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A B S T R A C T

Over 50 years of development, synchrotron based X-ray microscopy has become a routine and powerful tool
for the analysis of nanoscale structure and chemistry in many areas of science. Scanning X-ray microscopy is
particularly well suited to the study of chemical and magnetic states of matter and has become available at most
synchrotron light sources using a variety of optical schemes, detectors and sample environments. The Advanced
Light Source at Lawrence Berkeley National Laboratory has an extensive program of soft X-ray scanning
microscopy which supports a broad range of scientific research using a suite of advanced tools for high spatio-
temporal resolution and control of active materials. Instruments operating within an energy range between
200–2500 eV with spatial resolution down to 7 nm and sub 20 picosecond time resolution are available.
These capabilities can be routinely used in combination with a variety of sample stimuli, including gas or
fluid flow, temperature control from 100 to 1200 K, DC bias and pulsed or continuous microwave excitation.
We present here a complete survey of our instruments, their most advanced capabilities and a perspective on
how they complement each other to solve complex problems in energy, materials and environmental science.
1. Introduction

The development of X-ray microscopy began with point projection
microscopy in the few decades following the discovery of X-rays in
1895 by Wilhelm Conrad Röntgen. It was not until the early 1970’s that
elemental analysis with a focused micro-beam became possible using
parasitic synchrotron radiation from an electron accelerator. Like point
projection microscopes, the spatial resolution was limited to several
microns by the use of grazing incidence reflective optics for focus-
ing. The fabrication of Fresnel zone plate lenses, first by holographic
methods and later by electron beam lithography, finally led to spatial
resolutions below 100 nanometers. By the mid-1980’s, development of
X-ray nanoprobe instruments was rapid with efforts at Daresbury in
the UK, BESSY in Germany and the NSLS in the US. The first high
brightness insertion device was used for scanning X-ray microscopy
and new high brightness synchrotrons were being built which would
be ideal sources for this new scientific tool. An excellent overview is
given in the reviews [1,2].

In the early 1990’s, the Advanced Light Source was well positioned
to be a world leader in the development of scanning X-ray microscopy
as it was the first third generation synchrotron source (i.e. designed

∗ Corresponding author at: Department of Physics, University of California, Berkeley, Berkeley, CA 94720, United States.
E-mail address: tfeggeler@berkeley.edu (T. Feggeler).

specifically to accommodate high brightness insertion devices) and due
to its close relationship with the Center for X-ray Optics at Lawrence
Berkeley National Laboratory [3]. Indeed, between 1995 and 2010
the number of scanning microscopes available to the ALS community
expanded from one instrument on an insertion device beamline to three
instruments, one insertion device beamline and two bending magnet
beamlines [4,5]. This collection of instruments covered a broad energy
range, from about 200 eV to over 2000 eV, providing chemical sen-
sitivity to all elements heavier than boron and provided about 12500
operating hours annually to the scientific community.

Since 2010, the ALS Microscopy Program has evolved further to
provide more access to more specialized and capable instruments with
modernized scanning systems, controls, detectors and data acquisi-
tion. Currently four microscopes are operational, two on insertion
devices and two on a bending magnet source, providing an even
broader energy range of 200–2500 eV and access to advanced meth-
ods like ptychography, tomography, time-resolved photon counting,
operando environments for electrochemistry, catalysis and cryogenic
samples [6,7]. The sections below give an overview of the available in-
struments, their advanced functionality as it relates to energy materials
in particular and a short review of representative scientific results.
vailable online 22 July 2023
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2. Scanning soft X-ray microscopes available at the ALS

The imaging beamlines and microscopes at the ALS largely fall
into two categories. The insertion device beamlines utilize an en-
trance slitless design with collimated plane grating monochromators
and torroidal refocusing mirrors. This design is common among imag-
ing beamlines at other facilities because it can provide high flux but
also flexibility in balancing the tradeoff between high flux and high
energy resolution while the monochromator itself can provide good
isolation from harmonic light. Meanwhile the bending magnet beam-
lines utilize an optical scheme which minimizes reflections for high
efficiency. A toroidal mirror focuses on both entrance and exit slit while
a spherical grating monochromator provides good energy resolution
over a usefully broad X-ray spectrum. (Fig. 1) gives an overview on
the experimental parameters of the available instruments.

