM calcium chloride solution were measured.
The solid reference samples were rst characterized by X-ray
powder diffraction (Fig. S1a†). For XANES measurements, the
powder reference samples were pressed on a conducting carbon
tape, which was attached to an electrically insulated copper
plate to measure the total electron yield (TEY) signal. The liquid
sample was measured in a ow through liquid cell. For the solid
samples, measurements were done in both TEY and
This journal is © The Royal Society of Chemistry 2019
uorescence modes whereas the liquid reference sample was
only measured in uorescence mode. Fig. 4a shows that the
calcium K-edge XANES spectrum of the solvated calcium refer-
ence (10 mM calcium chloride) has a single intense pre-peak (1s
/ 3d) centred at �4039.0 eV and an intense Ca–O scattering
white line peak centred at 4050.0 eV. The amorphous calcium
carbonate reference is very similar to it, except that the white
line peak is slightly broader and shied by about 1 eV to
4049.0 eV. The calcite and vaterite XANES reference spectra are
distinctively different from each other and from the amorphous
calcium carbonate spectrum: The vaterite spectrum has an
intense single pre-peak centred at 4039.0 eV (1s / 3d),
a shoulder peak at 4045.0 eV (1s/ 4p), a doubly split white line
with the rst peak centred at 4048.0 eV and the 2nd peak at
4050.0 eV and a further post edge feature centred at 4055.0 eV.
In contrast, calcite, which is centrosymmetric, displays a weak
doubly split pre-peak (Fig. S1b†) centred at 4039.0 eV (1s/ 3d),
a shoulder peak at 4045.0 eV (1s/ 4p), a doubly split white line
with the rst peak centred at 4047.4 eV and the 2nd peak at
4049.3 eV and a further post edge feature centred at 4060.0 eV.

Fig. 4b shows a series of calcium K-edge XANES spectra
(black lines) of the droplet measured whilst changing the
carbon dioxide partial pressure in the cell at a constant relative
humidity of 90 � 5%. The fraction of ACC, vaterite, and calcite
in the sample was determined based on Linear Combination
Fitting (LCF) of the reference spectra (Fig. 4a) to each of the
measured spectra (red dots in Fig. 4b) using Athena soware.34

The plot in Fig. 4c shows the determined fraction of each
component in the droplet as function of time and carbon
dioxide partial pressure. At an initial carbon dioxide partial
pressure of 0.5 bar, the XANES spectrum in Fig. 4b(i) resembles
the reference spectrum of solvated Ca2+ in Fig. 4a. It displays
a pre-peak feature at 4039.0 eV and single white line at
4049.9 eV. The LCF results in Fig. 4c show that �82% of the
calcium is solvated, while �18% is bound in ACC.

Decreasing the carbon dioxide partial pressure results in
an immediate shi of white line position to 4049.4 eV in
Fig. 4b(ii). A corresponding sharp decrease in solvated
calcium to 40% and an increase in the amorphous calcium
carbonate to 58% is observed in Fig. 4c. New features associ-
ated with crystalline calcium carbonate begin to emerge in the
XANES spectra with time in Fig. 4b(ii–iv): A shoulder peak
appears at 4045.0 eV, the white line position shis to lower
energy and a post edge peak appears at �4060.0 eV. A further
decrease in the carbon dioxide partial pressure drives the
system towards crystallization in which the fraction of vaterite
and calcite increases whereas the fraction of solvated calcium
and ACC decreases. When all the humid carbon dioxide is
fully replaced with humid nitrogen, all the ACC is consumed
(Fig. 4c) and only about 3% solvated calcium ions are present
with everything else is crystalline calcium carbonate in the
form of vaterite 44% or calcite 53%.

The observed formation of ACC, carbonate and vaterite as
intermediate phases during calcium carbonate precipitation
from a saturated solution is consistent with ndings reported in
literature, which are performed using other analytical tech-
niques such as time-resolved small and wide angle
RSC Adv., 2019, 9, 34004–34010 | 34007
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Fig. 4 (a) Ca K-edge XANES of solvated calcium (Ca2+) (10 mM CaCl2), ACCs, vaterite, aragonite and calcite reference spectra, (b) Ca K-edge
XANES spectra of the droplet during the reaction at very high relative humidity 90� 5% at (i) >0.5 bar (ii–iv) 0.4 bar, (v–vii) 0.3 bar and (viii–x) 0 bar
carbon dioxide partial pressure, (c) ratio of each species in the cell as determined by linear combination fitting of the measured spectra with
reference spectra, (d) Visual Minteq calculation of the pH of a 10 mM calcium chloride solution as a function of carbon dioxide partial pressure
and (e) Visual Minteq simulation of the calcite and vaterite saturation index as function of pH.
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scattering,12,35,36 electron microscopy37 and isotope tracing.38 In
this work, aragonite formation was not detected at any stage of
the crystallization process because the experiments were done
in big droplets, at room temperature and without any aragonite-
promoting additive such as magnesium ions. This is consistent
with the literature, where at room temperature aragonite
formation has been observed to occur either in connement
�25 nm pores39,40 or in solutions containing inorganic additives
such as magnesium ions41–48 or organic additives/solvents.49–51

Carbon dioxide has a strong inuence on the pH of aqueous
solutions because it readily dissolves in water to form carbonic
acid, which dissociates to bicarbonate and carbonate ions
respectively (eqn (1)).

