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ABSTRACT
Proton exchange membrane fuel cells (PEMFC) are a promising green energy
resource for automotive applications. The cathode is a key rate limiting component of
PEMFC. Typical cathodes are composed of Pt catalyst decorated carbon support particles,
mixed with a perfluorosulfonic acid (PFSA) polymer. As the proton conduction medium in
the cathode, the distribution of the PFSA ionomer will affect PEMFC efficiency, Pt
utilization, and degradation kinetics. Optimization of ionomer loadings and distributions is
a major goal of PEMFC research.
In this thesis, Scanning transmission X-ray microscopy (STXM) has been used to
measure the porosity and component distributions in 3D.

Initial studies of PEMFC

materials by STXM tomography have been presented. The high energy resolution of STXM
collects an extra dimension of component information to be added to the 3 dimension of
volume imaging.

Multi chemical 3D imaging is defined as 4D imaging. To reduce the

radiation damage to PFSA, the compressed sensing (CS) algorithm has been used. The
results show that the total radiation damage can be reduced below the critical dose, and
better reconstruction results with less measured angles are achieved using CS algorithm.
On the other side, we have tried to measure the PFSA materials by ptychography
STXM tomography to improve the spatial resolution. The spatial resolution was improved
from 30 nm to < 15 nm at ~700 eV. 4D imaging using ptychography STXM tomography is
presented.
Highly porous materials with functional coatings were also characterized by soft Xray spectro-ptycho-tomography. The sample were Al2O3 aerogel samples coated with ZnO
or TiO2 by atomic layer deposition (ALD). Quantitative analysis shows the ZnO ALD
iii

coatings are non uniform. Comparisons are made to electron microscopy imaging and Xray fluorescence analysis of the same ZnO/ Al2O3 aerogel material. Together the results
provide useful feedback for optimization of ALD coated alumina aerogels.
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Chapter 1
Introduction

Chapter 1 describes the concept of 4D imaging. It introduces Proton Exchange Membrane
Fuel Cell (PEMFC) systems and X-ray microscopy methods. A summary of recent research
in 4D imaging is given.

1.1

What is 3D/4D chemical imaging and why is it needed?
An image shows heterogeneity of specimens in 2 dimensions (x, y) by different

contrast mechanisms. If the image contrast mechanism provides explicit sensitivity to
chemical species through e.g. spectroscopy, then one can refer to the method as a type of
3D or “chemical imaging”. With appropriate chemical detection technologies, chemical
imaging provides the possibility of qualitative and quantitative research, like the
composition of the specimen, distribution and the amount of each component. However 2
dimensional (2D) imaging does not detect changes in distributions in the z-direction. 3D
imaging (x, y, z) methods have been developed to fully visualize spatial structure of
heterogeneous materials. 3D imaging has found applications in many fields, including
material science (Salvo et al. 2010), medicine (Cretoiu, Hummel et al. 2014, Bonanno,
Coppo et al. 2015), cultural heritage (Sansoni et al. 2009), archaeology (Papadopoulos et al.
2007), reverse engineering (Sansoni et al. 2004), virtual environment (Xia et al. 2000), etc.
To the base of 3D imaging, extra dimensions can be added, such as chemistry (Wu et al.
2018), time (Lockwood et al. 1998, Mor-Avi et al. 2004), density (Lee Jin et al. 2003),
pressure (Slowko and Krysztof 2014), temperature (Anand et al. 2007), etc.. With an extra
1
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dimension of information, 4D imaging (Zewail 2010, Campbell 2002, Brune 2010) is
obtained. In my thesis research 4D imaging involves chemical imaging in three spatial
dimensions (x, y, z, E). 4D imaging measures the 3D spatial distribution of each chemical
species of a mixture. Figure 1 outlines different dimensional information (1D, 2D, 3D, 4D)
extracted from the same data set. Generally, 4D (3D chemical) imaging provides a
quantitative understanding of the distribution of multiple chemical species in three
dimensions including the internal structure, interfaces, and surfaces of micro and nanoscale
systems.

1.2 3D/4D imaging methods and applications
Tilt-angle tomography is a 3D imaging method in which a sample is viewed from a
wide range of angles with some type of penetrating radiation (Figure1.2 (a)), such as
visible light, X-rays, electrons, neutrons, etc. A three-dimensional image of the internal
structure of a solid object is then generated by mathematically manipulating the set of 2D
projection images into a representation (reconstruction) of the 3D structure (Figure1.2 (b)).
The term “tomography” was coined by Mayer in 1914 to describe the derivation of 3D
information from 2D X-radiographs (Seynaeve 1995). In the 1970s, with the improvement
of electronics enabling computational reconstruction of radiographs, tomography advanced.
Since then, the term has been applied to many techniques (Seynaeve 1995). Nowadays, in
concert with the development of micron and nano-scale microscopy, tomography is being
performed at the micro- and nano-scale. Figure 1.3 presents different techniques used for
3D/4D imaging at a range of length scale.
Computed tomography (CT) (Brenner and Hall 2007, Khadivi 2006) usually refers to
X-ray computed tomography, which measures X-ray images from a series of angles and

2
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produces a 3D image. There are many applications of CT in medicine (Abrams and McNeil
1978, Rustin et al. 2007, Haydel et al. 2000) and industry (De Chiffre et al. 2014).

Figure 1.1 Image of a sample consisting of polyacrylate-filled polystyrene microspheres in
water inside a pulled glass capillary (a) 1D C 1s X-ray absorption spectra, (b) 2D image, (c) 3D
stack, (d) 3D chemical map, (e) 4D stack, (f) 4D image. The 3D stacks (e) at each scan angle
contained 23 energy images.

3
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Figure 1.2 (a) 2D projection images of a solid; (b) 3D reconstruction from the 2D images

Figure 1.3 Techniques used for 3-D and 4-D materials science at various length scales

4
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Time resolved CT (a 4D imaging method with time as the fourth dimension) has
contributed to significant advances in medical research (Ruijiang et al. 2009, Pan et al.
2004, Beddar et al. 2008, Zhang et al. 2005, Colgan et al. 2008, Segars et al. 2008). Figure
1.4 presents different fields of application for CT technology in industry. According to
different requirements, CT visualization can be classified into voxel based (volume
rendering) or surface based (surface rendering). Simple visualization and non-destructive
testing (NDT) with qualitative evaluation can be presented on a voxel basis. Digitization
and dimensional metrology with quantitative analysis require surface based evaluation.
Synchrotron based X-ray tomography uses a high intensity, monochromatic beam
over a wide range of photon energy. Full field transmission X-ray microscopy (TXM)
tomography using hard X-rays (5–11 keV) (Nelson et al. 2011, Andrews et al. 2010, Chen
et al. 2010, Awaji et al. 2002), and soft X-rays (250 eV-1.8 keV) (Chao et al. 2005,
Parkinson et al. 2008) is efficient and has provided 3D structural data sets on time scale of
seconds to minutes. Scanning Transmission X-ray microscopy (STXM) tomography using
soft X-ray (~100-2.7 keV) (Haddad et al. 1994, Obst et al. 2009a, Hitchcock et al. 2010,
Wu et al. 2018) is effective for chemical mapping but is considerably slower since it
contains multi-images per data set. X-ray laminography is an alternative 3D imaging
method to tomography. Laminography is especially useful for 3D imaging of flat, laterally
extended objects such as integrated circuits (Saida et al. 2012, Hoshino et al. 2011, Helfen
et al. 2005, Moffat et al. 2010).
Focused Ion Beam (FIB) tomography is a serial sectioning technique combined with
scanning electron microscopy (SEM). FIB tomography can achieve spatial resolutions in
the range of tens of nm and has the ability to measure a large volume of specimen (~ 50 x
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50 x 10 µm) (Holzer and Cantoni 2012, Prieto 2015). FIB nanotomography is often used
for the characterization of porous and granular materials (Inkson et al. 2001, Vivet et al.
2011, Lasagni et al. 2008, Lasagni et al. 2007). Transmission Electron microscopy (TEM)
tomography (Weyland and Midgley 2004) is now well established and widely used in
materials sciences and in particular in polymer sciences (She et al. 2010, Jinnai and
Spontak 2009). When combined with electron energy loss (EELS) as in the STEM-EELS
technique, or with energy dispersive spectroscopy (STEM-EDS), chemically resolved 4D
imaging can be obtained (Möbus et al. 2003, Jarausch et al. 2009, Yedra et al. 2014,
Haberfehlner et al. 2014).

Figure 1.4 Industrial fields of application for X-ray CT
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Proton Exchange Membrane Fuel Cells (PEMFC)

Figure 1.5 Schematic diagram of a PEMFC

Proton exchange membrane fuel cells (PEMFCs) are a promising green resource for
stationary and automotive power applications (Wang et al. 2011a). PEMFCs were first
employed in space vehicles (Plauche 1978). Recently, other applications of PEMFC have
been developed, including hybrid power buses (Folkesson et al. 2003), powered bicycles
(Hwang et al. 2004), stationary power generators (Wang et al. 2005) and mobile power
(Tüber et al. 2003). More applications are listed in Table 1.1. The advantages of PEMFC
include compact construction, large current density, solid electrolyte, low working
temperature, and fast start-up. When hydrogen is the fuel, the cell reactions at the anode
and cathode are as follows:

7
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Anode: Hydrogen Oxidation Reaction (HOR)
(1.1)
Cathode: Oxygen Reduction Reaction (ORR)
(1.2)
The ORR at the cathode is the key rate limiting reaction in PEMFC. Typical cathodes are
composed of carbon support particles decorated with Pt catalyst particles, mixed with a
proton conducting perfluorosulfonic acid (PFSA) polymer. Figure 1.6 (Litster and McLean
2004) shows a schematic diagram of the PEMFC cathode catalyst layer, which is attached
to the polymer electrolyte membrane (PEM), and is also in contact with a gas diffusion
layer (GDL). The PFSA acts as the proton conduction media in the cathode, and thus the
distribution of the PFSA ionomer will affect PEMFC efficiency, Pt utilization, and
degradation kinetics. Optimization of ionomer loadings and distributions is a major goal of
PEMFC research. Methods for directly observing the internal structures and chemical states
of the cathode catalyst layer in membrane electrode assemblies (MEAs) are necessary to
help optimize PEMFC technology. Because PFSA is very radiation sensitive, it is difficult
to directly provide high spatial resolution three dimensional information on the
structure/morphology, distribution, and chemical states of Pt nanoparticle cathode catalysts
in MEAs.

8
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Table 1.1 Various power system applications of PEMFC (Wee 2007) (reproduced with
permission from Elsevier)
Application
Hybrid
bus

Power

power 50 kW

Powered
bicycle

300 W

Fuel

Comments

Compressed
hydrogen
cylinder

Reference

Efficiency: 40%, Mean (Folkesson et
in power consumption: 17– al. 2003)
24 kW

Hydrogen stored in Efficiency: 35%, Distance- (Hwang et al.
the metal hydrides
to-fuel ratio: 1.35 km/g
2004)

Lightweight
5 kW
powered vehicle

High
pressure Drive over a 100 km run at (Hwang et al.
gaseous hydrogen a speed of 18 km/h
2005)
in cylinder

Sailing yacht

300 W

Hydrogen produced Used as auxiliary power (Beckhaus et
by LPG via a series units using bottled LPG as al. 2005)
of processor on- fuels
board system

Stationary
power generator

5 kW

Commercially
Efficiency: more than 30% (Wang et al.
available 15 MPa in fully loaded operation. 2005)
hydrogen cylinder
Operated 3 h at 5 kW with
two 50 liter hydrogen
cylinders

Uninterrupted
power supply

2 kW

Hydrogen produced Total cost was strongly (Lin et
by methanol via dependent on the service 2005)
fuel processing
time.

Portable
computer

46 W

Hydrogen stored in Trouble-free start-up of the (Tüber et al.
the metal hydrides
portable computer
2003)

portable power 450W
generation

Methanol steam

leave-in-place
sensor systems

Ultrapure
supplied
compressed

30W

higher fuel cell temperature (Herdem
has highest fuel cell al. 2015)
performance

al.

et

H2 careful control of the (Higier et al.
from chemical delivery must be 2017)
gas ensured

cylinders
Hydrogen
bicycle

500WA

Fuel cell hybrid 90 kW
electric vehicle

Metal
hydrides economic
analysis
tank Hydroge
reduce the cost
Hydrogen tank

to (Minutillo et
al. 2018)

power efficiency of 96.2%

(Fathabadi
2018)
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The overarching theme of my research is 4D imaging method development. My
research project was funded partly by the (recently disbanded) Automotive Fuel Cell
Cooperation Corporation (AFCC) and by the currently disbanded Catalysis Research for
Polymer Electrlyte Fuel Cells) (CaRPE-FC) network. In the context of the network and
industry collaboration, my project is motivated by the need to assist PEMFC optimization
by 4D characterization of PEMFC catalyst layers. I have developed or improved a number
of different 4D imaging methods in order to evaluate their individual advantages and
limitations, thereby identifying an optimal solution for 4D imaging of ionomer in PEMFC
cathodes.

Figure 1.6 Schematic diagram of PEMFC cathode catalyst (Litster and McLean 2004)
(reproduced with permission from Elsevier)
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1.4 Previous 3D/4D imaging technique for PEMFC research
CT at 2-10 micron spatial resolution has been used to investigate the structure of gas
diffusion layers, and the water distribution in the GDL and the electrode (Fishman et al.
2010, Zenyuk et al. 2015). Neutron tomography has been used to measure the water
distribution in fully assembled fuel cell stacks, benefitting by the deep penetration ability.
The porous structure and solid phase of the PEMFC cathode layer has been measured at the
nanoscale using X-ray tomography (Garzon et al. 2007), but without chemical information.

Figure 1.7 (a) A cube of 340 nm side length of the SEMt reconstruction. (b) The
reconstructed Pt volume information in the same spatial area as the SEMt reconstruction.
(c) The superposition of (a) and (b) and visualizes the location of Pt catalyst particle
volume and surface information within the porous carbon matrix. (Thiele et al.
2013)(reproduced with permision from Elsevier)
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Electron tomography has been used to measure the Pt particle and carbon support
distribution (Gontard et al. 2008, Yu et al. 2012). PEMFC cathodes have been studied by
SEM-FIB tomography, combined with TEM tomography (Thiele et al. 2013) (Figure 1.4).
TEM tomography was used for volume and surface area distributions of platinum catalyst
particles,while FIB-SEM tomography was used to characterize porosity, pore-size and
grain-size distributions. Spectro-tomography in a scanning transmission X-ray microscope
(STXM) was developed by the Hitchcock group (Johansson et al. 2006). Prior to the start of
my thesis it had been applied to measurements of the carbon support and ionomer
distributions in cathode layers (Berejnov et al. 2013). Recent 3D imaging studies of
PEMFC are listed in Table 1.2.

1.5

Scanning Transmission X-ray Microscopy
Scanning transmission X-ray microscopy (STXM) is a synchrotron-based X-ray

microscopy. A Fresnel zone plate is used to focus the X-ray beam to a small spot. The
sample is placed in the plane of the spot and images are formed by scanning the sample and
measuring the transmitted flux point by point or line by line. Transmitted X-ray intensity is
recorded for each pixel. By recording images at a sequence of energies, absorption spectra
can be obtained for every pixel. Such spectra are also called near edge X-ray absorption
fine structure (NEXAFS) or X-ray absorption near edge spectra (XANES). STXM is a
combination of spatially resolved spectroscopy and relatively high spatial resoluton
imaging with spectral sensitivity.
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Table 1.2 3D/4D imaging of PEMFC
Technique

Spatial

Research project

Comments

Reference

resolution
Microscale

2.44 µm

computed

GDL

porosity provides valuable insight (Fishman et

distribution

into the heterogeneous

tomography

al. 2010)

porosity distributions of
paper, felt, and cloth GDL
materials

Nanometer‐Scale

50 nm

Microstructure

of volumetric distributions of (Epting et al.

X‐ray Computed

Polymer Electrolyte the

Tomography

Fuel Cell Electrodes

pore

effective
and

secondary 2011)
agglomerate

diameters
Synchrotron

X- 10 µm

ray tomography

water content in gas demonstrate the feasibility (Sinha et al.
diffusion media

of

using

X-ray 2006)

microtomography
quantify

to

liquid

distribution

water

at

the

component level
FIB-SEM

3×2x20

correlations

the predictive capability of (Star

tomography

nm

between

degradation

carbon

models

and

are Fuller 2017)

corrosion improved

and microstructure
Neutron

300 μm

tomography

water

distributions the water distribution after (Markötter et

in

polymer switch-off

electrolyte

was

imaged al. 2012)

over a time period of 36

membrane fuel cell hquasi in-situ tomography
stacks
TEM

0.37nm

Analyze volume and Using TEMt and SEMt (Thiele et al.

tomography and 2.5 × 2.5 × surface
FIB-SEM
tomography

13.6nm

technique

distributions
platinum

area combined,
of visualization
catalyst location

particles by TEMt. morphological
Characterize

the 2013)
of

the
and

properties

of the Pt nanoparticles
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porosity,

pore-size embedded in the porous

and

grain-size carbon

distribution

matrix

at

very

by different length scales.