2.1. Beamline 5.3.2

The bending-magnet beamlines are described in [8] . The 5.3.2 port
splits into two similar beamlines optimized for differing energy ranges.
The lower-energy port 5.3.2.2 has a spherical-grating monochromator
with a single grating, which images an entrance slit onto a set of
exit slits which serve as the source for a zone-plate STXM typically
operating with a zone plate having a 30 nm outer width. The optics
are coated with Ni to help suppress harmonics. In addition, a 1m-
long differential-pumped section can be filled with nitrogen in order
to suppress second-harmonic light when running at the C edge. The
energy resolution is optimized for the CNO K-edges, but the beam-
line provides flux up to 800 eV, so transition metals up to Co can
be studied at L-edges. Typical uses of 5.3.2.2 include the study of
atmospheric aerosols, organic photovoltaic materials (see below), Li-Fe
battery materials and organics in meteorites and asteroids. Beamline
5.3.2.1 features a monochromator with two gratings so as to be able
to run over an extended energy range, from about 400 eV to 2000 eV
. Both microscopes can be set up to perform operando measurements
and take samples on TEM grids or SiN windows. Both beamlines can
be run in vacuum or up to 200 Torr of gas, usually He.

2.2. Beamline 7.0.1.2

The insertion device beamlines in ALS straight section 7.0.1 are
described in [9] and the scanning microscope on branchline 7.0.1.2
is described in detail here [6,10]. Briefly, the beamline source is an
elliptically polarizing undulator with 38 mm period and minimum
gap of 10.5 mm which provides full polarization control, left/right
circular and continuously variable linear polarization from horizontal
to vertical, across an energy range of 250 eV to 2500 eV. This provides
chemical sensitivity to the K absorption edge for elements carbon to
sulfur, the L edge for chlorine through molybdenum and the M edge
for technetium through lead. The 𝑁 edges of heavier elements, like the
actinides are also accessible. The monochromator is a collimated plane
grating which provides a moderate energy resolving power (E/𝛥E) of
500 and allows for a flexible trade-off between resolution, range,
fficiency and harmonic suppression. Optics are Rhodium coated for
n extended energy range and a torroidal mirror focuses onto the
oherence defining exit slit which illuminates the nanofocusing zone
late optic three meters downstream.

The Nanosurveyor endstation operates as a conventional scanning
icroscope with 45 nm zone plate focus and silicon diode detector for

otal transmission measurements but it has a few key characteristics
hich make it unique. First, the vacuum chamber can accept commer-

ial sample holders developed for transmission electron microscopes.
his use of standardized sample equipment makes the introduction
f a variety of sample environments, e.g. fluid or gas flow, trivial,
hough their effective use on particular material systems may remain
hallenging. Second, a high frame rate charge coupled device detector
2

(CCD) is used for coherent scattering measurements which can be used
for a variety of computational imaging methods like ptychography
or randomized probe imaging. These methods can achieve a spatial
resolution limited by the dose delivered to the sample which has
reached as low as 7 nm full period. Because of the high X-ray doses
required for high spatial resolution imaging, typical uses are the study
of hard materials like characterization of the oxidation or spin states
in transition metal based energy storage or conversion materials or
magnetic thin films.