CO2(g) + H2O(l) $ H2CO3(aq) $ HCO3(aq)
� + H+

$ CO3(aq)
2� + H+ (1)

From a thermodynamic point of view, setting the gas phase
composition explicitly sets the free energy of water and carbon
dioxide in the equilibrated solution. This is because the
chemical potential mi of species i (with i ¼ water or carbon
dioxide) relates to the partial pressure pi by the simple relation
mi ¼ kT ln(pi/pi0), where pi0 is the partial pressure at an appro-
priately chosen reference state. The pH speciation in a 10 mM
calcium carbonate solution as a function of carbon dioxide
partial pressure calculated using visual minteq52 in Fig. 4d
shows that a decrease in carbon dioxide partial pressure
increases the pH. Fig. 4e further shows that the consequence of
increased pH is that the saturation index of both calcite and
vaterite increases. (The saturation index is the term S ¼ log IAP
� log Ks where IAP is the ion activity product and Ks is the
equilibrium solubility constant.) A negative value of S implies
undersaturation (i.e. IAP is lower than the solubility constant)
and a positive value implies supersaturation and precipitates
can form. Above pH 6, Fig. 4e shows that the solution is
supersaturated with respect to vaterite and calcite and therefore
crystallization occurs.
34008 | RSC Adv., 2019, 9, 34004–34010
The presence of ACC despite the high carbon dioxide partial
pressure of 0.5 bar (Fig. 4c) in the cell is likely due to undesired
precipitation when loading the droplets into the in situ cell.
During loading, the carbon dioxide saturated solution gets in
contact with air and carbon dioxide can exsolve from the droplet,
causing supersaturation and precipitation on the droplets surface.
We also note that the observed start of further crystallization at
carbon dioxide pressure above 0.3 bar is not fully consistent with
the thermodynamic predictions as shown in Fig. 4e.

This deviation between the experimental observation and
thermodynamic calculations may be due to, uncertainties in the
exact droplet concentrations due to handling or beam induced
evaporation, uncertainties in the in carbon dioxide partial
pressure and temperature of the sample. However, the observed
trends are in qualitative agreement with the thermodynamic
predictions of precipitation of calcium carbonates with
decreasing carbon dioxide partial pressure.

Dark eld microscopy images in Fig. 5 of a saturated calcium
carbonate droplet solution imaged inside the in situ cell using
a Leica DM 4000M research microscope summarizes the reac-
tion in the cell. Fig. 5a shows a freshly loaded droplet, main-
tained at 90 � 5% relative humidity and 0.5 bar carbon dioxide
partial pressure, which does not have any evident precipitates.
Changing the gas phase environment of the droplet by
decreasing the carbon dioxide partial pressure as illustrated in
Fig. 5b increases the pH and consequently the supersaturation
in the droplet inducing precipitation in the droplet as shown in
Fig. 5c (some precipitated regions are circled in red).
3.2. Capabilities and limitations of the droplet-based in situ
cell

The key advantage of the droplet-based cell is its capability of
handling multiphase systems (liquid, amorphous and crystal-
line) within a conned static volume of a droplet. In standard
liquid cells, this is oen challenging due to sedimentation of
the precipitates at the onset of nucleation resulting in
This journal is © The Royal Society of Chemistry 2019
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Fig. 5 (a) Dark field microscopy image of a calcium carbonate rich
droplet in the in situ cell under 0.5 bar carbon dioxide partial pressure
and high relative humidity 90 � 5%, (b) a schematic representation of
the reaction in the cell and (c) dark field microscope image of calcium
carbonate rich droplet while decreasing the carbon dioxide partial
pressure to 0 bar shows (precipitates can be seen as dark spots in the
droplet).
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uctuations in sample amount in the probed region, making it
challenging to follow multistep reactions. Flow through cells on
the other hand have the drawback of clogging of tubes due to
precipitation on the walls and uctuations in sample volume
arising from the pressure induced deformation of the thin
windows used to enclose the solution in a vacuum tight cell.53

Liquid-jet congurations are attractive alternatives that do not
suffer from drawbacks associated with windows; however, they
require large sample volumes and are susceptible to clogging
due to precipitation in the feeding tubes.34,54

Compared to other droplet-based methods, the main
advantage of this cell is that it is simple to use and can be
implemented for standard XAS measurements. While aero-
dynamic levitation offers a windowless and substrate-free
technique of elucidating crystallization processes, it is
a highly specialized technique, which requires immense effort
to generate and stabilize the droplet hence it is still not feasible
as a standard XAS technique.55,56 The sessile droplet on the
other hand is also challenging to stabilize in vacuum and
difficult to set the thermodynamic conditions in the droplet
because it is in contact with a solution in the syringe.54

The cell is limited to reactions that are controllable via the
gas phase because the mixing of different liquids in situ is not
yet feasible. Continuous refreshing of sample is also not
possible, hence beam induced damage on the sample can
occur. Multiple droplets can however be loaded and measured
independently to overcome this challenge. Due to the small
sample volume, it is also challenging to incorporate pH and
temperature sensors in the sample for accurate determination
of the sample environment during the reaction. In addition, the
cell requires an X-ray transparent window to maintain the
reaction environment when mounted in the vacuum chamber
of the synchrotron beamline.
4. Conclusions

We introduce a new in situ cell for X-ray absorption spectroscopy
at the tender X-ray range (0.3–8 keV). With a compact and
vacuum tight design, the cell can be used to elucidate time-
resolved in situ reactions involving aerosols and/or liquid
droplets using X-ray absorption spectroscopy. The time-resolved
This journal is © The Royal Society of Chemistry 2019
observation and quantication of intermediate phases involved
during calcium carbonate formation from solution demon-
strates the potential of the cell in understanding mineralization
processes. In addition, the cell has also been used to study the
nucleation/precipitation kinetics of baryte for application to
radioactive waste disposal57 further demonstrating its potential
in studying environmentally relevant processes. This new
inexpensive and simple to use in situ cell presents new oppor-
tunities for exploiting tender X-rays for elucidating multiphase
chemical processes encountered in environmental chemistry,
biomineralization, geochemistry and material research.
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