SEMt.
TEM

voxel size catalyst powders

Reveal useful information (Jankovic et

tomography

of 0.86 ×

on catalyst distribution, al. 2013)

0.86

available surface area, and

×

0.17 nm
Cryo

Electron spot

Tomography

particle size distribution

size Morphology

of ~1 nm

Hydrated
Nafion

of first nanoscale 3D views (Allen et al.
As-Cast of the internal structure of 2015)
hydrated Nafion obtained
by

a

direct-imaging

approach
X-ray

1.5 × 1.5 × Cathode

Lanimography

5 µm

Layer

Catalyst XANES combined with (Saida et al.
the XCL method has been 2012)
successfully developed for
the 4D visualization of the
cathode catalyst layer
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STXM was first developed at NSLS-I (Brookhaven National Lab) by researchers from
the State University of New York at Stony Brook during 1972~1982 (Kirz and Jacobsen
2009). Although initial work focused on imaging biological samples in the ‘water window’
(at ~520 eV), in the early 1990s the first spectromicroscopy studies were published (Ade et
al. 1990, Ade et al. 1992, Howells et al. 1987, McNulty et al. 1992). After that, STXM
started major expansion. Figure 1.5 shows photos of the spectromicroscopy (SM) beamline
at the Canadian Light Source (CLS) which was developed as one of the CLS phase 1
beamlines and began operation in 2007 (Kaznatcheev et al. 2007).
STXM has been used for the characterization of biological specimens(Shapiro et al.
2005, Cosmidis et al. 2015, Obst et al. 2009b), polymeric materials (Morin et al. 2001,
Hitchcock et al. 2005, George et al. 2016) and fuel cell membrane electrode assemblies
(MEA) (Berejnov et al. 2011, Susac et al. 2011, Lee et al. 2013). A bibliography of soft Xray microscopy worldwide has been prepared by my supervisor. It was initially published
as a supplement to a review paper (Ade and Hitchcock 2008), and is periodically updated
and made available at http://unicorn.mcmaster.ca/xrm-biblio/xrm_bib.html

Figure 1.8 SM beam line photos: (a) STXM; (b) SM beamline. SR light propagates from
right to the left; (c) Elliptically polarizing undulator (EPU). (reproduced with permission
from (Kaznatcheev et al. 2007) Elsevier)
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1.6 STXM 3D/4D imaging and applications
It has been demonstrated recently that STXM tomography is well suited to
chemically probe the interior structure of materials due to its excellent spectroscopic
capabilities, depth of focus, penetration depth and spatial resolution. (Hitchcock et al. 2010,
Berejnov et al. 2013, Obst et al. 2009b, Wang et al. 2011b, Obst and Schmid 2014, Schmid
et al. 2014, Hilhorst et al. 2012). STXM 4D imaging can be done in a variety of ways,
including serial sectioning (Hitchcock et al. 2003), laminography (Helfen et al. 2005) and
tilt-series tomography (Hitchcock et al. 2010). STXM tomography has been used for 3D
observations of biomaterials (Parkinson et al. 2008, Johansson et al. 2006, Wang et al.
2011c, Hagen et al. 2014, Otón et al. 2014, McDermott et al. 2012, Sun et al. 2014), and
other polymeric systems (Hitchcock et al. 2008, Ohigashi et al. 2017). The advantage of
STXM tomography for biological measurement does not require any staining or fixation
protocols for cells, so that cells or tissue can be imaged in a near native state (Parkinson et
al. 2008). STXM tomography has also been applied for industrial research. Aramburo et al.
measured the coordination and distribution of aluminum in Zeolites by STXM tomography
at the single-particle level for the first time, and 4D results have been obtained. (Aramburo
et al. 2013)
STXM spectro-tomography has been performed on dry samples on single TEM
grids (Obst et al. 2009b). Figure 1.9a presents volume rendering of a tomography data set
for protein, all-calcium and intense-Ca signals in a single Synechococcus leopoliensis PCC
7942 bacterium. The data was recorded at the C 1s and Ca 2p edges. Figure 1.9b and Fig.
1.9c shows the compositional correlations of the Ca2+ and the organic carbon signal. The
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3D results revealed that aragonite is a rather uniformly distributed layer while calcite
forms at specific Ca-rich hot spots.
STXM 3D imaging has been applied to wet samples in pulled glass capillaries
(Figure 1.1) and in Luxel tomo cells (Friday Harbor, WA, USA) (Figure 1.10) that consist
of a metal frame coated with polyimide membranes on both sides. The sample is cells of
nitrate-reducing Acidovorax sp. strain BoFeN1 isolated from anoxic freshwater sediments
of Lake Constance which were cultured under anoxic conditions. Figure 1.10 shows the 3D
volumes of the Fe(III)-(oxyhydr)oxide, protein and water components, which were derived
from O 1s edge, and iron generated by OD723.3eV-OD704eV from the Fe 2p edge. The overlay
map (Fig. 1.10e) is the relative distribution of different components. Figure 1.10f shows the
thickness distribution of the iron. The 3D imaging results reveal iron distributions inside 2
different cells and outside the cells.
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Figure 1.9 a) Volume Renderings of protein, all-Ca and hot-spot Ca of a calcifying
bacterium. (b) correlation of Ca 2p and C 1s signal in cell envelope showing the
aragonite-like Ca is uniformly distributed but calcite forms at hotspots. (d) slice through
centre of cell, colorized by the indicated regions in Ca-organic_C space. (Hitchcock et
al. 2010) (Reproduced with permission from Microscopy and Microanalysis)
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Figure 1.10 Projection images of chemically specific three dimensional datasets acquired at the
O 1s edge (a–c), Fe 2p edge (d) and an overlay (e) of hydrated Acidovorax sp. strain BoFeN1
bacteria in the stage of precipitating Fe(III)-(oxyhydr)oxide. The line profile (shown in d) across
the Fe-precipitate encrusted periplasm (f) shows a thickness of the crust of ~40 nm (full-width
at half-maximum). I, inside cell; O, outside cell. Scale bar is 500 nm. (Schmid et al. 2014)
(Reproduced with permission from Microscopy and Microanalysis)
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1.7 Research objectives
The aim of my PhD research is to develop methods of 4D imaging which could be
used to study PEMFC cathodes. All methods ae based on scanning transmission x-ray
microscopy (STXM). My results are compared to other 3D and 4D microscopy techniques,
such as electron microscopy based tomography (ET) for 3D and EDS or EELS-based ET
for 4D.
The detailed work performed includes:
(1) Optimized spectro-tomography methods based on ambient STXM.
(2) Improved the reconstruction quality by using a novel compressed sensing algorithm, in
collaboration with Mirna Lerotic (2nd Look Consulting).
(3) Developed spectro-laminography by STXM, including instrument improvements.
(4) Improved the 3D imaging resolution by using the new method of spectro ptychography
tomography in collaboration with David Shapiro (ALS).
(5) Used cryo-STXM tomography to evaluate its potential to decrease the impact of
radiation damage on 3D chemical imaging of radiation sensitive samples including dry
PEMFC cathodes.
(6) Laminography method development and application to PEMFC and aerogel sample.
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Chapter 2
Techniques and Principles

Chapter 2 describes 3D and 4D imaging methods by various techniques, including Xray microscopy, electron microscopy, ptychographic X-ray microscopy, cryo electron
microscopy and cryo X-ray microscopy. The principles of scanning transmission X-ray
microscopy (STXM) and the challenges and measurement of radiation damage by STXM
are discussed in this chapter.

2.1

X-ray micro and nano tomography
X-ray microtomography is based on the same principle as X-ray computed

tomography (CT) (Willi 2006). A CT reconstruction data set is composed of voxels whose
gray levels correspond to X-ray attenuation which in turn, reflects the proportion of X-rays
scattered or absorbed as the X-ray beam passes through a volume. Different configurations
of CT are shown in Figure 2.1 (Kyle and Ketcham 2015). The modern laboratory CT
systems use a cone beam configuration (Figure 2.1(b)) rather than the planar fan beam
configuration (Figure 2.1(a)). A linear detector is used for the fan beam configuration while
a planar detector is used for the cone beam configuration. The planar detector is more
efficient, so more tilted images can be acquired which improves reconstruction quality and
thus higher spatial resolution is obtained. Figure 2.1(c) shows near-parallel beam imaging
(Fig. 1c), which is possible at synchrotron X-ray sources or a synchrotron-inspired
configuration pioneered by Xradia, Inc. (Sunnyvale, California), now Zeiss. This
configuration can provide sharper images with high signal-noise ratio, and high spatial
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resolution. The spatial resolution of a clinical CT device is 200-500 μm (Burghardt et al.,
2011) . For X-ray microtomography, the spatial resolution can range from 50 μm to
approximately 1 μm (Wildenschild et al. 2002). Micro-CT based on hard X-rays was first
developed for ceramic automotive materials in the 1980s by the Ford Motor Company. It
was then applied to quantitative evaluation of bone, cartilage, and cardiovascular structures,
with applications in fundamental structure-function analysis, disease, tissue engineering,
and numerical modeling (Boerckel et al. 2014). The advantage of hard X-ray micro-CT is
the ability to study thick samples including small animals and bio-materials in cm thickness
ranges. The application of micro-CT to PEMFC materials has mostly been in charactering
gas diffusion layers (Mack et al. 2014). With the recent development of specialized X-ray
lenses, nanometer-scale X-ray computed tomography (nano-CT) with ˂50 nm resolution is
now available (Tkachuk et al. 2009). Nano-CT has been used for to measure 3D
distributions of solid agglomerates and pores in PEMFC cathode layers (Epting et al. 2012).

2.2 Electron tomography
Electron tomography extends the 2D imaging capabilities of Transmission Electron
Microscopy (TEM) to the third spatial dimension. Tomography using scanning
transmission electron microscopy (STEM) in the high-angle annular dark field (HAADF)
detection mode is a powerful 3D chemical-sensitive method (Haberfehlner et al. 2014). The
image contrast mechanism has atomic number sensitivity and STEM mode is not affected
by diffraction contrast. When combined with energy-filtered TEM (EFTEM), energydispersive X-ray spectroscopy (EDS) or electron energy-loss spectroscopy (EELS) (Yedra
et al. 2014), spectroscopic and element-sensitive tomography methods, true 4D imaging,
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Figure 2.1 Schematic illustration of different beam configuration of X-ray computed
tomography facility(Kyle and Ketcham 2015) (reproduced with permission from Elsevier)

has been demonstrated (Haberfehlner et al. 2014, Nan et al. 2011). Because of its high
spatial resolution (<0.1 nm), electron tomography is quite widely used in the study of
nanoparticle distributions in different catalyst support materials, including fuel cell
electrodes (Vivet et al. 2011, Grothausmann et al. 2011). Many studies of cathode catalyst
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layers of PEMFC have been reported (Yu et al. 2012, Ziegler et al. 2011). Recently, LopezHaro et. al. reported the 3D morphology of the PFSA thin layer surrounding the carbon
particles using electron tomography (Lopez-Haro et al. 2014). By staining the ionomer with
Cs+ ions, a 7 nm thick CS-ionomer was observed covering the surface of the carbon-support
particles (Fig. 2.2). However, electron tomography of soft materials without staining is very
difficult, especially for systems which are sensitive to radiation damage. PFSA is one of
those types of materials. Radiation damage to PFSA in cathodes has been identified as a
major challenge in applying analytical electron microscopy to PEMFC cathodes (Porat et al.
1995, He et al. 2014, Cullen et al. 2014).

Figure 2.2 (a) Three representative orthoslices of the reconstruction of STEM tomography
of a PEMFC cathode; (b) 3D-rendered volume: the blue and grey regions correspond to the
Cs+-stained ionomer and to the carbon support, respectively (Lopez-Haro et al. 2014)
(reproduced with permission from Springer Nature)

2.3

Scanning Transmisson X-ray Microscopy (STXM) Tomography
STXM has been demonstrated to be a useful tool for studies of cathode catalyst

layer of PEMFC (Susac et al. 2013). Over the last few years, our group has been working to
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extend the 2D and 3D cathode catalyst research to 4D. In 2012, STXM

spectro-

tomography was applied to two types of pristine catalyst coated membranes (CCM) at the
C 1s and F 1s edge (Berejnov et al. 2013). Focused ion beam (FIB) and conventional
microtoming were used to prepare samples of the same catalyst coated membrane (CCM).
The study found a very different amount of fluorine in the two samples, because of sample
damage in the sample preparation by FIB (Bassim et al. 2012), ( Melo et al. 2014). Fig. 2.3
shows 3D chemical maps of the FIB sample. The red volume is the carbon-support network,
which is reconstructed from the difference of optical density images at 285 and 278 eV,
while the blue is the radiation damaged PFSA polymer, which is reconstructed from the
difference of the optical density image at 296 eV and the carbon support chemical map. The
two volumes are visualized in surface rendering using different threshold values. The
quantitative thickness of the F component is only 1-2 nm while that of the carbon-support is
~90 nm. The F signal is much too low, which was identified as ion beam damage from the
FIB procedure (Berejnov et al. 2013, Melo 2014 et al.). For the microtomed sample, the
total fluorine thickness is 15-20 nm, and the carbon thickness is 190-230 nm. This study
(Berejnov et al. 2013) indicates that STXM spectro-tomography, combined with
microtoming sample preparation, is suitable for PEMFC cathode catalyst 3D imaging, but
FIB preparation is not suitable. Radiation damage still exists in STXM (Wang et al. 2009a),
and is especially problematic for STXM tomography of PFSA. Overcoming this challenge
is a major outcome of my thesis research.
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2µm

Figure 2.3 3D chemical maps in 0°, 30°, 60°, 90° degree projections extracted from
reconstructed volume with different threshold. The red signal represents the carbon support
(OD285-OD278) and the blue one shows the ionomer (OD296 - (OD285-OD278)) (Berejnov et al.
2013). (reproduced with permission from ECS Transactions) 50(2): 361-368. Copyright 2013,
The Electrochemical Society)

2.4

Ptychographic X-ray computed tomography
Ptychography is a type of coherent diffractive imaging (CDI) which provides

quantitative phase and amplitude information about the sample and the illumination. Its
spatial resolution is not limited by the limitations of the probe forming optics (Rodenburg
2008, Dierolf et al. 2010), and has the potential to achieve diffraction limited resolution
( Edo et al. 2013, Miao et al. 2015) which is given by the Raleigh diffraction limit of the Xrays used, which is / (2*NA), where  is the X-ray wavelength, and NA is the numerical
aperture. NA = n*sin, where n is the diffraction order, and  is the convergent angle of the
incident X-rays. The image is reconstructed from coherent scattering patterns, which are
generated in a series of overlapping exposures (Rodenburg et al. 2007, Thibault et al. 2009,
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Thibault et al. 2014). The overlap of adjacent sampled areas provides a major constraint to
the iterative reconstruction algorithm which converges much faster and more reliably than
other CDI methods (Bunk et al. 2008). Ptychography developed over a decade ago in the
hard X-ray regime, where high sensitivity X-ray cameras are readily available, diffraction is
stronger, wavelength is very short, and high penetration depths facilitate ease of
implementation (Takahashi et al. 2011). Ptychography in the soft X-ray is still under
development. The first soft X-ray ptychography paper imaged a fossil diatom at 517 eV in
the “water window” (Giewekemeyer et al. 2010). Soft X-ray ptychographic tomography
using phase contrast at a single wavelength has been reported (Venkatakrishnan et al. 2016).
The first soft X-ray spectro-ptychography measurement was reported in 2011 (Beckers et al.
2011). Recently, multi-energy, soft X-ray spectro-ptychography has been used to
characterize magnetotactic bacteria (Zhu et al. 2016), cement hydrates (Bae et al. 2015),
nanocatalysts (Wise et al. 2016), lithium battery systems (Yu et al. 2015) and fuel cell
membrane electrode assemblies ( Hitchcock et al. 2016, Putz et al. 2016). Ptychography
can be combined with tomography to produce high-resolution 3D nanostructure
characterization. Holler et al. recorded a series of 2D ptychographic images of a porous
Ta2O5 film sample at different tilt angles and achieved a 3D spatial resolution of 16 nm
using 0.2 nm wavelength X-rays (Holler et al. 2014). Yu et al. have recently reported the
first detailed, soft X-ray spectro-tomo-ptychography study in which the 3D chemical
structure of LixFePO4 battery electrode material was measured at the Fe L-edge, as a
function of the charge/discharge state (Yu et al. 2017).
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Figure 2.4 Schematic of ptychography. A 60 nm coherent soft X-ray spot, focused by
zone plate, is scanned over the sample in 40 nm increments. (Shapiro et al., 2014)
(reproduced with permission from Springer Nature)

Ptychographic X-ray microscopy and tomography is well developed in the hard Xray region (Dierolf et al. 2010, Esmaeili et al. 2013), while ptychographic soft X-ray
imaging tomography is being developed at the ALS (5.3.2.1,11.0.2) and CLS (10ID1)
(Hitchcock 2015). As part of this thesis, soft X-ray spectro-ptycho-tomography was
performed using the Nanosurveyor I instrument at ALS bend magnet beamline 5.3.2.1.
Recently the ALS COherent Scattering and MICroscopy (COSMIC) undulator beam line
has completed commissioning. It is equipped with Nanosurveyor I and Nanosurveyor II
ptychography endstations.
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Laminography
Laminography is an alternative to tomography, which overcomes the problem of

strong absorption by the sample at high tilt angles. For laminography, the rotational axis of
a planar sample, is at an angle with respect to the optical axis of the x-ray beam (Fig. 2.5
(a)). Computed laminography (CL), has been developed specifically for imaging flat
samples (Helfen et al. 2005). In CL, each projection has the same transmission depth, while
in CT the path length increase with increasing tilt angle, so that, at some point, the
absorption becomes saturated. For STXM samples with fixed OD of ~ 1 at normal
incidence, this occurs at 60° - 70°. This results in a wedge of missing data at high angles
where projection images are not meaningful due to strong absorption. A missing wedge still
exists in CL (Fig. 2.5(b)), but the missing information distribution is different and the
excluded region is much smaller (Xu et al. 2012a). The technique has already been applied
using hard X-ray synchrotron radiation (Helfen et al. 2005) and neutron imaging
(Salvemini et al. 2015). Synchrotron radiation CT and CL of a wire-bonded integrated
circuit have been compared (Helfen et al. 2011). The scanning range for CT was ±60°,
while for CL, the full 0-360° range was sampled with a 60° tilt angle of the rotation axis
relative to the X-ray optical axis. The reconstructed CL data showed better quality than CT
due to more isotropic scanning around the through-plane direction of the specimen. High
resolution CL has been used to perform 3D imaging of microsystem devices and to study
the microstructure of materials (Helfen et al. 2011).
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Figure 2.5 (a) CL and CT scanning geometries for the parallel-beam case. CT
presents the tomographic rotation axis and CL is the laminographic rotation axis. The
specimen coordinate frame (x’, y’, z’) is defined with (x’, y’) spanning the in-plane
direction and z’ being parallel to the specimen surface normal. (b,c) missing wedges in
CL and CT, respectively, for the missing-information angle  = 30°. (Reproduced
with permission from (Xu et al. 2012a) The Optical Society)

Recently, 3D laminography based on Pt L3 X-ray absorption fine structure (XAFS)
was used to study PEMFC cathode catalyst layers under operational conditions (Saida et al.
2012). The distribution of Pt catalysts was observed and quantified from the difference in
the intensity of X-ray absorption at 11.572 keV and 11.496 keV. Because of the inclination
of the rotational axis, in the laminography reconstruction, a different spatial resolution was
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achieved depending on the direction of the reconstructed three-dimensional image: the
spatial resolution in the reconstructed X–Y plane was 1.5 µm, while the spatial resolution
in the depth (Z) direction was about 5 µm.