2.3. Beamline 11.0.2.2

Beamline 11.0.2.2 is an elliptical undulator beamline that allows
for full polarization control between 200 eV and 2000 eV [11]. The
beamline is designed for energies as low as 100 eV but due to the
very short focal length of our high resolution zoneplates, typical STXM
operation is restricted to energies above 200 eV. The beamline con-
sists of a cylindrical horizontally collimating mirror, a plane grating
monochromator and a toroidal re-focussing mirror that directs the
beam onto a two dimensional exit slit aperture. The typical resolving
power of the monochromator is between 3000–5000. The vertical slit
is used to select the photon energy, while the horizontal slits are
electrically isolated and the differential electron yield of the slits is
used to control the horizontal deflection angle of the toroidal mirror
in a feedback loop. The microscope is located approximately 2.5 m
downstream of the aperture.

Experimenters have the choice of using zoneplates with 18 nm,
25 nm or 45 nm outer zone width. The diameter of the zone plate
varies between 240 μm and 360 μm. The setups offers different detection
methods. Standard detection of transmission yield is achieved via com-
mercial X-ray photodiodes (e.g. AXUV100). Implementation of electron
and fluorescence yield detection is currently under way. In addition
high speed avalanche photodiodes with rise times faster than 1 ns are
used to register individual synchrotron X-ray pulses for time resolved
measurements.

Typical spectromicroscopy operation involves mounting of up to
eight samples simultaneously on standardized metal plates. This sample
mount also accommodates in-situ gas and liquid cells provided by
Norcada [12]. The sample mount can be changed within minutes to
also accommodate in-situ liquid and gas flow cells manufactured by
Hummingbird. Finally, to address challenges in solid state physics, the
sample environment is extended with the capability to apply magnetic
fields up to 0.5 Tesla parallel or perpendicular to the X-ray beam. In
addition the option to control the sample temperature between 25 K
and 500 K will be added in the near future.

3. Advanced capabilities

Scanning X-ray microscopy has developed into a routine tool which
is available at every synchrotron in either the soft or hard X-ray variety.
In this section, we highlight some advanced tools which have become
routinely available at the ALS but which may be in earlier stages of
development elsewhere.

3.1. Instrument controls

We have developed a pure Python based control system for STXM,
called pystxmcontrol, which has been deployed for general use at
beamline 7.0.1.2 and is currently being ported to the other beamlines
(Fig. 2). The software uses a client–server approach where the server
runs on a computer with direct access to the microscope hardware and
the client can run on any computer with network access to the server
for communication of commands and receipt of data for visualization.
A primary objective in the design philosophy was to minimize soft-
ware overhead by utilizing advanced controller functionality for piezo
scanning and STXM data acquisition. Python interfaces with minimal
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Fig. 1. Capability matrix of the microscopy program beamlines at the Advanced Light Source.
communication were developed for the nPoint LC400 piezo controller
and Keysight 52320 A counter, though the use of abstract classes for
each interface means that others can be readily implemented without
changing higher level code. Access to hardware using the EPICS, or
any other control system, is also readily implemented using the same
abstract classes and a simple JSON text file is used to fully configure the
motor system and build relevant components in the graphical interface.
The software overhead for a typical STXM scan of 100 × 100 pixels is
about 65 microseconds per pixel which is about 7% of the typical per
pixel dwell time. Though the software overhead is actually accumulated
on a per trajectory basis rather than per pixel so larger scans can
achieve overheads of below 1%.

Pystxmcontrol also provides a ZeroMQ (ZMQ) based interface to
imaging detectors and downstream analysis pipelines. The graphical
interface can subscribe to a ZMQ data stream for open loop visualiza-
tion while the server will subscribe in a closed loop fashion, ensuring
that each frame is received. The server will also publish the frame
with scan relevant metadata so that downstream analysis pipelines
can work on the data during the scan. If those pipelines also publish
the calculation results, the graphical interface can subscribe for real-
time visualization of the computed images. Fig. 2 shows the layout of
the graphical interface with scan definition and motor controls on the
left and a live display of a randomized probe imaging reconstruction.
Randomized probe imaging is described in section 3.6.

3.2. Ptychographic spectromicroscopy

Since STXM inherently requires a localized, intense and coherent X-
ray illumination, it is an ideal platform for the implementation of coher-
ent scattering based computational imaging methods like ptychography
which compute high resolution images from a set of localized coherent
scattering patterns. The only instrument modification required is the
use of a detector with many pixels rather than a single pixel [13,14].
Most implementations of ptychography require up to a megapixel or
more in each of many thousands of diffraction patterns which com-
prise a single image scan, thus, the data volume is extraordinary. The
primary technical challenges are the high frame rate soft X-ray detector
with single photon sensitivity, which is not commercially available,
3

Fig. 2. Graphical user interface at beamline 7.0.1.2. Scans are graphically defined by
the user and the data are immediately displayed during acquisition. Shown here is the
result of a real time reconstruction of a large field of view using randomized probe
imaging. Data are automatically sent to a remote GPU array for processing and the
result is returned to the graphical interface for visualization during the scan.

the transparent implementation of high performance reconstruction
algorithms, which require integrated high performance computing, and
the development of such algorithms.

Ptychography is broadly developed by the X-ray microscopy com-
munity and is available in some form at most synchrotrons. The effort
at the ALS has focused on developing a user friendly ptychography
instrument with world leading spatial resolution applied to two dimen-
sional spectromicroscopy of hard materials. This arises naturally from
the strength and weakness of using soft X-rays, namely the chemical
sensitivity and short penetration depth respectively. As an example,
the penetration depth of a crystalline material containing a large frac-
tion of a transition metal will be only a few hundred nanometers
at the relevant absorption edges. Regardless, the ability to measure
heterogeneity well below such length scales is extremely powerful for
many areas of science, particularly the study chemical phase changes
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in energy storage and conversion materials. Using ptychography for
two-dimensional chemical composition mapping, we have shown that
it removes spectral distortions that are inherent to conventional mi-
croscopy [15] and that the phase information it naturally provides can
be used for improve chemical sensitivity. These benefits are in addition
to the improved spatial resolution which is nearly a factor of 10 better
than conventional microscopy.

3.3. Operando spectromicroscopy

A STXM instrument allows the user to obtain information about the
electronic structure of an atomic species in a sample of interest. Soft
X-ray absorption is used as a contrast mechanism, which is able to
provide information about the distribution and symmetry of unoccu-
pied valence states at the Fermi energy of the material. These states
can be used to distinguish different chemical species of a particular
atom [16]. The traditional approach is to prepare a sample of interest
in a certain state and then mount it in a STXM to study the chemical
state. However, this approach can only provide delayed information
about the state of a sample and relies on the assumption that the
sample does not change between preparation and data acquisition.
This limitation has driven the development of in operando spectro-
microscopy over the past decade. The particular advantage of acquiring
soft X-ray spectromicroscopy in transmission is that it is a so called
photon in - photon out technique. Since neither the incoming or the out-
going photon is affected by changes to the local environment (electric
potential, magnetic fields etc.) it allows us to study materials at work
or in operando. One significant limitation is the limited penetration
depth of soft X-rays, so that the sample has to be contained in a rather
thin layer of ambient atmosphere or liquid, typically a few hundred
nanometers thick. Another limitation is that the focal plane is, for
soft X-rays, close to the OSA, so an in-situ cell must have a very
limited thickness between the sample and the upstream surface of the
cell. Suitable micromachined cells have been developed for electron
microscopy and adapted for STXM, and other geometries have been
developed, e.g. the one described in [17].

3.4. Time resolved spectromicroscopy

Time-resolved magnetic X-ray spectromicroscopy uses the X-ray Cir-
cular Magnetic Dichroism (XMCD) effect to probe the dynamic response
of the magnetization of specific elements within a magnetic material
exhibiting (field-induced) magnetic order. XMCD reveals orientation
and magnitude of magnetic moments by recording X-ray absorption
data with circularly polarized X-rays with different helicity. The typical
geometries used for time-resolved XMCD measurements are the aver-
aging detection in the so-called longitudinal XMCD geometry. Here the
length difference 𝛥Mz between the length of the magnetization vector
MEquilibrium and the projection of the precessing magnetization M on
MEquilibrium is measured with the k-vector of the probing X-rays being
parallel to MEquilibrium and an applied external magnetic field BExt. A
true time- and phase -resolved detection is realized in the so-called
transverse geometry, probing the oscillating 𝛥M⟂ component of M in
the sub 20 picosecond regime in standard multi bunch mode using an
avalanche photo diode.