2.6

Cryo electron tomography (Cryo-ET)
Cryo electron tomography is based on cryo electron microscopy, which was

developed to reduce the impact of radiation damage for biological specimens (Murphy and
Jensen 2007). With rapid freezing techniques, biological materials can be imaged in a fully
hydrated, close-to-physiological state (Lučić et al. 2013). Cryo-ET have been applied to
different biological samples, such as thick intact cells at lower spatial resolution (Ortiz et al.
2010), and cellular fractions in higher spatial resolution (Medalia et al. 2002).

2.7

Cryo STXM tomography
Reduced radiation damage in cryo scanning transmission X-ray microscopy was

demonstrated by Maser et al. (Maser et al. 2000) in a soft X-ray cryo STXM developed by
the Jacobsen group at the National Synchrotron Light Source NSLS-I, beamline X1A.
Images from that study are reproduced in Fig. 2.6. A frozen hydrated specimen of 3T3
broblast with a thickness of up to 10 µm was measured at 100 K. The results demonstrated
that biological specimens do not suffer mass loss or morphological changes at radiation
doses up to about 1010 Gray when measured at 110 K. A tomography dataset measured at
24 angles and an energy of 516 eV was measured on mouse 3T3 fibroblasts on TEM grid.
The combination of cryo tomography and X-ray absorption spectroscopy by cryo-STXM
was also discussed (Wang et al. 2000), but 4D (STXM spectro-tomography) results were
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never published from the Stony Brook cryo-STXM at NSLS-I beamline XIA, which was
dismantled in 2014.

Figure 2.6 At a temperature of 110 K, an intense, 0.2 µm beam spot was left stationary on
several locations (noted with arrows) of the biological specimen for several minutes. The
image at left was acquired after 1010 Gray exposures at these spots, no discernible difference
was found compare to an initial image. The specimen was then slowly warmed up to room
temperature. The smaller image at right shows the same area as the black box region in the
left image after the specimen was slowly warmed up to room temperature. The heavily
dosed regions lost significant mass, presumably due to the reaction of radiation-produced
free radicals as the temperature approached room temperature. (Maser et al. 2000)
(reproduced with permission from John Wiley and Sons)

2.8

STXM and Near Edge X-ray Absorption Spectroscopy (NEXAFS)
The image contrast in Scanning Transmission X-ray microscopy (STXM) is based

on near-edge x-ray absorption fine structure (NEXAFS) (Stöhr 1992). Prior to availability
of synchrotron radiation X-ray absorption spectroscopy was described in terms
of absorption edges, which are the onsets of inner-shell ionization. With the development of
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synchrotron radiation and high performance soft X-ray beamlines, tunable X-rays can be
used to measure electronic excitation and ionization processes in which an inner-shell
electron is excited to unfilled molecular orbitals or conduction bands (see figure 2.7). It is
possible to identify the chemical species in materials and sometimes its phase (figure 2.7
(c)), from the fine details of the absorption spectrum at each edge.

Figure 2.7 (a) The near edge x-ray absorption fine structure (NEXAFS) arises from
electronic transitions of an inner shell electron to energy levels (orbitals in molecules,
bands in solids), (b) typical spectrum, (c) O1s spectra of gas, liquid and solid water.
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Figure 2.8 Schematic diagram of STXM.

A schematic diagram of STXM is shown in Figure 2.8. A Fresnel zone plate (ZP) is used to
focus monochromatic X-rays, and the focused first order light focused is selected by an
order sorting aperture (OSA). The size of the focal point (Δr) depends on the properties of
the zone plate (Δr ~ 1.22δr, where δr is the width of the outmost zone). At present the
typical STXM spot size is 30 nm, while the record published spatial resolution in soft X-ray
STXM is 10 nm (Chao et al. 2012). The focal length (f) depends on the ZP properties and
photon energy as follows:
（2.1）
where D is the zone plate diameter, δr is the outmost zone width, λ is the wavelength of the
incident light [E (eV) = hc/λ = 1,240/λ (nm)].
An image is generated by detecting the transmitted photons while a thin section of a
specimen is raster-scanned in (x,y) at the focus of the x-rays. The transmitted photons are
measured by a detector consisting of a phosphor converter of X-ray to visible light
converter and a high performance photomultiplier tube (PMT), operated in single photon
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counting mode. The X-ray absorption spectrum (XAS) is measured by recording the
transmitted signal as a function of photon energy. XAS can be measured at a point, along a
line, over an area, or through a volume. In the “stack” method (C. Jacobsen et al. 2000) ,
images are acquired at a sequence of closely spaced intervals in X-ray energy over a small
spatial region. The transmitted photon intensity is converted to optical density using
Lambert - Beer’s law:
OD = ln(I0/It)

(2.2)

Where I0 is the incident X-ray flux, and It is the flux transmitted through the sample. The
OD can be related to the sample density and thickness (Figure 2.9).
OD = µ(E)ρt

(2.3)

where µ(E) is the mass absorption coefficient at X-ray energy E, ρ is the density and t is the
sample thickness.
The mass absorption coefficient for a given material is an inherent characteristic. It can be
derived from measurements of the NEXAFS spectrum of the pure material. The OD
spectrum of 1 nm of pure material (OD1) is used for quantitative analysis. The OD is
proportional to sample thickness t. The optimum OD for a good quality spectrum is ~1. To
achieve this in the soft X-ray region (150-1500 eV), samples should be thin. For ρ~1 g/cm3
materials at the C 1s edge, the optimal thickness is 80-150 nm, although this varies with the
nature of the sample, its density, and the incident energy.
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Figure 2.9 The transmitted photon intensity It is related to the incident photon intensity
I0, mass absorption coefficient µ, the sample density ρ, and the sample thickness t.

2.9

Radiation damage and dose estimatation
For both electron microscopy and X-ray microscopy, radiation damage can be a

significant concern since it results in chemical modification (often of a reductive character)
and / or mass loss. The exact nature of the radiation damage will depend not only on the
elemental composition of the raw material but on its bonding, its physical state, and its
environment. Radiation damage of various organic and inorganic materials has been studied
for decades (Cosslett 1978, Glaeser and Taylor 1978, Egerton et al. 2004, Egerton 2013).
Polymers can be cross-linked or degraded, which will also change the physical properties of
these polymer (Egerton et al. 2004). The factors that affect radiation damage have also been
examined. The amount of radiation damage is proportional to the absorbed dose (dose is
absorbed energy/mass).
Soft X-ray spectromicroscopy is increasingly being applied to organic materials
(Kaznacheyev et al., 2002; Hitchcock et al., 2005; Ade & Hitchcock, 2008) and biological
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samples.(Dynes et al., 2006a, Dynes et al., 2006b). Using near edge X-ray absorption
spectroscopy (NEXAFS), the changes caused by radiation damage can be quantified.
Compared to electron energy loss spectroscopy in transmission electron microscopes
(TEM-EELS), for similar amounts of useful analytical information, it has been shown that
STXM-XAS is about 100-1000 times less damaging than TEM-EELS (Rightor et al. 1997,
Wang et al. 2009b) or TEM-EDX (Melo et al. 2017). For example, radiation damage of
polyethylene terephalate (PET) by soft X-rays and high energy electrons was examined by
(Wang et al., 2009b). Soft X-ray damage to PET was made by patterned exposure at 300
eV and at 531.6 eV for a series of exposure times. Electron beam damage was generated by
80 keV electrons and analysed by STXM. (Note, although not stated explicitly in Wang et
al (2009), efforts to measure the spectral changes as a function of exposure/dose by TEMEELS were not successful as 1 critical dose of damage was induced by the time the first
EELS spectrum was measured). The spectra of undamaged and damaged PET at the C 1s
and O 1s edges are shown in Fig. 2.10. It was found that the spectral changes were similar
for damage by electrons and X-rays, indicating the radiation chemistry is dominated by
secondary processes, not the primary event. The changes due to radiation damage are
plotted as a function of dose in Figure 2.11. The results show that electron beam damage
has a similar critical dose as X-ray radiation damage to PET. However, when compared to
the dose needed for analytically useful spectral information, X-rays achieve similar results
with ~100 times lower dose. Radiation damage calculations can be found in Chapter 5.
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Figure 2.10 NEXAFS spectra of undamaged and soft X-ray and electron beam damaged
PET. (a) C 1s edge and (b) O 1s edge. In each plot the solid thick line is the undamaged
spectrum, the thin solid line is the X-ray spectrum from a region damaged at 3 (C 1s) or
2 (O 1s) times the critical dose, and the thin dashed line is the electron beam damaged
spectrum from a region damaged at 2 times the critical dose. The insert shows an
expanded region of the C 1s spectra, illustrating there are significant changes in the
shape of the C 1s → π* peak (~285 eV) associated with Ph-COOR bond breaking.
(Wang et al., 2009b) (reproduced with permission from American Chemical Society)
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2µm

Figure 2.11 Plots of the normalized optical density as a function of radiation dose for
PET damaged at 284.8, 286.5, and 288.2 eV by exposure to (a) 300 eV X-rays; (b) 80
keV electrons (Wang et al., 2009b) (reproduced with permission from American
Chemical Society)

To record high resolution images and discover the true chemical distribution, the
measurements should be made with a dose significantly smaller than the critical radiation
dose (perhaps less than 20%). Glaeser et al. (1978) point out that at cyogeneic temperatures
(< 100 K) the rate for radiation damage to hydrated, large biomolecules, particularly
proteins can be reduced as much as 10-fold compared to the damage rate at room
temperature (Glaeser and Taylor 1978). Cryo-ET and cryo STXM tomography was
introduced in this chapter.

2.10 Tomography data analysis
Image alignment, conversion to OD, spectral analysis and chemical map generation
was done using aXis2000 (Hitchcock 2018, http://unicorn.mcmaster.ca/aXis2000.html).
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Mantis (Lerotic et al. 2014, http://spectromicroscopy.com/) was used for 3D reconstruction
using Simultaneous Iterative Reconstruction Technique (SIRT) and Compressed Sensing
(CS) algorithms. ImageJ can also be used for alignment and 3D reconstruction. Weighted
back projection (WBP), and SIRT reconstructions were carried out using TomoJ. The
principles of WBP and SIRT are shown in Figure 2.12 (Bilbao-Castro et al. 2006). For
WBP, the specimen mass is projected back into a reconstruction volume (backprojected).
For iterative reconstruction algorithms, the projection and backprojection calculation will
iterate n times to optimize the reconstruction results. For both WBP and SIRT, increasing
the # of tilt angles number will increase the reconstruction quality. A smaller angular range
or # of angles can give as good results by SIRT, as compared to a full data set analysed by
WBP ( Wu et al. 2017).
The principle of Compressed Sensing (CS) is presented in Fig. 2.13 (Shalaby et al.
2017). Schematic illustration of the compressed sensing tomographic reconstruction
procedure can be found in Fig. 4.1. A detailed comparison of the relative reconstruction
quality of CS, SIRT and WBP is presented in Chapter 4. The angle range effect for the
reconstruction quality has also been evaluated in Chapter 4. After reconstruction, the 3D
/4D volumes were rendered using Avizo in both volume based and surface based
procedures. The threshold of the imaging was set using auto Otsu thresholding (Otsu 1979).
Volume fraction, porosity, co-localization of components are calculated on surface base in
Avizo. Details for data analysis are described in Chapter 3.
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Figure 2.12 3D reconstruction algorithms. (a): WBP. (b): Iterative reconstruction
algorithms.

Figure 2.13 Compressed sensing model.
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Chapter 3
Experimental Methods

Chapter 3 describes in detail the materials used for this study, sample preparation, data
acquisition and data analysis procedures,

3.1

Materials and sample preparation

3.1.1 Polymer electrolyte membrane fuel cell samples
Several different fuel cell samples were supplied by our collaborators at the
Automotive Fuel Cell Co-operation Corporation (AFCC). Figure 3.1 shows a scanning
electron microscopy (SEM) image of a cross-section of a fuel cell membrane electrode
assembly (MEA). The MEA sample is a catalyst coated membrane (CCM), combined with
anode and cathode gas diffusion layers (GDL). The CCM consists of a proton conducting,
electrically insulating membrane with two catalyst impregnated electrodes, the anode and
the cathode, on each side of the membrane. Samples for STXM and ptychography were
prepared by Marcia West in the electron microscopy facility in the Department of
Pathology, McMaster University. The CCMs were cut into small rectangular pieces and
embedded in an amine epoxy resin (called TTE for short), prepared by mixing
trimethylolpropane triglycidyl ether and 4,4′-methylenebis(2-methylcyclohexylamine) in a
1:1 weight ratio and cured at 70 °C overnight (Li et al. 2009). The embedded samples were
microtomed using a DiATOME diamond knife at room temperature with a Leica Ultracut
UCT to provide sections with nominal thicknesses between 100 to 300 nm. The sections
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were transferred from the surface of a water bath to formvar coated 3 mm diameter Cu
TEM grids.
A PEMFC model sample, prepared by Dr. Viatcheslav Berejnov (AFCC) in
collaboration with Marcia Reid (McMaster), was used to evaluate 3D reconstruction and
the strength of ptychographic scattering signal from soft polymeric materials. The PEMFC
model system comprised two layers of polymer films. One layer is Pt decorated carbon
fibers embeded in TTE epoxy, the other layer is Teflon fibers embedded in TTE epoxy.
The two layers were microtomed individually and transferred to a formvar coated TEM
grid layer by layer. The two layers are positioned in a criss-cross fashion. The sample
contains both 2-layer and 1-layer regions, as shown in Figure 3.2.

Figure 3.1 Scanning electron microscope image of a polymer electrolyte membrane fuel cell
(PEMFC) membrane electrode assembly (Image supplied by Darija Susac, AFCC)
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Figure 3.2 Cartoon of structure of model sample used to evaluate the ability of STXM
tomography to measure 3D distributions and ptychographic to measure non-crystalline soft
matter with improved spatial resolution. The dashed boxes indicate the types of areas measured
for the data presented in chapter 5
3.1.2 Aerogel
Several different aerogel samples were supplied by Jon Lee from Lawrence
Livermore National Laboratory (LLNL). The alumina (Al2O3) aerogel samples are prepared
by a two step sol-gel process method. Following supercritical drying, the monolith aerogel
parts had a bulk density of ~0.04 g/cm3 versus ~4g/cm3 from bulk Al2O3. Coating of the
alumina aerogels with ZnO was achieved via atomic layer deposition (ALD) according to
established protocols (Poco et al. 2001, Biener et al. 2011a, Biener et al. 2013). The
alumina aerogels were exposed to 6 or 25 ALD cycles composed of ZnEt2 and H2O
precursor half-cycles in a warm wall reactor (wall and stage temperature of 110 °C). To
facilitate handling, the aerogels were kept in their molds during ALD coating. Long pump
(20 s), pulse (500 s at ~133 Pa), and nitrogen purge cycles (500 s) during each ALD halfcycle were used to promote uniform coating throughout the porous material. The aerogel
samples were prepared for STXM and ptychography measurement by two different
methods. First, the sample was crushed using a clean scalpel blade, then dispersed in
distilled water to get a low concentration dispersion of aerogel powder. A few L of the
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solution was dropped on a formvar coated TEM grid and air dried. After drying, a single
grid strip with the region of interest was excised using a single pair of a new, sharp scalpel.
The second aerogel sample preparation was focused ion beam (FIB) milling, carried out by
Travis Casagrande in the Canadian Centre for Electron Microscopy (CCEM). A 5 nm
carbon layer was deposited on a piece of the aerogel for thermal conduction. The sample
was FIB sectioned into a 20 µm  30 µm  30 µm cube as shown in Fig. 3.3, and then
mounted on the tip of a strip of TEM grid. The grid strip was then glued to a brass pin for
STXM tomography or to the sample support piece for ptychography, and mechanically
attached to the STXM or ptychography rotation system. The preparation of the aerogel for
laminography was similar, except the full 3 mm Cu grid was used. A formvar film was
placed on top to prevent the powder from being ejected from the formvar by electrostatics
(X-ray absorption charges samples positively).