Both geometries have been employed in the spectroscopic tech-
nique of X-ray detected Ferromagnetic Resonance (XFMR) [18–24].
The transverse geometry is typically used in combination with the
spatially resolved technique of Time-Resolved Scanning Transmission
X-ray Microscopy (TR-STXM) and its variety STXM detected Ferromag-
netic Resonance (STXM-FMR) combining a spatial resolution better
than 50 nm with picosecond time sampling [25–29]. A stroboscopic
detection scheme is realized by phase-locking the employed periodic
excitation, e.g. a microwave bhf, to the synchrotron frequency fs (500
MHz at the ALS). Hereby the frequency of the excitation corresponds to
a higher harmonic of f . The setup realized at ALS beamline 11.0.2.2 is
4

s

Fig. 3. Schematic representation of the TR-STXM setup realized at ALS beamline
11.0.2.2. The STXM is situated in a high-vacuum chamber. Gray colored parts are
optional components for (dynamic) magnetic measurements.

shown in figure 3 depicting a configuration for magnetic measurements
using a microcavities/resonator [30] for a defined magnetic resonance
geometry in transverse orientation. An optional static magnetic bias
field BExt is generated by a set of oppositely facing Nd permanent
magnets with their distance being varied for different field strength.

The STXM is operated under high-vacuum conditions with pressures
at ∼ 10-6 Torr, using Fresnel zone plates down to 18 nm outer zone
width for focusing the X-ray beam onto the sample. This scans a sample
pixel by pixel for a certain integration time with the detection realized
by an Si avalanche photo diode of the Hamamatsu S12426 series with
a diameter of 0.5 mm is employed for the time-resolved measurements.
The phase-lock of the tunable sample excitation frequency to fs is
realized using the ALS developed User Timing System, delivering a
synchronized timing event stream to the ALS developed High Speed
Digitizer for experimental dynamic sampling. By tuning the excitation
phase a set of phases of the dynamic response of the sample is de-
tected. By using a detection scheme recording TR-STXM image sets with
and without external dynamic stimuli, the excitation induced X-ray
transmission is extracted. Successively, the spatial amplitude and phase
map of the magnetization can be obtained by using a pixel-by-pixel
sinusoidal fitting procedure on the recorded times series of images,
color coding the phase relative to𝑡 = 0 ps as the hue, the amplitude
as brightness [31–33] and the fit accuracy as color saturation [31]. By
using the same phase and amplitude analysis on complementary micro-
magnetic simulation data, it is possible to correlate the experimental
and simulated dynamic response of a sample.

3.5. Coherent full-field microscopy

The various X-ray microscopy experiments described above are all
scanning methods, which operate by scanning a focused beam of X-
rays over a sample. However, there are certain advantages to full-field
microscopy that make it a valuable complement to scanning methods.
Specifically, full-field microscopy has a natural advantage for time-
resolved studies and parametric sweeps, because the acquisition speed
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Fig. 4. (a) Section of a ptychography reconstruction of 40 nm and 100 nm gold
nanoparticles on a silicon nitride membrane, using 3000 diffraction frames. (b) Zoomed
region of the same reconstruction, which achieves a full-pitch resolution of 21 nm,
estimated via the Fourier ring correlation. (c) The focal spot of the RPI compatible
optic used for this reconstruction. (d) A full-field image of the same sample, analyzed
using RPI.
Source: Adapted from Ref. [35]

is limited by flux and frame rate, rather than the speed of mechanical
motion.