5 µm

Figure 3.3 Scanning electron microscope (SEM) image of FIB sample of ZnO/Al2O3 aerogel
sample
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STXM Data acquisition and analysis
STXM records transmission signals in different modes. Point scan mode is used to

record the spectrum of one or multiple points. The line scan spectrum mode records a line
at a set of photon energies, resulting in a spectrum at each point along the line. For the
image mode one or more spatial regions are defined in the STXM control software using
either graphical or numerical inputs to define the center position and the size of each
rectangular region. The step size (distance in nm between adjacent pixels) determines the
spatial sampling of the image. If a single energy is selected then the images will only be
recorded at that energy. By setting a series of energies, a spectral image series, also called a
stack (Jacobsen et al. 2000), will be recorded (see Fig. 3.4). The data is recorded image by
image at the sequence of energies, rather than recording a full spectrum at each point (as is
done in EELS spectral imaging (Möbus et al. 2003, Kimoto et al. 2007). The spectrum at
each point or an arbitrary region in the image can be obtained using post-acquisition
analysis. The user defines the centre position, X, Y size, pixel spacing, photon energies and
a single per-pixel dwell time. For image mode acquisitions, the typical dwell/pixel is 1 ms,
although larger dwells are used if better statistical precision is required. The
STXM_Control software has provision for automatically adjusting the zone plate position
so as to use a controlled defocus of the spot size, which is very useful to reduce the
radiation damage, although at the expense of lowered spatial resolution.
Image stacks are aligned using either the ‘Zimba’ or ‘Jacobsen stack analyse’
Fourier cross-correlation methods which are implemented in aXis2000. The I0 must be
measured from a region without the components of interest, but with all other aspects,
including any sample support material. For the PEMFC MEA samples on a formvar
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support, the spectrum of a region of formvar is used for the I0. Having the I0 region in the
stack area is the best type of Io. The I0 is used to convert transmission images into optical
density (OD) images (see Eqn. 2.2), on either a single image basis or for a full stack.
Spectra can extracted from single component regions of an OD stack and used as reference
spectra to generate maps for each chemical component, using either the singular value
decomposition (SVD) ( Koprinarov et al. 2002, Hitchcock et al. 2005, Ade et al. 1992) or
stack fit methods implemented in aXis2000. The SVD algorithm, which is used in both
SVD and stack fit procedures, is an efficient matrix method equivalent to an optimized least
squares fit for cases where the data is highly over-sampled, as is always the case in STXM.
There are 104 – 105 spectra in a typical stack, but there is usually less than 6 statistically
significant components. For stack fit, there is a constant (energy independent) term, which
accounts for background in the spectra, which can arise when the Io is recorded at a
different time than the stack. In the SVD method, the energy independent term is not
included. If the intensity scales of the reference spectra are converted to an absolute
response (OD1, or OD per 1 nm thickness of the material at standard density) then the gray
scale of the resulting component maps gives absolute thickness in nm (Hitchcock 2012).
Sets of component maps can be combined into a color composite map to show the
relationships among the spatial distributions of the components. Only 3-component Red,
Green, Blue (RGB) composites are implemented in aXis2000, but a larger number of
components can be represented using other image processing packages such as PaintShop,
ImageJ etc.
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Figure 3.4 Outline of processing of a STXM stack process of an MEA cathode sample. The
image stack is measured in transmission mode by STXM; stack alignment in “Zimba” or
“Jacobsen”; convert to OD stack; generate component spectra; stack fit using reference spectra;
ROI mask; 3D chemical maps in color map
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STXM Tomography

3.3.1 Experimental set up

Figure 3.5 (a) The STXM tomography stage mounted in ALS STXM 5.3.2.2; (b) schematic
diagram of STXM tomography; (c) STXM tomography stage is composed of a stepper motor
attached to a STXM sample plate. The sample is glued to the tip of a 0.8 mm diameter brass
sample pin which is held in a chuck (taken from a mechanical pencil) attached to the motor shaft.
STXM tomography samples: (d) TEM grid strip; (e) Luxel wet sample pin; (f) pulled glass
capillary.
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The STXM angle-scan tomography rotation stage used in this thesis (Fig.3.5 (c))
was made by Dr. Martin Obst while he was at Tuebingen University. A rotation motor
(Faulhaber ADM0620, Faulhaber, Schoenaich, Germany) is used. The 0.8 mm wide sample
pin is inserted in a chuck from a mechanical pencil which is mounted on the motor shaft.
The orientation of the pin can be adjusted with tweezers under visual light microscopy
(VLM), and aligned to the rotation axis, which is perpendicular to the incident X-ray beam.
3.3.2 Sample preparation
There are various approaches for preparing samples for tomography. One is to
inject fluid samples into pulled glass capillaries or carbon nanopipettes (Kim et al. 2005,
Johansson et al. 2007) (fig.3.5 (f)). The diameter of the tip of the glass capillaries or carbon
nanopipettes can be thinned down to a few micrometers (glass) or a few hundred
nanometers (carbon nanopipettes), so these samples can be rotated over the full 360°, and
thus can be used to collect datasets without missing wedge artifacts. However it is not
possible to insert microtomed samples into glass capillaries or carbon nanopipettes.
Another method is to cut a single strip from a TEM grid, then mount the strip on the tip of
the brass rod (Fig.3.5 (d)). To avoid conflicts between the sample and the OSA during
tomography measurement, the strip has to be mounted in the middle of the brass pin, and
aligned to be co-linear with the axis of the brass pin. A needle frame “tomo-pin” from
Luxel (fig.3.5 (e)) in which the sample is enclosed by thin polyimide and formvar films,
allows studies of wet samples (Schmid et al. 2014, Schmid et al. 2016). The latter two
approaches were used in this project for flat film samples. For the TEM strip method, a
slice of a PEMFC MEA is cut by ultra-microtomy to a thickness of 100~300 nm (the ultramicrotomy is performed by Marcia Reid, Dept of Pathology, McMaster), and mounted on a
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3 mm TEM grid. The region of interest is identified by visible light microscopy (VLM).
Then the strip containing that region is carefully excised using a new scalpel blade. Fig. 3.6
shows the process of wet cell assembly. The MEA sample was mounted on the 1-sided
(bottom) polyimide film Luxel window by Marcia Reid, then a formvar film was added on
top, to form a sealed cell. A 1 mL syringe connected to a water filled glass micropipette is
used as a micro-injector. After injection, the top and bottom fill ports are sealed with epoxy.
Wet cell samples are stored in a humid box to reduce the chance of drying out before the
measurements can be made.

Figure 3.6 (a) The setup for injecting water to make a Luxel tomo wet cell (ALS 11.0.2). A 1
mL syringe connected to a glass micropipette is used as a micro-injector. (b) MEA sample is
mounted on the 1-side (bottom) polyimide film Luxel window, then a formvar film is added on
top, which forms a closed window. (c) The tip of the glass capillary should stick into the channel
of the Luxel pin to define the water path.

52

Ph.D. Thesis – Juan Wu
McMaster University – Material Science & Engineering

Chapter 3

3.3.3 Data acquisition
For STXM tomography on flat samples, due to limited penetration at high angles, the
maximum rotation angle measured was ~80°, and usually the angle range is limited to ±70°.
In order to minimize radiation damage and acquisition time, a 3o to 6o degree angle
increment was initially used for a total of 30~40 tilt angles. This is the minimum number
needed for meaningful reconstructions using the weighted back projection (WBP) or
simultaneous iterative reconstruction technique (SIRT) algorithms. As part of this thesis, I
worked with scientists in Paul Midgely’s group (Cambridge) and with Mirna Lerotic (2nd
Look consulting) to develop methods to apply a compressed sensing (CS) algorithm for
reconstruction of STXM tomography data sets (see chapter 4, Wu et al. 2017). Because the
CS reconstruction algorithm is more efficient and robust relative to missing wedge artefacts,
8o to 10o degree angle increments can be used, for a total of only 14-16 tilt angles, which
was a key factor in developing approaches allowing tomography of PEMFC MEAs with
minimal radiation damage. Energy stacks (4 or more energies) or stack maps (2 or 3
energies) are measured at each tilt angle. Since the energy scales of synchrotron beamlines
are often out-of-calibration by 0.5-2 eV, a full spectroscopy stack is first measured and
analysed to determine the correct energies. The stack is taken in a similar, or sometimes the
same, region as the tomography area, and 20-60 images are measured at closely spaced
energy intervals to get good spectra. When the tomography area is measured with full stack
spectroscopy (see chapter 5, Wu et al. 2018), the X-ray beam is defocused to 100-200 nm
and a step size equal to the spot size is used so as to minimize radiation damage.
Many energy (20-30) spectra are obtained in full stack tomography (e.g. acrylate-filled
PS microspheres in a CNT nanopippette, presented in chapter 4, (Wu et al. 2017). In the
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stack map tomography approach, images are acquired at a chemically specific peak energy
and an energy below the onset of the inner shell absorption edge is used for each species of
interest. For analysis of PFSA in PEMFC cathodes, 278 / 285.3 eV for C-support (for
PEMFC embedded in TTE resin) and 684/ 694 eV or 684/ 704 eV were used.

Figure 3.7 Optical images of TEM grid strip sample rotation

For the ambient STXM, VLM has been used to align the sample to minimize the
wobble of the sample rotation. The rotation of the sample can be observed under VLM (Fig.
3.7), the region of interest of the sample can be adjusted to be close to the eucentric center
by using tweezers to carefully bend the grid strip while it is attached to the brass tomo pin.
Since there is no eucentric adjustment system for the ambient STXM tomography set-up,
after each step of rotation, the (x,z) position of the sample will change and has to be found
manually. A predictor excel sheet was used to predict the trajectory of the rotation. To
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calibrate the (x,z) prediction spreadsheet, the coordinates of a fiducial point are recorded at
3 widely spaced tilted angles (-50, 0, +50), and then equations for an ellipse in 3D are used
to predict the intermediary positions. Figure 3.8 plots the difference between the predicted
and measured (x.z) positions (NB the y-axis is along the rotation axis and there is very little
change in its value with tilt angle). The predicted positions match the measured positions
quite well, with a standard deviation in x of ±6 m, and in z of ±4m. In order to obtain an
accurate prediction, the 3 pre-known points have to be dispersed. Errors in the actual angle
of the 3 selected points will decrease the accuracy of the prediction. In principle the
prediction can reduce the measurement time for finding the sample after changing the tilt
angle. In practice, because the numerical scales are changed each time STXM_control is
stopped and re-started, and since software crashes happen a few times in each 8-16 hour
tomo measurement, it usually turned out to be easier to ‘chase’ the displaced sample. In
general, the practical protocol of tomography measurement is as follows:
1. Change to the next tilt angle using the stepper motor controller;
2. Find the region of interest;
3. Frame by imaging the tomography region trying to centre on the rotation axis;
4. Focus to the middle of the tomography region;
5. Check by doing an undersampled scan to check the position and the focus;
6. Run the multi energy stack with full pixels at this tilt angle.
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Figure 3.8 (a) Comparison between predicted and measured X and Z positions of a fiducial
point in a STXM tomography measurement. (b) Difference in X, (c) Difference in Z.

3.3.4 Data analysis procedures
Figure 3.9 outlines the workflow for analysis of STXM tomography and spectrotomography data. The initial steps of analysing STXM spectrotomography data are carried
out in aXis2000 (Hitchcock 2018). The stack map images at each tilt angle are aligned and
converted to OD using a suitable Io signal. In some cases, such as the FIB aerogel sample
(Chapter 6), a suitable Io region existed in the region measured. If not, the Io was acquired
before and after (and often in the middle) of the tomography measurements by measuring a
point spectrum on a suitable no-sample area, such as the formvar support, in the case of
grid strip measurements of MEAs supported on formvar. Chemical maps at each angle are
obtained from the difference of the ON (typically a peak energy, but sometimes a
continuum energy) OD image and OFF (pre-edge energy) OD image. If a full stack is
measured at each tilt angle, each energy stack is aligned, converted to OD, and fit to
suitable reference spectra to obtain a set of chemical component maps at each tilt angle. In
some cases OD difference maps would be converted to absolute thickness (h) using ∆OD1
values from suitable OD1 reference spectra, where h = ∆OD/ ∆OD1. Angle stacks

56

Ph.D. Thesis – Juan Wu
McMaster University – Material Science & Engineering

Chapter 3

consisting of chemical maps generated at every angle for each component are then
assembled using a stack list of the file names. The usual energy axis in a stack is replaced
with the values of the tilt angle of each image. This angle stack is then aligned in aXis2000
using the ‘Zimba’ or ‘Jacobsen stack analyse’ Fourier cross-correlation methods. Usually
this must be followed by an additional manual alignment in aXis2000, which lets the user
identify the position of the same fiducial point in the image / map at each tilt angle.
aXis2000 is then used to convert the (*.ncb) format angle stack to a (*.mrc) file. 3D
reconstruction software, such as Imod, TomoJ or Mantis, is then used for final alignment
and reconstruction. Imod (as implemented in the ImodJ plug-in in ImageJ) uses alignment
by a robust fitting method, which gives lower or no weight to points with high deviations
from the fit (residual error). Standard reconstruction algorithms such as Weighted Back
Projection (BWP) and Simultaneous Iterative Reconstruction Technique (SIRT) as
implemented in the ImodJ and TomoJ plug-ins to ImageJ are used to reconstruct a 3D
model of the volume from the optimally aligned image or chemical map tilt series.
Generally, in order to get high quality of 3D reconstruction results, 30-40 tilted images are
needed if SIRT is used, and many more (90-180) for high quality results using BWP. The
largest number of tilt angles measured in my STXM tomography studies was 36 (see Table
3.1 for a listing of ALL my data sets).
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Table 3.1 Summary of tomography data sets measured for this thesis
Date

measurement

energies

angles

684eV/694eV

-70° - +65°/10°
-60° - +20°
/10°

17/05

cryo-STXM MEA 11
GDE
cryo-STXM MEA 11
GDE
ambient STXM FIB
aerogel tomo

16/11

MEA A tomo

16/10
16/08

MEA A 3sets tomo
MEA
11
GDE
tomography

16/06

aerogel tomo

684eV/704eV
450eV/462.5eV/
520eV
/528.9eV/530.4e
V/550eV

16/02

MEA A tomography/2
sets
MEA 2 sets tomo
@CLS

278eV/285.4eV
684eV/694eV
278eV/285.4eV
684eV/694eV

15/07

MEA 3 sets tomo

15/07

MEA A wet tomo

684eV/693eV
528eV/531.1eV/
535.4eV
684eV/694eV

15/04

MEA 3 sets tomo

14/10

MEA wet tomo

14/08

MTB wet cell tomo

17/06
17/05

16/03

14/05

AFCC 2-layer tomo

14/04

MEA tomo

13/12

AFCC-2layer-tomo

680eV/710eV
1015eV/1055eV
1555eV/571eV
280eV/285.2eV
684eV/704eV

684eV/705eV

684eV/693.2eV
278eV/284.5eV/
285.2eV
684eV/694eV
528eV539.1eV/6 points
278eV/285.2eV
684eV/694eV
278eV/285.2eV
684eV/694eV
278eV/285.2eV
684eV/694eV

0° - +180°/10°

-63° - +63°/9°
-66° - +60°/9°
-69° - +57°/9°
-72° - +54°/9°
-63° - +57°/9°
-66° - +54°/9°

-65° - +70°/5°

-64° - +64°/8°
-60° - +60°/8°
-66° - +60°/9°
-63° - +63°/9°
-60° - +66°/9°

-60° - +60°/6°
-66° - +60°/9°
-63° - +63°/9°
-60° - +66°/9°

-72° - +68°/4°

unicorn/data/xrm
/CLS-cryoSTXM/2017/1706/06-08/0tomo
/CLS-cryoSTXM/2017/17-05
/stxm-cls/2017/1705/FIB-TOMO
/stxm5322/2016/1611/tomographyanalysis
/stxm5322/2016/1610/tomographyanalysis
/stxm-cls/2016/1608/2016-aug-tomo

/stxm5322/2016/1606a/aerogel-tomo
/stxm-cls/2016/1603/2nd-tomo-set&16Feb1102
/stxm-11/2016/1602/tomo-analysis

-72° - +72°/4°
-60° - 0°

√ CS
√ CS
√ CS
√ CS
√ CS
√ CS

√ CS
√ CS
√ CS

/stxm-11/2015/1507/tomo-analysis

√ CS

/stxm5322/2015/1507/wet-tomo

√ CS

/stxm5322/2015/1504/tomo-analysis

√ CS

/stxm5322/2014/1410/tomo-analysis

√SIRT
√SIRT

-60° - +44°/4°
-72° - +72°/4°

reconstruction
results/method

/stxm-cls/2014/1405/AFCC-2-layer
/stxm5322/2014/1404/tomo-analysis
/stxm5322/2013/1312/2-layer-tomo

√SIRT
√SIRT
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Figure 3.9 STXM tomography data acquisition and analysis workflow
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Figure 3.10 Flow diagram of 4D data analysis process in aXis2000.
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Figure 3.11 Flow diagram of 4D data analysis process using Mantis python code
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3.3.5 Data analysis procedures using Mantis
Another method of 4D data analysis was developed in collaboration with Mirna
Lerotic (2nd look consulting). Flow diagrams of the 4D tomography analysis procedure are
shown in Fig. 3.10 and Fig. 3.11. Alignment, OD conversion and chemical analysis are
done in aXis2000 (Fig. 3.10). Two reconstruction paths are available in the Mantis python
code (Fig. 3.11). These procedures are available in the Mantis spectromicroscopy data
analysis

package

(source

and

executable

files

are

available

for

free

at

http://spectromicroscopy.com/) (Lerotic et al. 2014). In one of the two approaches it is
possible for the user to generate a segmented set of voxel locations, and then work
backward through the data analysis so as to generate the NEXAFS spectrum of that set of
selected voxels. To my knowledge this is the first example of true 4D voxel spectrum data
analysis. This is very powerful since it allows the user to verify the 3D chemical analysis
which is based on quality of match between the voxel spectrum and the linear combination
of reference spectra that were used to fit, and thus generate the 3D reconstructed chemical
maps. This function is available in Mantis 2.3.03 and later versions. The Mantis
tomography GUI window is shown in Fig 3.12. To enable extraction of voxel specta, the
3D reconstruction for each energy has to be calculated first. One changes the slider bar at
the top of the xy view of the 3D reconstruction to scan through the reconstruction results
for all energies. The left slider bar scans the xy view through the z direction. The ‘select
ROI’, allows selection of lower and upper voxel values to select a specific region of the 3D
volume, At the end of this selection process the spectrum of the 3D volume ROI is
extracted and can be saved to a file. 3D ROI files generated from other programs (TomoJ,
Chimera, Aviso etc) can be read to identify the voxel set of interest. It is noteworthy that
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the 3D voxel set does not have to be continuous. Its properties are defined by the voxel
intnesity values in Mantis, and can be defined in many other ways in other software
packages such as Avizo.

Figure 3.12 Mantis tomography GUI window

Figure 3.13 shows an example of this type of 4D analysis in the case of a polymer
microsphere sample (Hitchcock et al. 2008) which consists of an aqueous suspension of
0.8 µm diameter polymer particles enclosed in a carbon nanopipette. The microspheres
inside the nanopipette consisted of

a dilute linear polyacrylate (PA) water solution
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enclosed in a hollow polystyrene (PS) shell. The 3D rendering image is from the
reconstruction result at 292.0 eV and shows 3 volumes in black, light blue and red. The
spectra of these 3 different volumes of the reconstruction are displayed at the right side of
Fig. 3.13. For more detail please see Chapter 4.
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Figure 3.13 4D analysis of the polymer microsphere in carbon nanopipette sample.
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Chimera ( University of California, San Francisco, UCSF ) (Pettersen et al. 2004) and
Avizo (Thermo Fischer) (Westenberger 2008)

are used for

volume rendering and

segmentation. (Fig. 3.7)

3.4

STXM Laminography

3.4.1 Experimental apparatus

Figure 3.14 (a) STXM Laminography schematic diagram, (b) Laminography stage mounting in
the CLS ambient STXM.
A schematic of the set-up used for laminography was shown in Chapter 2, Figure 2.5.
For STXM laminography, the sample plate holder is tilted by up to 30° degrees. A 2-stage
stepper motor (MicroMo ARSAPE model AM1020-A-0,25-8) is used for azimuthal
rotation in the STXM laminography stage. A pair of bevel wheels changes the rotation axis
from vertical to horizontal. The previous azimuthal rotator system developed for linear
dichroism studies (Hernández-Cruz, et al. 2007) has a cylindrical hole to let the X-ray beam
to pass through. With a ~30o tilted geometry, most of the beam will be blocked by the
inside wall of the cylindrical hole. To solve this problem, the cylindrical hole was changed
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to a cone shaped hole in the middle of the rotation brass piece which allowed most of the
X-ray beam to pass through to the detector, even at 40o. A raised boss was included to
ensure the sample can approach very close to the OSA without collision with the sides of
the laminography rotation system. The edge of the boss was designed to avoid conflict
between the rotator and the zone plate holder. A computer aided design (CAD) rendered
image of the modified laminography sample rotator is shown in Fig. 3.15 Samples mounted
on 3 mm TEM grid are used.

Figure 3.15 3D rendering from CAD images of modified Laminography sample holder

3.4.2 Sample preparation
In laminography the sample is rotated by 360o about an axis tilted relative to the X-ray
axis by (typically in this work) 30o. When the sample is rotated azimuthally the X-ray spot
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traces an elliptical trajectory in the xy plane of the sample as shown in Fig. 3.16. If the
region of interest (ROI) of the sample is close to the axis of rotation (typically close to the
center of the TEM grid) the offset between subsequent azimuthal rotation angles is smaller.
Choosing an ROI near the rotation axis will also decrease the possibility of collision
between sample holder and detector. After modification, the total thickness of the sample
rotator is about 4.3 mm. Although the cone design of the sample mounting hole has been
used, the detector has to be moved backward by 1 to 2 mm. If the ROI of the sample is far
from the rotation center, then the tip of detector will be close to the wall of the conical hole
of the sample rotator. Furthermore, in this situation, the movement of the sample while
searching for the ROI after each change in azimuthal angle will be larger, which can lead to
collisions. When preparing samples for laminography it is best to place the ROI as close to
the center of the TEM grid as possible. Also during sample mounting, the sample ROI can
be adjusted to be at the rotation center by displacing the TEM grid from the centre position.
3.4.3 Data acquisition
As opposed to tomography, the thickness of the sample does not change during
laminography and the sample can be rotated freely from 0° to 360°. In order to reduce
radiation exposure and measurement time, a 10° increment is usually used, resulting in
measurements at 37 azimuthal angles. The prediction excel sheet can also be used to predict
new co-ordinates of ROI for laminography measurement. Figure 3.16 shows the 3D
trajectory of a laminography measurement, in which the measured position is in red and the
predicted position is in blue. The 0o, 60o and 120o coordinates were used for the prediction.
As in STXM tomography measure-ments, full energy stacks are measured and analysed
first to determine the exact energies. Pre-edge and peak/post edge energies were then
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selected for laminography angular stack map measurements. For the PEMFC MEA samples,
278 eV and 285.3 eV (if TTE resin was used to embed) or 284.3 eV (if PS sandwich was
used) were used for carbon-support and 684 eV and 694 eV (or 704 eV) were used for the
ionomer for 4 energy laminography measurements. For the ZnO/Al2O3 aerogel sample,
1015 eV and 1055 eV were used to map the ZnO at the Zn 2p edge, while 1555 eV and
1571 eV were used to map the Al2O3 at the Al 1s edge. The chemical maps were generated
by converting transmission images to OD, aligning them, then subtracting the pre edge
signal from the peak/post edge signal. Alignment of the angle stacks was done in aXis2000
manually.
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Figure 3.16 Comparison between predicted results and measured results laminography
measurement
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Data analysis

The code for laminography reconstruction was developed by Mirna Lerotic (2nd Look
Consulting) with help from Lukas Helfen (ESRF). The WBP algorithm has been used,
which requires more tilt angle images (hundreds ideally) for the reconstruction. In the
current STXM measurement condition, we usually measure about 36 images with 10°
increment. The compressed sensing algorithm needs to be adapted to laminography and
used to allow reasonable reconstructions with very few laminography angles. That code is
still under development.

3.5 Ptychography for Imaging, Spectroscopy and Tomography
3.5.1 Experimental apparatus
Ptychographic measurements were carried out using the Nanosurveyor I instrument
(Shapiro et al. 2016, David et al. 2017) mounted on the 5.3.2.1 bending magnet beamline at
the ALS. Some measurements were also performed using the STXM on beamline 1102 at
the ALS, modified for ptychography. Fig. 3.17a is a cartoon of the Nanosurveyor-I
instrument while Fig.3.17b is a CAD rendered image of the system. In order to record the
coherent scattered signal, the bright field STXM detector is replaced with a custom-built
fast-frame rate charge-coupled device (CCD) (Denes et al. 2009) which can transfer a
megapixel image in ~10 ms. The sample can be positioned or raster scanned using a stepper
motor stage for coarse positioning and a piezo-electric stage for fine positioning. Both zone
plate and sample stages can be fine scanned, with ZP scanning used for ptychography
measurements. A phosphor photomultiplier tube (PMT) detector is also incorporated,
mounted at a 45o angle from the inboard side, which can be advanced for conventional
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STXM measurements, or retracted for ptychography measurements. The design has
decreased the mass around the sample, which has increased stability and minimized
vibrations during scanning. The OSA is stationary, which limits the fine scan region to 20
m× 20 m. Another core component is the laser interferometry feedback system which is
important to achieve long term stability and precise positioning (Denes et al. 2009). In prior
interferometer controlled STXMs such as ALS 5.3.22 (Kilcoyne et al. 2003), and CLS
aSTXM (Kaznatcheev et al. 2007) an Agilent interferometer is used with 2 nm position
measurement which achieves stabilizations of 5-10 nm up to 100 Hz. Nanosurveyor I uses a
Renishaw interferometer system with 0.2 nm position measurement precision. It achieves
stabilizations of 2 - 4 nm up to 100 Hz. Since the goal of soft X-ray ptychography is to
achieve spatial resolution at the wavelength diffraction limit (λ/2NA or ~4 nm at the C 1s
edge, ~2 nm at F 1s edge, ~0.8 nm at the Si 1s edge), the stability of the relative positioning
of the sample and the ZP focusing optic must be much better than this spatial resolution
target. A SmarAct rotation stage underneath a 2-axis piezo sample stage for eucentric
positioning is used for tomography measurements. A combination of coarse positioning and
fine positioning systems is used to position the sample ROI at the eucentric center of the
tomography rotator, where the rotation axis intersects with focused X-ray beam. With care,
less than 3 m wobble can be achieved, which allows fully automated tomography
measurements above 500 eV where the depth of focus is >5 m. For multi-energy spectrotomography measurements, the eucentric adjustment system did not work well enough to
allow for automatic multi-tilt angle measurements. Thus manual tilt angle changes,
followed by framing and refocusing on the ROI was still needed to remove the wobble
before each tilt angle in spectro-ptychography tomography measurements.
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Figure 3.17 Schematic of ptychography. (b) computer aided drawing (CAD) rendering of the
Nanosurveyor-I Instrument. (David et al. 2017)

Figure 3.18 Ptychography sample stage. (left) 2 SiNx windows or 2 TEM grids can be mounted.
(right) grid strip mounted for tomography.

3.5.2 Sample mounting
The ptychography sample stage is shown in Fig. 3.18. The regular ptychography
sample stage is on the left, with two silicon nitride (SiNx) windows (Norcada Inc., Canada)
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mounted. For tomography measurement, the two sides of the sample holder are removed,
then the single strip of TEM grid with sample is mounted in the middle of the sample
holder as shown in Fig. 3. 18(b).
3.5.3 Data acquisition and data analysis
The zone plates used for ptychography have larger outer zone radius (either 70 or
100 nm) than those used for conventional STXM (20 - 35 nm), in order to have a larger Xray spot size and thus achieve a larger measurement area with a given number of pixels and
thus beamtime. This does reduce spatial resolution somewhat relative to what would be
achieved with a finer ZP. Typically ptychography achieves a factor of 10-15 improvement
in spatial resolution relative to the spot size used. In ptychography measurements in March
2018 with Nanosurveyor I on the COSMIC beamline at ALS, 40 nm outer zone zone plates
are being used and spatial resolutions of 5 nm have been achieved (Shapiro, private
communication).
Fig. 3.19 shows an example of a coherent diffraction pattern detected by the CCD
camera when a 720 eV X-ray beam is passing through a PEMFC cathode. A set of such
diffraction patterns are recorded for an array of overlapping points on the sample.
Overlapping factors of at least 40% are used. Since each image is 1 Mpixel, a single 50 x
50 point ptychography data set is about 2.5 Gb in size. Multi-dimensional data – 3D energy
stacks, or 4D ptycho-spectro-tomography data sets - are many 100s of Gb in size. The
ptychography data corresponding to a single real space image is processed at the ALS using
the SHARP software (CaMERA, Marchesini et al. 2017), accessed via a python script (see
Fig. 3.20). The reconstructed data for each image are saved as separate TIFF files for
modulus, phase, stxm, complex and intensity images.
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Figure 3.21 displays the output of the reconstruction of the ptychographic data for a
single image for a region of a PEMFC cathode measured at 720 eV. Figure 3.21a is the
modulus (amplitude) image, Fig.3.15b is the phase image, Fig.3.15c is the STXM image
derived from the ptychography. Fig.3.21d, and Fig.3.21e are absorption and phase images
of the amplitude and phase after correction for Io. Fig.3.21f is the I0 corrected STXM
image. For ptychography tomography measurements, 15 tilt angles with 9° or 10°
increment from ~-65° to ~+65° were measured. The dwell time used for each coherent
diffraction image was 100 ms. Attempts to reduce the dwell below 100 ms when using
Nanosurveyor I on 5.3.2.1 gave poor quality results, probably because of the limited
coherent flux on this bend magnet beamline. (Dwells of 40 ms are giving excellent results
with Nanosurveyor I on COSMIC (Shapiro, private comm-unication)). After reconstruction,
the chemical map for each component at each tilt angle was generated by subtracting the
pre-edge from the peak energy ptychography absorption image. Angular stacks of the
chemical maps were then aligned using aXis2000, and that set of tilt angle data was then
reconstructed in Mantis using the compressed sensing (CS) method (Wu et al. 2017).

Figure 3.19 Diffraction pattern with 720 eV X-rays passing through the cathode.
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Figure 3.20 Ptychography processing interface (python script written by David Shapiro).

Figure 3.21 Ptychographic reconstructed data measured at 720 eV of a region consisting of the
membrane and part of the cathode of a PEMFC. (a) modulus (amplitude) image, (b) phase
image, (c) stxm image, (d) (Io-corrected amplitude) absorption and (e) Io-corrected phase
image (f) I0-corrected stxm image (5.3.2.1 run of May 2016, data set 2016-05-20-021)

3.6 Cryo STXM and cryo spectrotomography at CLS
As part of a major CFI-funded upgrade to the spectromicroscopy facility at CLS, a
new STXM with cryo-tomography capability was designed, fabricated and assembled
74

Ph.D. Thesis – Juan Wu
McMaster University – Material Science & Engineering

Chapter 3

(2013-2015) (Leontowich et al 2018). It was installed in June 2015, and completed its
commissioning in March 2018. Figure 3.22 shows exterior and interior views of the cryoSTXM at the CLS ID10.1 beamline. A Gatan 630 cryo-transfer holder, mounted on a JEOL
compustage is used as the cryo sample holder. A sample temperature of -180oC (93 K) is
achieved when the sample is under good vacuum (< 1 x 10-9 torr) and the sample cryo-pot
is filled with liquid nitrogen. The cryo sample holder can be tilted from -70° to +70°. A
long working distance camera is used for visual adjustment of the sample with the X-ray
microscope. In addition a blue laser can be directed co-axial with the X-ray beam to
facilitate sample alignment and to test the instrument when there is no X-ray beam. This is
only the second cryo-STXM in the world. The first was built by the Jacobsen group (Maser
et al. 2000, Wang et al. 2000, Osanna et al. 2001, Beetz 2003) and used at beamline X1A at
NSLS-I from ~2000 – 2010. I took part in the first cryo-tomography measurement with the
CLS cryo-STXM in May 2017.

Figure 3.22 (a) Outside (b) inside images of the ptychography tank
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3.6.1 Sample preparation
Gatan high tilt, ‘flyswatter’ sample grids (Gatan, Inc.) were used to mount samples,
as shown in Fig. 3.23a. Figure 3.23b shows a magnified view of the sample grid with
microtomed sections of a PEMFC MEA sample visible. The sample strip is positioned to be
parallel to the grid bar, so the whole cathode will keep in the center of the image at all
rotation angles. Note that the rotation axis is the x-axis (horizontal) in c-STXM whereas
STXM tomography and ptycho-tomography are performed with rotation about the z-axis
(vertical).

Figure 3.23 Gatan ‘flyswatter’ sample grid. There are supplied bare and a layer of formvar
was added prior to mounting microtomed MEA samples. (a) Full grid, (b) expand tip shown
an MEA sample on formvar
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3.6.2 Data acquisition and analysis
The rotation range of the sample holder is from -70° to +70°. A 5-10° increment
was used for the tomography measurements. The PEMFC cathode was measured at 684 eV,
694 eV and 704 eV at the F 1s edge. Chemical maps were generated by subtracting the preedge OD image from the peak (694 eV) or continuum (704 eV) OD images after prior
alignment in aXis 2000. 3D reconstruction of the chemical maps was performed in Mantis
using the CS method.
Recently, automatic measurement of cryo STXM tomography data sets has been
achieved (Leontwowich et al. 2018). For cryo-STXM eucentric correction, the GoniZ (or
sample straightness) is very critical. A combination of

GoniZ

motion and sample

repositioning can (in favourable cases) achieve a eucentric rotation condition of sufficient
quality that a full tilt angle data set can be acquired without operator intervention to frame
and refocus at each tilt angle. However, a very large sample region must be scanned in
order to keep the ROI in the measured image. Automated tomography with ZP-z automatic
adjustment is possible and has been tested. If the sample region of interest is not located in
the middle of GoniY, sample motion up to 30 m as a function of tilt angle is expected and
relatively easy to follow, with GoniY being changed systematically to the new location
with each sample rotation angle.

3.7 STXM beamlines
STXM tomography measurements were performed using CLS SM 10ID-1 (Hilhorst
et al. 2012) , ALS STXM 5.3.2.2 (Obst and Schmid 2014), ALS STXM 11.0.2 (Aramburo
et al. 2013), and ALS STXM 5.3.2.1 (Farmand et al. 2017, Wu et al. 2018). The STXM
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laminography measurements were performed using CLS SM 10ID-1. Table 3.2 shows the
status of these STXM beamlines.