Recognizing the value of having a fast full-field microscope avail-
able, a microscopy method called Randomized Probe Imaging (RPI)
[34] has been implemented at beamline 7.0.1.2 to complement the
scanning ptychography microscope. The implementation consists of a
custom zone plate optic, which projects a 6.75 μm diameter circular spot
onto the sample. This illumination has a speckled texture on a length
scale of 30 nm, enabling full-field images to be captured with resolutions
in principle down to 60 nm after analysis with software also available
at the beamline.

The unusual aspect of this setup is its compatibility with both
ptychography and full-field imaging. Because the illumination spot is
highly coherent, it is still possible to collect ptychography data using
the RPI-compatible optics, and the data can be remarkably high quality
as seen in Fig. 4. However, it is also possible to collect full-field
images. The time savings associated with full-field imaging promise to
dramatically speed up spectroscopic and tomographic data collection,
while also opening up direct access to millisecond-scale dynamics.

4. Recent applications

The ALS Microscopy Program provides a holistic toolbox for
spatially-resolved X-ray characterization in materials science, physics,
chemistry, biology and medicine. Recent examples of facility use show
the manifold fields of interest of the users of the microscopy program
beamlines.

4.1. Organic photovoltaic material development

Organic photovoltaic (OPV) materials consist of blends of two or
more organic semiconductors which are segregated into donor-rich and
5

Fig. 5. Composition mapping of a core–shell material similar to that described in [43].
The scalebars are 500 nm. (a) mass fraction of TQ1 component; (b) mass fraction of
PC71BM component, (c,d) corresponding column densities in mg/cm2.

acceptor-rich domains. The interfaces between these domains form p–n
junctions which facilitate the splitting of excitons into their component
carriers. Thus, when light is absorbed, electrons are drawn to the
acceptor regions, and eventually to one electrode and holes to the donor
regions and then to the other electrode [36]. Due to the low dielectric
constant of the organic semiconductors, the exciton radius is only of
order 10 nm, so the morphology must be of that scale for the devices to
work. One therefore needs methods to probe the morphology of organic
materials at that scale, with chemical sensitivity since the components
tend to have similar densities and include the same elements. Two
ways in which this has been done are resonant small-angle soft X-ray
scattering (RSoXS) [37,38] and scanning transmission X-ray microscopy
(STXM) [39,40]. STXM provides direct, real-space morphological infor-
mation on scales down to 30 nm and can be highly quantitative [41,42].
For analysis of RSoXS data and to choose the energies at which to take
such data, it is necessary to have accurate reference XANES spectra of
the components, which can be done with STXM [41].

The 5.3.2.2 low-energy (‘‘Polymer’’) STXM at ALS [8] is ideally
suited to these applications as it covers the CNO edges with sub-
100meV energy resolution at the C edge. Fig. 5 shows an example
(unpublished, provided by N. Holmes) of STXM morphology mapping.
This was done by taking images at a number of energies to get XANES
spectra at each pixel, then fitting these spectra to carefully-acquired
reference spectra taken on uniform films. The components, TQ1 and
PC71BM, are described in [43].

4.2. Organics and metals in the environment

The ability to study C speciation over many square microns of
area with tens of nanometer resolution is useful in studying a number
of systems drawn from the natural environment. Examples include
aerosols in the atmosphere [44], associations of organics and Fe and
Ca [45], and the preservation and transport of Fe-bearing particles
from hydrothermal plumes in the ocean [46]. We will discuss the
latter example in a bit more detail. The cycling of Fe in the ocean has
important implications for the C cycle as Fe is a limiting nutrient for
phytoplankton. Particulate Fe particles were filtered from ocean water
at various depths and distances from hydrothermal vents along the East
Pacific Rise at latitudes 9N (1st citation) and 15S (2nd). In both studies,
Fe was found associated with organic detritus, but in the former, much
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Fig. 6. Spectro-ptychography analysis of oxidations states of Mn in the cathode
material Li1.18−𝑥Ni0.21Mn0.53Co0.08O2−𝛿 measured for the pristine material (a), after 1
cycle (b) and after 125 cycles (c). A reduced state indicates oxygen vacancy and the
profile of the density of vacancies from the particle surface to its center indicates a
single phase diffusion process.
Source: Figure from [47].