Table 3.2 STXM beamlines status

beamline
Staff scientist

Energy range
EPU
capabilities

CLS
SM 10ID-1
Jian Wang
Yingshen Lu
Jan Geilhufe
130 - 2700 eV

ALS
5.3.2.2
Matthew
Marcus
David Shapiro
250eV
–
780eV

EPU gap can be
scanned
synchronously
with the PGM
both in step-bystep
and
continuous (up
to 10 eV/s)
spectral
acquisition.
2nd
order ∼5% at 270 eV, Second-order
reduction
achieved using suppression
by a factor of
Ti filter
10 has been
achieved
with a modest
reduction in
¯ux of about
50%.
detector
PMT-based
PMT-based
Detector eff
0.85/F1s
0.75/F1s
experiments
Tomography
tomography
laminography
reference
(Kaznatcheev et (Kilcoyne et
al. 2007)
al. 2003)

ALS
5.3.2.1
Young-Sang
Yu

ALS
11.02
David Shapiro
Hendrik Bluhm

600-2000eV

90 - 2000 eV
EPU5

Second-order
suppression by
a factor of 10
has
been
achieved
with a modest
reduction
in
¯ux of about
50%.
CCD
PMT-based
0.7/F1s
Ptychography
Ptychography
tomography
tomography
(Kilcoyne et al. (Tyliszczak et
2003)
al. 2004)
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Chapter 4
Optimization of Three-Dimensional (3D) Chemical Imaging by
Soft X-Ray Spectro-Tomography Using a Compressed Sensing
Algorithm

Juan Wu, Mirna Lerotic, Sean Collins, Rowan Leary, Zineb Saghi, Paul Midgley, Slava
Berejnov, Darija Susac, Juergen Stumper, Gurvinder Singh and Adam P. Hitchcock

This chapter presents the results of three dimensional reconstruction by compressed
sensing algorithm for soft X-ray spectro tomography. The reconstruction quality have been
compared to weighted back-projection and simultaneous iterations reconstruction
technique.
This work is a collaboration with Mirna Lerotic who wrote the code for the reconstruction,
and Sean Collins, Rowan Leary, Zineb Saghi, Paul Midgley who gave guidance for the
algorithm development and provided the Transmission Electron Microscopy tomography
dataset for coding test. My role was to provide feedback to Mirna Lerotic on performance
and user friendliness of the Mantis implementation of the CS algorithm, and test the data
sets. I wrote the first draft of the paper. The paper was written in collaboration with major
contributions from Rowan Leary, Adam Hitchcock, Sean Collins and Mirna Lerotic. (Wu et
al..2017) (Reproduced with permission from Microscopy and Microanalysis)
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Supplemental Information for
Optimization of 3D chemical imaging by soft X-ray spectro-tomography
using a compressed sensing algorithm
Juan Wu,1 Mirna Lerotic,2 Sean Collins,3 Rowan Leary,3 Zineb Saghi,3 Paul Midgley,3
Slava Berejnov,4 Darija Susac,4 Juergen Stumper,4 Gurvinder Singh5 and Adam P.
Hitchcock1
Microscopy & Microanalysis
Tomo-CS-supplemental-2nd-revision.doc

Last changed: 26 June 2017

1 Experimental conditions for tomography data acquisition
Table S-1 summarizes the key parameters used for acquiring the 3 tomographic data sets
presented in this paper. The Au dumbbell sample was measured at a single energy in STEM
while the polymer bilayer and nanopipette samples were measured at multiple energies in
STXM.

Table S-1 Experimental details
Property
Instrument
Detection mode
Energies (eV)
Energy step
Energy resolution
(meV)
Image step (nm)
Beam size (nm)
Spatial resolution (nm)
Exposure time/pixel
Detector

Au dumbells
FEI Tecnai F20 FEGTEM, 200 keV
dark field STEM
Not applicable
Not applicable
Not applicable
0.59
1
probe size
12 μs
Fischione Annular Dark
Field Detector

Polymer bilayer
C 1s - ALS STXM 5322
F 1s – CLS a-STXM
transmission
278, 285, 684, 694 eV
irregular
C 1s – 300
F 1s - 200
100
30
50 or spot size
1 ms
Phosphor – PMT [1]

Nanopipette
ALS STXM 5322
transmission
282-306 eV, 23 energies
irregular
300
60
30
50 or spot size
1 ms
Phosphor – PMT [1]

[1] S. Fakra, S., A.L. Kilcoyne, and T. Tyliszczak, “Scintillator Detectors for Scanning Transmission X-ray
Microscopes at the Advanced Light Source,” in Synchrotron Radiation Instrumentation 2003: Eighth
International Conference on Synchrotron Radiation Instrumentation, T. Warwick, J. Stohr, H.A. Padmore, J.
Arthur, AIP Conf Proc. 705, 973-976 (2004)
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2 Compressed sensing reconstruction implemented as a tab in Mantis

Supplemental Figure S-1: Screen shot of the tomography tab in Mantis which provides
access to CS and SIRT reconstructions with selectable parameters, on single energy,
multiple energy, and multiple chemical map, tomography data sets. The reconstruction
calculation can by tuned for each dataset by changing the algorithm parameters and by
selectively imposing non-negativity constraints. There is provision for ROI voxel subset
selection based on thresholding and subsequent extraction of the spectral signature of the
voxel ROI, if multi-energy data set is being analyzed.
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3 Comparison of original images with result from the tilt series
Figure S-2 presents the original 2D projection image at 0o (Fig. S2a) with that
generated from the CS (Fig. S2b) and SIRT (Fig. S2c) reconstructions of the Au dumbbell
STEM data set using all 67 acquired projections. The CS result shows more uniform
density, while the SIRT result has background and diffraction artefacts not seen in the
original 0o tilt angle image.

Figure S-2 Comparison of (a) original image from tilt series at 0o. (b) 2D
projection at 0o generated from CS reconstruction. (c) 2D projection at 0o
generated from the SIRT reconstruction. All 67 tilt angles were used.
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4 Alternate approaches to SIRT reconstruction
Figure S-3 and Figure S-4 presents results from CS and SIRT analysis of the Au
dumbbell STEM data set using all 67 acquired projections. As compared to the
reconstruction used to generate Fig.2 of the paper, the background level of the input images
have been set to zero (an implementation of a compact support constraint) and overall
normalization and non-negativity constraints have been applied. The CS results are more
homogeneous in fig. S3 (a) as compared to Fig. 2(c). The intensity profiles plotted in the
panels (a) - (d) in Fig. S3 show zero background intensity, and clean background signals
around the particles. Even with implementation of additional constraints, the SIRT analysis
shows significant missing wedge artefacts that are not present in the CS result.

Fig. S-3: CS (left) and SIRT (right) electron tomography reconstructions of a Au
nanoparticle sample using all 67 acquired projections. Selected slices through the xy plane
of (a) CS, (b) SIRT and xz plane of (c) CS, (d) SIRT. The insets highlight the particles near
the center of the volume.
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Fig. S-4: Line intensity profiles through xz plane from the (a),(c) CS and (b),(d)
SIRT reconstructions shown in Fig. S-3
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Figure S-5 presents results from analysis of the nanopipette data set using CS
reconstruction of all 37 tilt angles at a single photon energy of 290 eV. (Note the results in
Fig. 9 of the main paper are for reconstruction of component maps, derived from fitting the
images recorded at multiple photon energies to reference spectra).

Fig. S-5:

Tomographic reconstructions of the STXM images at 290 eV for

±90° tilt angle ranges using (a) WBP, (b) SIRT and (c) CS-TV. Slices through
the xz (top), xy (middle) and yz (bottom) planes are shown for each
reconstruction.
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Figure S-6 presents results of SIRT analyses of the polystyrene and carbon nanotube
chemical map tomography data sets over 3 different tilt angle ranges using a non-negative
constraint.

Fig. S-6: Tomographic reconstructions using SIRT with a non-negativity constraint of
the polystyrene (PS) (a,b,c) and carbon nanotube component s(d,e,f) for three different
tilt angle ranges (a,d) ±90°, (b,e) ±74°, and (c,f) ±62°. Slices through the xy (top) and xz
(bottom) planes are shown for each reconstruction.
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Chapter 5
4D Imaging of Polymer Electrolyte Membrane Fuel Cell
Catalyst Layers by Soft X-Ray Spectro-Tomography

JuanWu, Lis G.A.Melo, XiaohuiZhu, Marcia M.West, Viatcheslav Berejnov, Darija Susac,
Juergen Stumper, Adam P.Hitchcock

This chapter presents the results of four dimension (4D) imaging of PFSA in polymer
electrolyte membrane fuel cell catalyst layers by soft X-ray spectro tomography. The
amount and 3D distribution of PFSA radiation damage is measured.
This work is a collaboration with Lis Melo who performed the radiation dose calculations,
and Dr. Xiaohui Zhu who performed with the spatial resolution calculation, Marcia West
microtomed samples. Viatcheslav Berejnov, Darija Susac, Juergen Stump provided the
PEMFC CCM samples, and Adam Hitchcock who suggested the idea of multi-set
measurements and assisted with many of the tomography measuremnts. My role was
measuring all of the data sets, processing all the spectroscopy and tomography data,
preparing all figures and writing the first draft. The paper writing was done by me, in
collaboration with Adam Hitccock, Lis Melo and Viatcheslav Berejnov. (Wu et al., 2018)(
Reproduced with permission from Elsevier)

103

Ph.D. Thesis – Juan Wu
McMaster University – Material Science & Engineering

Chapter 5

104

Ph.D. Thesis – Juan Wu
McMaster University – Material Science & Engineering

Chapter 5

105

Ph.D. Thesis – Juan Wu
McMaster University – Material Science & Engineering

Chapter 5

106

Ph.D. Thesis – Juan Wu
McMaster University – Material Science & Engineering

Chapter 5

107

Ph.D. Thesis – Juan Wu
McMaster University – Material Science & Engineering

Chapter 5

108

Ph.D. Thesis – Juan Wu
McMaster University – Material Science & Engineering

Chapter 5

109

Ph.D. Thesis – Juan Wu
McMaster University – Material Science & Engineering

Chapter 5

110

Ph.D. Thesis – Juan Wu
McMaster University – Material Science & Engineering

Chapter 5

111

Ph.D. Thesis – Juan Wu
McMaster University – Material Science & Engineering

Chapter 5

112

Ph.D. Thesis – Juan Wu
McMaster University – Material Science & Engineering

Chapter 5

113

Ph.D. Thesis – Juan Wu
McMaster University – Material Science & Engineering

Chapter 5

114

Ph.D. Thesis – Juan Wu
McMaster University – Material Science & Engineering

Chapter 5

115

Ph.D. Thesis – Juan Wu
McMaster University – Material Science & Engineering

Chapter 5

116

Ph.D. Thesis – Juan Wu
McMaster University – Material Science & Engineering

Chapter 5

117

Ph.D. Thesis – Juan Wu
McMaster University – Material Science & Engineering

Chapter 5

118

Ph.D. Thesis – Juan Wu
McMaster University – Material Science & Engineering

Chapter 5

119

Ph.D. Thesis – Juan Wu
McMaster University – Material Science & Engineering

Chapter 5

120

Ph.D. Thesis – Juan Wu
McMaster University – Material Science & Engineering

Chapter 5

121

Ph.D. Thesis – Juan Wu
McMaster University – Material Science & Engineering

Chapter 5

122

Ph.D. Thesis – Juan Wu
McMaster University – Material Science & Engineering

Chapter 5

123

Ph.D. Thesis – Juan Wu
McMaster University – Material Science & Engineering

Chapter 5

124

Ph.D. Thesis – Juan Wu
McMaster University – Material Science & Engineering

Chapter 5

125

Ph.D. Thesis – Juan Wu
McMaster University – Material Science & Engineering

Chapter 5

126

Ph.D. Thesis – Juan Wu
McMaster University – Material Science & Engineering

Chapter 5

127

Ph.D. Thesis – Juan Wu
McMaster University – Material Science & Engineering

Chapter 5

128

Ph.D. Thesis – Juan Wu
McMaster University – Material Science & Engineering

Chapter 5

129

Ph.D. Thesis – Juan Wu
McMaster University – Material Science & Engineering

Chapter 5

130

Ph.D. Thesis – Juan Wu
McMaster University – Material Science & Engineering

Chapter 5

131

Ph.D. Thesis – Juan Wu
McMaster University – Material Science & Engineering

Chapter 5

132

Ph.D. Thesis – Juan Wu
McMaster University – Material Science & Engineering

Chapter 6

Chapter 6
High-Resolution Imaging of Polymer Electrolyte Membrane
Fuel Cell Cathode Layers by Soft X‑ray Spectro-Ptychography

Juan Wu, Xiaohui Zhu, Marcia M. West, Tolek Tyliszczak, Hung-Wei Shiu, David
Shapiro, Viatcheslav Berejnov, Darija Susac, Juergen Stumper, and Adam P. Hitchcock

This chapter presents the results of soft X-ray spectro ptychography studies of Polymer
Electrolyte Membrane Fuel Cell cathode layer both in 2 and 3 dimensions.
The samples were provided by Viatcheslav Berejnov, Darija Susac, Juergen Stumper. The
samples were microtomed by MMW, the data collection and analysis were done by J. W.,
XH. Z., A.P.H and D. S. The ptychography measurements on beamline 11.0.2 were carried
out by Tolek Tyliszczak, Hung-Wei Shiu, and David Shapiro.. My role in this study was
sample preparation and data acquisition.I performed the ptychography reconstruction with
XH.Z. supervised by DS. I performed all of the alignment and tomography reconstruction.
XH.Z worked on the first draft, and I then expanded it. Further editing was done by APH,
XHZ and me, with minor contribution from DS and VB. (Wu et al., 2018) (Reproduced with
permission from American Chemical Society)
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Chapter 7
4D Imaging of Zno Coated Alumina Aerogels by Scanning
Transmission X-Ray Microscopy and Ptychographic
Tomography

This chapter presents the results of scanning transmission X-ray microscopy (STXM),
STXM tomography, spectro-ptychography, and spectro-ptycho-tomography of Al2O3
aerogel samples coated with ZnO by atomic layer deposition. 2D and 3D spatial resolution
was evaluated by Fourier ring correlation methods. Quantitative 4D images in the form of
ZnO and Al2O3 3D spatial distributions, and their correlations are reported. Comparisons
are made to electron microscopy imaging of the same material. This work is a
collaboration with Xiaohui Zhu , David A. Shapiro, Jonathan R. I. Lee, Tony Van Buuren,
Monika M. Biener, Stuart A. Gammon, Tian T. Li, Theodore F. Baumann, and Adam P.
Hitchcock. The synthesis of the sample and the morphology analysis by transmission
electron microscopy images were provided by JRIL, TVB, MMB, SAG, TTL and TFB. XHZ
wrote the python FRC code. The data was collected and analyzed by me, XHZ and APH.
DAS helped with data collection and gave suggestions for data analysis and interpretation.

7.1 Introduction
Functional porous materials are attracting increasing attention for applications in
energy conversion and storage, catalysis, and sensing (Biener et al. 2011a; Bagge-Hansen
et al. 2014; Qiu et al. 2016). From the viewpoint of material development for these
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applications, it is often preferable to introduce the desired functionality by creating a
hetero-structured system in which a functional species (e.g. catalytic nanoparticle) is
deposited on the inner surface area of a porous bulk substrate that is prepared by an existing
and robust synthetic approach. This strategy can greatly simplify materials optimization in
that structural properties of the porous support, such as mechanical stability, thermal
stability, and architecture, can be tailored independently from the desired properties of the
added functionality. A number of gas-phase and liquid-phase deposition techniques have
been developed to uniformly distribute a desired functional material within a porous
support material. These include atomic layer deposition (ALD) (Biener et al. 2011a; Ye et
al. 2015; Biener et al. 2013), wet impregnation (Ge et al. 2014), galvanic replacement
(Zhao et al. 2018), and electrodeposition (S. Yang et al. 2014). Previous work has
demonstrated the utility of ALD on porous substrates to create functional hetero-structured
materials with applications ranging from catalysis (King et al. 2008; Biener et al. 2011b)
and energy storage (Ye et al. 2015), to laser-induced X-ray sources (Biener et al. 2013).
Three dimensional (3D) characterization of the nanoscale structure and chemistry of these
materials is of critical importance because it enables: (i) evaluation of synthetic pathways
designed to generate heterostructures with targeted architectures and compositions; and (ii)
correlation between their structure and performance, which, in turn, can inform the rational
design of materials with enhanced properties and behavior.
Four-dimensional (4D) imaging - in this case, quantitative chemical mapping in 3D
- is a powerful approach for material characterization (Torruella et al. 2016), which is often
the key to fully understand the physical and chemical properties of hetero-structured
systems. Recently there have been significant advances in 4D imaging. Electron
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tomography in electron microscopy (ET) has been used to acquire the 3D structure of
samples (Goris et al. 2014). Tilt series tomography has been combined with energy
dispersive X-ray spectroscopy

(EDS) (Slater et al. 2016) and electron energy loss

spectroscopy (EELS) (Jarausch et al. 2009, Horl et al. 2013, Goris et al. 2014, Torruella et
al. 2016, Wang et al. 2015a) to provide 4D characterization. These EM methods are
extremely powerful and provide outstanding spatial resolution.
Synchrotron-based microscopies (Thibault et al. 2014), with variable incident
photon energy or EDS detection, provide 4D imaging capabilities which complement EM
methods, with certain advantages in terms of accessible sample thickness and ability to
measure beam sensitive samples. Soft X-ray scanning transmission x-ray microscopy
(STXM) characterizes electronic and chemical structure by imaging with near edge X-ray
absorption fine structure (NEXAFS) spectral contrast at better than 30 nm spatial resolution
(Hitchcock et al. 2012, Hitchcock et al. 2015). STXM provides more analytical information
per unit radiation dose than TEM-EELS (Wang et al. 2009) or TEM-EDS (Melo et al. 2016)
so it is particularly useful for characterizing radiation sensitive materials (Zhu et al. 2015).
In order to perform 3D and 4D imaging by STXM, several methods have been developed,
including laminography (Xu et al. 2012b), serial sectioning (Hitchcock et al. 2003), and tiltseries tomography (Schmid et al. 2014). Soft X-ray STXM tilt-series tomography on gold
patterns was first performed at the STXM on the UV-ring of NSLS-I (Haddad et al. 1994).
The first 4D soft X-ray STXM imaging (tomography at multiple photon energies) was a
study of acrylate polyelectrolyte-filled polystyrene microspheres in water (Johansson et al.
2007). In recent years, STXM tomography has become a mature technique providing useful
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information on environmental, biological, biogeochemical, and material science samples in
both dry and wet conditions (Schmid et al. 2016; Hitchcock et al. 2003).
One of the limitations of soft X-ray STXM tomography is spatial resolution,
typically 30-60 nm, which is much lower than EM tomography. The resolution is largely
limited by the quality of zone plate focusing optics. Recent advances in zone plate
fabrication have pushed the record spatial resolution for 2D imaging of high contrast test
objects to sub-10 nm (Chao et al. 2012), but further progress in that direction seems to be
very slow. For practical studies 4D soft X-ray STXM imaging only provides 25 nm spatial
resolution at best.
Ptychography is a coherent diffraction imaging (CDI) technique (Miao et al. 2012),
which has achieved spatial resolutions well below 10 nm in the soft X-ray region (Shapiro
et al. 2014; Zhu et al. 2016). In addition, ptychography can be combined with tomography
to produce high-resolution 3D nanostructure characterization. More information about
ptychography was given in Chapter 2. This chapter reports a 4D spectro-ptychotomography study of two different samples of a model hetero-structured material, Al2O3
aerogels coated with nanoscale ZnO via ALD. Ptychographic images recorded at energies
above and below the Zn L-edges enabled 4D spectro-ptycho-tomography to be successfully
reconstructed. Direct comparison of these measurements with conventional STXM spectrotomography data recorded on the same samples reveal dramatic improvements in spatial
resolution. Comparisons to TEM imaging and EDS analysis of the same materials give
valuable insights into the ALD of ZnO on alumina aerogels.
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7.2 Materials and Methods
7.2.1 Samples
As mentioned in Chapter 2, samples for STXM and ptychography were prepared by
two different methods. The sample made from water dispersion was labeled as sample A,
and the sample made from FIB milling was labeled as sample B. Table 7.1 summarizes
properties of all samples for which we report results in this paper. Samples were prepared
for TEM measurements by pressing copper grids against fragments of the ZnO-coated
Al2O3 aerogels obtained via crushing with a scalpel blade.

Table 7.1Sample and measurement details
CODE Details
A

6

sample

cycle FIB cube

ALD

Run

measure

May 17 CLS STXM spectro-tomography
aSTXM

at the Zn and Al edges
Zn 2p, Al 1s spectra

B

25

cycle Cast from a water Nov 16 ALS Ptychographic Zn 2p

ALD

suspension

5321

spectro-tomography

7.2.2 Measurements
STXM measurements were carried out using the ambient STXM at beamline 10ID1 at the Canadian Light Source (CLS) (Kaznatcheev et al. 2007). For conventional 2D
STXM, a Al K edge stack with 91 images was recorded from 1546-1631 eV and a Zn L2,3edge stack with 105 images was recorded from 1006-1124 eV. For conventional STXM
tomography measurements, images were collected at each angle for energies below and
above absorption edges of Zn (1015 eV and 1055 eV for the Zn L-edge) and Al (1555 eV
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and 1571 eV for the Al K-edge). In total, images were collected at 18 angles from 0° to
180° with a step size of 10° at each energy of interest.
7.2.3 Ptychographic tomography and reconstruction
Ptychographic measurements were carried out using Nanosurveyor I (Shapiro et al.
2016) at the 5.3.2.1 bending magnet beamline at the ALS. A zone plate (ZP) with outer
zone width of 60 nm was used to illuminate the sample. The sample was raster scanned
through the ~75 nm focus spot with a step size of 50 nm (~30 % overlap, possibly higher
than the nominal geometric overlap since there is a lot of power outside of the central beam
of the zone plate focus). The high-frame-rate CCD detector of Nanosurveyor I was used to
record diffraction images with a single point exposure time of 150 ms. Ptychographic
images were measured at energies below and above the Zn L3-edge, at 1010 eV and 1026.8
eV respectively, from -65° to +65° with a step size of 10° (14 tilt angles). The
ptychography measurements were only performed at the Zn L-edge because the coherent
flux on the beamline 5.3.2.1 bend magnet is low at the Al K edge (1570 eV) energy, and a
Si bright field filter, used to allow a single time exposure, was overly transparent at the Al
K-edge energy. At each energy point and tilt angle, the camera background signal is
measured with the beamline shutter closed, and the background is removed in subsequent
data processing (Farmand et al. 2017; Shapiro et al. 2014). Ptychographic images were
reconstructed using 500 iterations of the relaxed averaged alternating reflection (RAAR)
reconstruction algorithm implemented in the SHARP ptychography code developed by the
Center for Applied Mathematics for Energy Research Applications (Marchesini et al.
2016).
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The spatial resolution of both STXM and ptychography was evaluated by Fourier ring
correlation (FRC) analysis. Images or slices from the reconstruction were split into two
subsets using even and odd pixel indices to generate two independent images. The FRC
was calculated between the two images as described in (Banterle et al. 2013).
7.2.4 Tomographic reconstruction
Energy image alignment was usually done using the ‘Zimba’ routine in aXis2000.
For the ptychographic tomography measurements, further alignment of energy images
using an auto affine transformation in ImageJ (Thevenaz et al. 1998) has been done to
correct for image distortion. The STXM chemical maps at each tilt angle were generated as
the difference of the aligned 2-energy OD images. For ptychography, the ZnO map was
generated as the difference of ptychographic absorption images below (1015 eV) and in the
Zn L edge (1026.8 eV). For the ptychographic data, an Al2O3 map at each angle was
derived from the pre-Zn edge OD image, by subtracting 69 % of the ZnO map, to correct
for the absorption at 1010 eV by ZnO. Alignment of the angle stacks for different
components was done manually in axis2000.
A compressed sensing

(CS) algorithm (Wu et al. 2017) was used for the

tomographic reconstruction. The version used is based on the FISTA code for total
variation (TV) (Beck and Teboulle 2009) which is implemented in the Mantis analysis
package (Lerotic et al. 2014). CS reconstruction methods are more robust than alternatives
such as the simultaneous iterative reconstruction technique (SIRT), which allowed us to
greatly reduce the number of tilt angles measured, while obtaining excellent reconstruction
quality (Beck and Teboulle 2009). The motivation for developing CS methods for
tomography was to reduce the overall radiation dose and thus allow tomography of
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radiation sensitive materials (Beck and Teboulle 2009). Although the metal oxide aerogel
system in this study is relatively resistant to radiation damage, it is important to note that
the total measurement time was dramatically reduced via use of CS, which is significant
because STXM-tomography and ptycho-tomography are relatively slow methods. The 18
angle, 4 energy STXM tomography measurement of FIB aerogel sample A took 20 hours
while the 14 angle, 2-energy ptychography tomography measurement of aerogel sample B
took 9 hours.

7.3 Results
7.3.1

Spectroscopy of the aerogel samples
Figure 7.1a presents the Zn L2,3 X-ray absorption spectrum (XAS) of a ZnO/Al2O3

aerogel (sample A), prepared by focused ion beam (FIB) milling. Details of the sample
and measurements are given in Table 7.1. The inset shows an expansion of the L3 region.
In the Zn2+ ground state the 3D orbital is fully occupied so the lowest unoccupied Zn levels
are 4s, followed by 4p and 4d (Chen et al. 2011).Therefore, the lowest energy features of
the Zn L3 XAS correspond to Zn 2p3/2 → 4s excitations. Peak A is attributed to Zn 2p3/2 →
4s excitations while peaks B and C are Zn 2p3/2 → 4d excitations (Yuste et al. 2012; Wang
et al. 2015b; Cho et al. 2010). Figure 7.1b presents the Al K XAS of the FIB ZnO/Al2O3
aerogel sample. The inset shows an expansion of the Al K edge. The Al K XAS of the
aerogel is similar to that of the θ phase of Al2O3 (Kato et al. 2001). It has three distinct
features, shoulder A at 1566 eV, peak B at 1568 eV and peak C at 1572 eV, which are
assigned to excitations associated with the tetrahedral AlO4 (A) and octahedral AlO6 (B,C)
local coordination environments (Cabaret et al. 1996; Kato et al. 2001). The intensity scales
of the Zn L-edge and Al K-edge spectra in Fig. 7.1 are quantitative, with their vertical scale
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expressed in terms of optical density per nm thickness. This was established by matching
the pre- and post-edge intensities to that predicted for the elemental compositions from
standard tabulations (Henke, Gullikson, and Davis 1993), and the density of the bulk
materials (ZnO d= 5.61 g/cm3; Al2O3, d= 3.95 g/cm3).

Figure 7.1 (a) X-ray absorption spectra (XAS) of ZnO/Al2O3 aerogel (sample A). (a) Zn
L2,3 edge, converted to optical density per nm (OD1). The inset shows an expanded view
of the near edge L3 region. (b) Al K edge, converted to optical density per nm (OD1). The
inset shows an expanded view of the near edge.
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A two energy stack map was used to measure the Zn and Al distributions in the
ZnO/Al2O3 aerogel sample. Figure 7.2a, 7.2b present 2D maps of the ZnO and Al2O3
derived from the difference between aligned and OD-converted STXM images at
1055/1015 eV (Zn), and 1571/1555 eV (Al). The gray scale in Figs. 2a, and 2b indicate the
thickness in nm, determined by taking the ratio of the difference in OD at the above and
below-edge energies, to that of the difference in the OD1 values at the same 2 energies (see
Fig. 7.1), where OD1 is the OD of ZnO or Al2O3 at standard density and a thickness of 1
nm. Figure 7.2c is a re-scaled color composite of the ZnO (red) and Al2O3 (blue) stack
maps in Figure 7.2a and 7.2b, which presents the spatial correlation of these two elements.
If both species were uniformly distributed over the whole of the FIB section all pixels
would be a uniform shade of purple, since the sample is very thick (~20 m) and thus has
many overlapping regions. In fact, the lower part of the section is predominantly blue,
indicating substantial ion beam depletion of the Zn in the FIB sample preparation.

7.3.2 Conventional STXM spectro-tomography of ZnO/Al2O3 aerogel, sample A
Figure 7.3 presents results from 4D STXM imaging of the FIB prepared ZnO/Al2O3
aerogel, sample A, in the form of volume renderings of the Zn and Al 3D maps. The voxel
size is 40 nm. The blue color is Al2O3, and the red color is ZnO. Fig. 7.3a and Fig. 7.3b are
the front view while Fig. 7.3c and 7.3d are the top view. When examining the two 3D
chemical maps from the front view (Figs. 7.3a, 7.3b), one observes that the bottom and
right edges of the sample are heavily damaged in terms of depletion of ZnO, which was
caused by the FIB milling. A similar situation is seen in Figs. 7.3c and 7.3d, where ZnO
depletion damage is evident at the top and bottom. The 4D chemical representation (Fig.
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7.3e) clearly shows the spatial correlation of the two chemical maps, and the zones of mass
loss of ZnO. The relatively large scale of the sample required extensive milling to obtain
the desired sample size. The porous structure of the aerogel allowed energetic ions in the
FIB process to penetrate into the interior of the structure. As a result, ZnO relatively far
from the milling surface was damaged.

Figure 7.2 STXM 2D chemical maps at 0° tilt angle of a ZnO/Al2O3 aerogel (sample A).
(a) Al2O3. (b) ZnO. (c) color coded composite map of Al2O3 (blue), ZnO (red).
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Figure 7.3 STXM spectro-tomography derived, 3D volume rendering of Al2O3 (blue) and
ZnO (red) in the ZnO/Al2O3 aerogel FIB sample A. (a, b) xy views. (c,d) xz views. (z is
direction of X-ray beam). (e) 4D image, a color coded composite of the two components
with Al2O3 in blue and ZnO in red. Otsu threshold for ZnO is 0.0004, for Al2O3 is 0.0001.

Figure 7.4a shows a surface rendering of the center (5 µm  5 µm  5 µm) volume
of the FIB sample, a region where there appears to be negligible ion beam damage. Red in
Fig. 7.4a indicates ZnO, selected using an Otsu threshold of 0.0004, while blue represents
Al2O3 selected using an Otsu threshold of 0.0001. For comparison, the voxel intensity range
of the region shown in Fig. 7.4 runs from 0.0000 to 0.0015 for ZnO and 0.0000 to 0.0019
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for Al2O3. In order to quantitatively evaluate the distributions of Al2O3 and ZnO in the
composite, the relative elemental concentration (REC) (Yang et al. 2014) of Al2O3 and ZnO
in the aerogel was calculated as a function of distance from the sample surface (xy). Here,
the REC is defined as the ratio of the amounts of the species (Al2O3 or ZnO) relative to that
of the sum of all species (Al2O3 + ZnO). Figure 7.4b plots the relative elemental
concentration of only Al2O3 (blue), only ZnO (red), and both ZnO and Al2O3
(‘colocalization’, green) as a function of the distance across the central (5 m)3 volume.
While the Al2O3 spatial distribution is relatively uniform and unstructured, that of the ZnO
shows larger spatial variations in the REC, which suggests that much of the ZnO is present
as “de-localized” nanoclusters rather than a conformal thin film. This interpretation is
confirmed by complementary TEM and TEM-EDS measurements (see below).
Nevertheless, the distribution of the two components generally follows the same trend,
indicating a significant uniformity of the aerogel sample prepared via ALD, on the ~30 nm
spatial scale of STXM spectro-tomography.
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Figure 7.4 (a) Surface rendering of color coded composite of the ZnO (red) and Al2O
(blue) 3D distributions from reconstruction of STXM spectro-tomography on ZnO/Al2O3
aerogel (sample A), in a 5*5*5 µm3 cube from the center of Fig. 3 (e). (b) Relative
elemental concentration (REC) curves of the two components derived for xy slices
averaged through the z direction. Otsu threshold for ZnO is 0.0004, for Al2O3 is 0.0001.
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7.3.3 Spectro-ptychography and spectro-ptycho-tomography of ZnO/Al2O3 aerogel
Figure 7.5a and 7.5b show the ptychography 2D absorption images of the
ZnO/Al2O3 aerogel, sample B, at 1010 eV and 1026.8 eV, which correspond to the preedge and Zn L3 absorption resonance energy of ZnO (see Fig. 7.1a). The ptychography
absorption image is generated from -ln (Apy/Io), where Apy is the amplitude of the
reconstruction of a 2D ptychographic image and Io is the incident photon intensity. Figure
7.5c is the ZnO distribution in the ZnO/Al2O3 sample, derived from the difference between
the ptychography absorption images in Fig. 7.5a and 7.5b. The Al2O3 distribution was
extracted from the pre-edge signal at 1010 eV by subtracting the ZnO signal [OD(1026.8) –
OD(1010)], weighted by 0.17 from OD 1010 eV. The factor of 0.68 is the ratio
[OD(1026.8) – OD(1010)]/OD(1010) for ZnO (see Fig. 7.1). This estimate of the Al2O3
signal is presented in Fig. 7.5d. Figure 7.5e is a scaled color composite of the ZnO (red)
and estimated Al2O3 (blue) signals in the ZnO/Al2O3 aerogel sample. The purple colored
pixels correspond to columns where there is both ZnO and Al2O3. The existence of
relatively pure red and blue areas, in addition to purple, indicates there is a non-uniform
coating of ZnO. However, 3D maps of the two chemical components are needed to
determine if the ZnO and Al2O3 are in contact, or are spatially separated and only
accidentally at the same point of the 2D image.
Figure 7.6a and 7.6c shows the projection at -5o tilt angle of the reconstructed 3D
images of ZnO and Al2O3 respectively. These regenerated 2D chemical images can be
directly compared to the 2D projection chemical maps of ZnO and Al2O3 at about the same
tilt angle, displayed in Fig. 5c and Fig. 5d. The difference between the 2D chemical maps
and the projections at the same tilt angle from the 3D reconstruction are presented as Fig.
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7.6b and Fig. 7.6d. The results indicate a good match of the reconstruction especially for
Al2O3. For ZnO the difference may be related to spatial distortion of the sample in the
ptychography images, caused by the high dose used.