of it was found to be in the soluble Fe(II) form, which might be expected
to oxidize quickly and dissolve away. It was hypothesized that organic
ligands bound the Fe(II), stabilizing it. In the latter study, organic-
associated Fe(III) particles were found thousands of kilometers from the
source, even though isolated Fe oxide particles would have sunk to the
bottom. The low specific gravity of the organic matrix presumably kept
the particles adrift.

4.3. Mapping oxygen vacancies in battery cathode primary particles

The ability to map transition metal oxidation states with nanometer
spatial resolution over many micrometers of material has had a pro-
found impact on the study of energy storage materials. The oxidation
state of the transition metal cation can indicate a variety of phenomena
but Csernica et al. [47] explore oxygen release in the layered oxide
cathode material Li1.18−𝑥Ni0.21Mn0.53Co0.08O2−𝛿 . They utilize a novel
ultramicrotomy technique to produce thin sections of the positive
electrode, thereby maintaining the relationship of all secondary par-
ticles and allowing a visualization of heterogeneity across the entire
electrode. Distributions across single primary particles, Fig. 6, about
200 nm across, are investigated with spectro-ptychography at the Mn
L-edge. Mn reduction along the particle edges is observed after only
a single cycle. With further cycling, this reduction extends into the
particle interior with a profile that indicates that oxygen release is
governed by chemical diffusion rather than a two phase reaction.

4.4. Operando electro-catalysis and analog memory devices

In this section we will present two examples of how in-operando
capabilities at the ALS STXMs have contributed to our understanding of
how chemical and electronic devices work under realistic conditions.
In the first example Co based hydroxide electrocatalyst nanoparticles
were investigated [48]. Laboratory based scanning microscopy studies
6

of these materials show that the electrochemical current is mainly
restricted to the edges of the nanoparticles. The question that can then
be addressed using STXM is if this behavior is correlated with a non-
homogeneous change of the chemical state during the electrochemical
process. Fig. 7 summarizes the results of the STXM part of the study.
The upper left panel in the figure shows the setup. The sample is
confined to the electrochemical cell and in solution. The thickness
of the solution is several hundreds of nm. Panel (b.) shows X-ray
absorption spectra averaged over the entire particle while a voltage is
applied and the particles are electrochmically active. The panel also
shows reference spectra for Co2+,Co3+ and Co3.6+. One finds that none
of the observed Co spectra contain a significant fraction of Co with
an oxidation state higher than 3+. This by itself is already important
information since theoretical models exist that suggest that the final
state of the reaction is Co4+. The second observation is that around
1.6 V the chemical maps become quite heterogeneous and one finds
that Co sites at the edges of the particle tend to be less oxidized. This
supports the finding of conventional scanning techniques that observed
that the edges of the sample are the active sites for the so-called Oxygen
Evolution Reaction.

The second example addresses an interesting issue in materials
science. So called memristors are electronic components that couple
electric charge to magnetic flux, similar in the way as a resistor couples
current and voltage. However, in contrast a memristor is a highly non-
linear device which makes it very appealing for complex computing
applications like e.g. neuromorphic computing. In recent years it has
become clear that the incorporation of a true memristor in an electrical
circuit is too challenging. For this reason the research has been focusing
instead on the design of memristive devices, which are devices that
couple voltage with current in the same non linear manner as a true
memristor couples charge and magnetic flux. Titanium dioxide and
Vanadium dioxide have been suggested as potential materials. In order
to fabricate and design reliable devices it is important to understand
how they behave if a voltage is applied and in particular what happens
at the oxygen sites in the material [49]. It is also crucial to understand
how these devices might fail or change with temperature since the
devices will heat up during operation. For this reason it is required
to study how the electronic and potentially crystallographic structure
changes with temperature [50]. Both of these questions have been
addressed using ALS STXMs and we will briefly discuss the temper-
ature dependent study here. Around 340K, VO2 undergoes a metal
to insulator transition as well as a structural transition from a rutile
to a monoclinic phase. However, if one studies these transitions with
different methods like e.g. optical or electrical transport, one finds that
the observed transition temperatures depend on the methods, which
has puzzled researchers for almost a century. In particular, optical
transitions appear at lower temperature. Fig. 8 shows the results of the
X-ray microscopy study that set out to find a microscopic origin for the
macroscopic observed behavior. STXM images were obtained at two
different photon energies that are typical for either structural changes
(530 eV) or conductivity (528.7 eV). Both image series show that the
transition from one phase to the other is not homogeneous, neither in
the conductivity phase or in the structural phase. There is a large range
of temperatures around 325 K where both phases co-exist. However,
the effect of this heterogeneity on light transmission is different from its
effect on conductivity. For metallic islands to contribute to macroscopic
conductivity they need to be connected or at least exhibit a significant
spatial density. On the other hand, each metallic island contributes
equally to the optical properties of the device, which is why the optical
curves are shifted to lower temperatures. This is another example of
how a spectromicroscopic study of a material under operando condi-
tions can give a clear answer to a scientific question by providing direct
insight about the electronic structure on the nanoscale.
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Fig. 7. (a) Experimental setup showing the electrochemical flow cell coupled into the STXM microscope. (b) Voltage-dependent particle-averaged Co LIII-edge STXM-XAS spectra.
(c) Co oxidation state plotted with voltage, with an ideal solution model fit for four separate particles. (d) Cyclic voltammogram (in 0.1 M KOH) of 𝛽-Co(OH)2 in the STXM
electrochemical flow cell at a scan rate of 10 mV s-1 and a flow rate of 30 μl min-1. (e) Steady-state voltage-dependent Co oxidation state phase maps of 𝛽-Co(OH)2 particles 1
and 2. Scale bar, 1 μm.
Source: Figure from [48].
Fig. 8. Series of images taken at two different energies at the O K resonance. The
upper row shows the transition of the sample from metal to insulator, while the lower
row shows the transition from rutile to monoclinic lattice.
Source: Figure from [50].

5. Outlook

The spatial, temporal and chemical resolution of scanning X-ray
microscopy is ultimately limited by the brightness (coherent photon
flux) of the X-ray source. These imaging methods and the exciting
new computational methods which naturally extend from them have
been a primary justification for the upgrade of synchrotron sources
around the world to provide diffraction limited X-ray beams. These new
7

sources, of which an upgraded ALS storage ring is one such example
(ALS-U), will be able to provide more than two orders of magnitude
increased coherent photon flux over typical energy ranges [51]. In the
soft X-ray range, where imaging at only a few times the wavelength
has already been demonstrated, only modest gains in spatial resolution
can be achieved from such large increases in coherent flux, though this
would allow microscopes to approach imaging with a spatial resolution
of down to a few nanometers [6]. Far more revolutionary gains will be
had in the time domain as data will be generated more than 100 times
faster than today. These gains will lead to scan-point dwell times of
1 microsecond for conventional imaging and 1 ms for ptychographic
imaging. Such speeds could enable the acquisition of spectroscopic
tomograms in hours rather than days but the high intensity will also
exacerbate the existing problem of radiation damage, particularly with
soft materials like polymers. The use of cryogenic sample environments
should become much more routine. Significant development is needed
to increase the speeds of commonly used scanning systems, to reach
video frame rate scanning, and for soft X-ray pixel detectors which
should reach frame rates of up to 10,000 frames per second or more
to make use of the available coherent flux.
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