Figure 7.5 Ptychography absorption images of ZnO/Al2O3 aerogel (sample B) at (a) 1010
eV, (b) 1026.8 eV. (c) ZnO chemical map (OD(1026.8 eV) – OD(1010 eV)). (d) Derived
Al2O3 chemical map (see text). (e) 4D image color composite of the two component maps,
ZnO in red, Al2O3 in blue.
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Figure 7.6 Check on precision of the reconstruction of the ptychographic tomography data
set (sample B). (a) 2D map of ZnO derived from ptychography images at 1010 eV and
1026.8 eV, at -5o tilt angle. (b) Difference between the 2D ZnO map and that generated from
the reconstruction of the ptychographic stack map tomography data at -5o (green is +ve and
red is –ve difference). (c) 2D map of Al2O3 at 5o tilt angle, derived from the ptychography
image at 1010 eV, corrected for ZnO contribution (see main text). (d) Difference between
the 2D Al2O3 map and that generated from the reconstruction of the ptychographic stack
map tomography data at -5o (green is +ve and red is –ve difference). Note the change in
scales from the 2D maps (a,c) to the difference signals (b,d).

Figure 7.7 shows surface renderings of the compressed sensing (CS) reconstruction
of the 3D distributions of Al2O3 and ZnO derived from the spectro-ptycho-tomography
measurement of the irregular water cast sample B. Thresholds of 0.0018 (Al) and 0.0026
(Zn), derived using the Otsu auto threshold procedure (Otsu 1975) were used to derive
these distributions. For comparison, the voxel intensity ranges of the region shown in Fig.
7.4 runs from 0 to 0.0103 for Al2O3 and 0 to 0.011 for ZnO With the high spatial
resolution provided by spectro-ptycho-tomography, the Al2O3 and ZnO spatial distributions
are more clearly defined than with STXM tomography (Fig. 7.4). The overall morphology
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is generally very similar, indicating that the ZnO is attached to the Al2O3 aerogel
framework. However the ZnO distribution is clearly ‘clumpier’, suggesting less uniform
distributions and a non-uniform coating of the Al2O3framework by the ZnO ALD.

Figure 7.7 3D surface rendering of ZnO and Al2O3 from ptychography of ZnO/Al2O3
aerogel (sample B). View at 0° of (a) Al2O3 (blue), derived from the signal at 1010 eV
minus 17 % of the ZnO signal. (b) ZnO (red) (OD(1026.8 eV) – OD(1010 eV)). The voxel
size is (5.6*5.6*5.6) nm3. The Otsu thresholds used were 0.0018 for the Al2O3 signal and
0.0026 for the ZnO signal.

The results of Fourier Ring Correlation (FRC) evaluation of spatial resolution of the
2D ptychography stack maps (Figs. 7.5c & 7.5d) are displayed in Fig. 7.8. For the ZnO
ptychographic stack map (Fig. 7.5c), the FRC analysis (red, Fig. 7.8) indicates a spatial
resolution of 16.7 nm, using the 0.5 threshold (dashed black line, Fig. 7.8), or 14.6 nm if
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the conventional half-bit threshold (dark red line, Fig. 7.8) is used. For the Al2O3
ptychographic stack map (Fig. 7.5d), the FRC analysis (blue, Fig. 7.8) indicates a spatial
resolution of 15.4 nm (0.5 threshold), or 13.7 nm (1/2-bit threshold). In other evaluations of
the spatial resolution of ptychography using Nanosurveyor I on beamline 5.3.2.1, the
resolution is typically higher on resonance than off-resonance, whereas the opposite is the
case for this data. The similarity of the estimated resolution evaluated from off- and onresonance images suggests that this type of aerogel sample is a special case because it has a
nano-structure which diffracts strongly at all photon energies so it is really ideal for
ptychographic imaging. Compared with the ZnO and Al2O3 stack maps measured with
conventional STXM (Fig. 7.2a, 7.2b for 2D, and Fig. 7.4a for 3D), it is clear that the
spatial resolution of the ptychography maps and 3D spectro-ptycho-tomography 4D
imaging is significantly higher than that of the corresponding STXM results.

Figure 7.8 Spatial resolution estimated from Fourier Ring Correlation (FRC) of the ZnO
and Al2O3 ptychography maps (Figs. 5c and 5d). (sample B).

167

Ph.D. Thesis – Juan Wu
McMaster University – Material Science & Engineering

Chapter 7

In order to further evaluate the structural properties of the Al2O3/ZnO composite,
the distributions of the thickness of Al2O3 and ZnO were quantified from the tomography
results using the open source ‘Bone J’ plugin in Image J software (Doube et al. 2010). This
software first measures the distance of each solid voxel to the nearest empty surface. It then
measures the radius of the largest sphere centered on that voxel which fits inside the
structure. It then removes all redundant spheres. The diameter of the sphere with the largest
radius is considered as the thickness. Figure 7.9a and 7.9b present histograms of the
distributions of thicknesses of the Al2O3 and ZnO components, with a lower value
thickness cut-off of 10 nm. The black squares and curve in Figure 8 correspond to the
cumulative probability of the thickness of Al2O3 and ZnO in the composite. This analysis
shows that the thickness of the Al2O3/ZnO composite ranges from 10 nm to 60 nm with a
thicknesses below 40 nm at a cumulative probability of 95%. The average thickness of the
Al2O3 component is 32±9 nm while that of the ZnO component is 36±12 nm.
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Figure 7.9 Histogram of the thickness distribution of (a) Al2O3 signal and (b) ZnO signal,
in the aerogel sample measured by ptychography (sample B), derived using the ‘Bone J’
plugin in Image J. The square data points and curve are the cumulative probability of the
thickness distributions.
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Figure 7.10a presents a surface rendering of the ptychographic 4D reconstruction of
the Al2O3/ZnO composite with Al2O3 in blue and ZnO in red, derived using Otsu thresholds
of 0.0018 for the Al2O3 signal and 0.0026 for the ZnO signal. In order to investigate the
detailed distribution of Al2O3 and ZnO components in the aerogel, the relative elemental
concentrations (REC) of Al2O3 and ZnO in the aerogel were calculated as a function of
distance from the sample surface (xy). Similarly to Figure 4b, the REC (Yang et al. 2014) is
defined as the ratio of the amounts of each species (Al2O3 or ZnO) relative to that of the
sum of both species. Figure 7.10b plots the relative elemental concentration of only Al2O3
(blue), only ZnO (red), and both ZnO and Al2O3 (‘colocalization’, green), as a function of
distance from the surface. The elemental concentration that presented in y axis is relative to
the solid component on each slice. In this volume, there is more Al2O3 towards the surface
and less Al2O3 in the middle region (50~250 nm from the surface of the 1.53 m3 volume),
where the Al2O3 is distributed more uniformly. The distribution of ZnO is almost opposite
to that of Al2O3, with more ZnO in the middle region and less ZnO toward the surface. The
‘colocalization’ volume (green in Fig. 7.10b), where both Al2O3 and ZnO components are
present, has a similar distribution as that of ZnO. It is clear that the ZnO does not fully
cover the Al2O3 phase, as ~30% of the Al2O3 (blue) is not coated by ZnO. However, the
volume fraction of the colocalization is depend on the threshold value that used for Al2O3
and ZnO. With a smaller threshold value, the colocalization volume fraction will increase.
More surface rendered views of the 4D maps at different tilt angles are shown in Fig. 7.11.
These views show that the aerogel piece deposited from the water suspension has an
irregular shape. To estimate the porosity of the sample, a 1.5 m3 cube in the center of the
sample has been extracted, as shown in Fig. 7.12. The threshold values were the same as in
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Fig. 7.10. Images of ~20 nm thick xy planes at different depths along the z direction are
presented in Fig. 7.12b. The volume fractions of the two components in the xy planes along
the z direction are plotted in Fig. 7.12c. The porosity of the cube is 89(4) %, which is
reduced from the uncoated Al2O3, as expected. The volume fraction of ZnO is 6.3(0.8) %,
and the Al2O3 is 5.6(0.8) %.

Figure 7.10 a) Surface rendered color coded composite of the 3D distributions of ZnO and
Al2O3 from ptychography of ZnO/Al2O3 aerogel (sample B). (b) Volume fraction of the
two components and their co-localized amounts in the solid portion of xy slices through the

171

Ph.D. Thesis – Juan Wu
McMaster University – Material Science & Engineering

Chapter 7

z direction of the same volume as Figure 8. The Otsu thresholds used were 0.0018 for the
Al2O3 signal and 0.0026 for the ZnO signal.

Figure 7.11 Views at 6 different tilted angles of the reconstruction of the ptycho
tomography sample B. (a) -65o, (b) -35o, (c) -5o, (d) 5o, (e) 35o and (f) 65o.
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Figure 7.12 (a) Surface rendering of (1.5 m)3 center cube of the reconstructed
ptychographic spectro tomography data (sample B). (b) single slices at 0.3 μm, 0.6 μm, 0.9
μm and 1.2 μm depth of the cube. c) plot of the volume fraction per slice, as a function of
depth from the xy surface.
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A movie of various renderings of the 4D ptychography result (color coded
composite of the ZnO and Al2O3 reconstructions) is available for viewing at
https://drive.google.com/drive/u/2/my-drive?ogsrc=32. The movie shows the 3D chemical
structure of the composite imaged from a number of angles and with detailed interior
views. It clearly shows the presence of non-conformal ZnO coatings (red) on the Al2O3
aerogel framework (blue). Using a 10–90% intensity metric, and measuring profiles at 3
locations in each of the xy and yz planes, the spatial resolution is estimated to be 18 nm (3
pixels) for the xy plane, and 24 nm (4 pixels) for the yz plane.

7.3.4 Transmission Electron Microscopy (TEM) of ZnO/Al2O3 Aerogel
In order to verify the unexpected poor coverage and aggregated ZnO coating, TEM
studies were performed by the Lawrence Livermore Lab collaborators using a Titan 80-300
(Scanning) Transmission Electron Microscope (STEM) operated at 300 kV for both TEM
images and STEM-EDS measurements. Figures 7.13a and 7.13b display high resolution
transmission electron microscopy (HR-TEM) images of the ZnO-coated Al2O3 aerogel.
Needle- and leaf-like motifs are readily observed in Fig. 7.13a for the aerogel framework,
which are consistent with the structures reported for Al2O3 aerogels prepared via the
synthetic pathway used to make the samples of this study (Poco et al. 2001). The surfaces
of the Al2O3 aerogel are decorated by nanoparticles with dimensions ranging from a few
nanometers to more than 30 nm. Z-contrast imaging (Fig.7. 13c) reveals that these
nanoparticles contain a higher-Z element that the aerogel scaffold, which strongly indicates
that they arise from the ZnO ALD coating. This interpretation is further supported by
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energy dispersive spectroscopy (EDS) measurements (data not shown) that indicate the
presence of only Al, O, and Zn in the sample (Cu from the TEM sample grid was also
observed). The EDS data also reveals that the relative concentration of each of these
elements varies as a function of position within the sample. Significantly, the ZnO
nanoparticles are highly crystalline and typically observed to be single crystals, as
demonstrated by Fig. 7.13b. Attempts to obtain atomic resolution images of the Al2O3
network were unsuccessful as the sample fragments reacted to the incident electron beam
by moving on to the Cu grid, which is attributed to charging of the Al2O3.

Figure 7.13 (a) Transmission electron micrograph of an Al2O3 aerogel coated with 25
ALD cycles of ZnO. Three morphologies are indicated: ~10 – 30 nm strongly scattering,
square/spherical clusters of single crystals (ZnO); elongated, strongly scattering rods
(ZnO); and weakly scattering sheet-like material (alumina). (b) High resolution TEM
showing crystal planes of ZnO. (c) a Z-contrast scanning transmission electron micrograph
of the same material in which the higher-Z ZnO coating appears white and the Al2O3
appears grey.

7.4 Discussion
As observed in other soft X-ray STXM /ptychography comparisons (Miao et al.
2012, Shapiro et al. 2014), ptychography provides significantly improved spatial resolution
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relative to STXM in both 2D and 3D. Although the spectro-ptycho-tomography data was
only measured at the Zn L-edge due to technical reasons, this was sufficient to determine
images and quantitative maps of both the ZnO and Al2O3 components. From detailed
analyses of the 3D distributions it was possible to estimate the degree to which the ALD
deposited ZnO covered the Al2O3 aerogel framework. In the ptychography measurement of
sample B the ZnO coverage of the Al2O3 aerogel was estimated to be 33(5) %. A similar
co-localization analysis of the STXM spectro-tomography reconstruction gave a derived
ZnO coverage of 55(8) %. This somewhat larger value is likely due to the lower spatial
resolution of STXM than ptychography.
The ability to derive the surface coverage of the ALD coating, combined with the
structural and spectroscopic information available for the aerogel scaffold and ALD layer
using spectro-ptycho-tomography, provides significant new insights about ZnO ALD on
porous Al2O3 frameworks. It has been reported that the mode of ZnO ALD growth on
Al2O3 (specifically sapphire) is dependent on the sample temperature during deposition –
island growth is encountered at 150°C on a planar substrate, while layer-by-layer growth
occurs at 220°C (Baji et al. 2012). The measurements performed in this study conclusively
demonstrate that island (/nanoparticle) formation occurs on the Al2O3 for at least the first
25 ALD cycles at a sample temperature of 110°C, suggesting that the lower-temperature
growth mode extends from planar surfaces to the curved framework of the Al2O3 aerogel.
Furthermore, the dimensions of the ZnO nanocrystals (tens of nm) are also shown to
dramatically exceed the thicknesses one would predict based upon the reported deposition
rates during the initial stages of ALD (~0.2 nm/cycle, for an expected thickness of ≤ 5nm).
This behavior is consistent with a growth mechanism in which adsorbates migrate across
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the substrate surface to form larger nanoparticles, thereby minimizing interfacial and
surface energies.
Comparison with the TEM data for the Al2O3/ZnO material further illustrates the
value of spectro-ptycho-tomography as a complementary or alternative method for high
resolution materials characterization. There is clearly strong qualitative and quantitative
agreement between the structures derived from the two techniques. Such close correlation
confirms that the formation of ZnO nanocrystals is not an artifact of irradiation with the
electron beam, i.e., via beam damage/heating, and thus greater weight can be placed on the
TEM data. Without the complementary spectro-ptycho-tomography measurements, beam
damage could have remained a concern if one was attempting to distinguish between layerby-layer and island growth using only TEM, particularly given that the sample reacted by
moving under the electron beam during HR-TEM measurements of the Al2O3 scaffold. This
movement of the sample has additional significance in that it precluded high spatial
resolution diffraction or spectroscopy studies to identify the phase and bonding of the
aerogel using TEM. The X-ray based methods were able to address this gap in knowledge
via assignment of the θ phase of Al2O3 and identification of both tetrahedral (AlO4) and
octahedral (AlO6) bonding environments of Al within the aerogel. The combination of
techniques also indicate that the structure of the Al2O3 aerogel remains unchanged through
formation of the ZnO layer, which demonstrates the robustness of the aerogel as a scaffold
for functionalization by ALD.
Spectro-ptycho-tomography has far broader applicability than this study of ZnO
ALD on an Al2O3 aerogel. The enhanced spatial resolution of spectro-ptycho-tomography
versus conventional STXM spectro-tomography, combined with the localized structural and
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chemical information derived from the technique, has the potential for significant impact on
development of improved nanoscale and nanostructured functional materials. This study
demonstrates that 4D spectro-ptycho-tomography can provide quantitative information
regarding the size, distribution, and electronic structure (and, by extension, local bonding
and phase) of nanoscale coatings, the exposed surface area of both template and coating,
the amount of interface between them, and the pore architecture. Such information is of
direct

value

in

understanding

relationships

between

the

structure

and

properties/performance of nanostructured systems including catalysts, e.g. for identifying
active sites, the efficiency of specific architectures, mass transport through the material,
degradation pathways, etc.. Furthermore, assignment of the material structure and bonding
can be used in a feedback loop to improve synthetic pathways for generating designer
materials. Significantly, spectro-ptycho-tomography does not impose as stringent limits
over sample thickness and radiation sensitivity as does comparable electron beam
techniques, making it a powerful complementary or alternative 4D analysis method.
With the development of near diffraction limited synchrotron radiation (DLSR)
facilities like Max IV in Sweden and Sirius in Brazil, as well as DLSR upgrade activities
and plans at many 3rd generation facilities, it is clear that the types of dramatic
improvements in 4D imaging presented in this work will become routinely available in the
near future (Hitchcock and Toney 2014). The recently commissioned COSMIC beamline at
the ALS, which is dedicated to ptychography, will be an outstanding facility to continue
this type of 4D imaging.
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7.5 Summary
STXM spectro-tomography and ptychography spectro-tomography were performed
on several different Al2O3 aerogel samples, and 4D images were generated by
reconstruction. The spatial resolution calculated by FRC shows that the 2D and 3D spatial
resolution in the ptychography results was significantly improved relative to corresponding
conventional STXM measurements. A quantitative analysis of both the STXM and
ptychography tomography results gave detailed information about the atomic layer
deposition coatings. Non-uniform coating of ZnO by atomic layer deposition was
documented by both STXM and ptychography 4D imaging. The quantitative and
qualitative structural information provided by the x-ray methods have direct value for
evaluating and optimizing the ZnO ALD process and illustrate their broad applicability for
characterizing heterostructures on nanometer length scales.

This chapter has demonstrated the advantage of ptychography compared to
conventional STXM that described in Chapter 5. The disadvantage is the high radiation
damage. The radiation damage can be reduced by cryo STXM which is discussed in
Chapter 8.
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Chapter 8
Summary and Future Work

This chapter provides a summary of the main scientific results of this thesis. Results from
cryo-STXM tomography measurements carried out toward the end of my thesis research
are presented. Ideas are provided for future research in 4D imaging based on scanning Xray microscopy methods, including STXM, ptychography and laminography.

8.1 Summary
Soft X-ray scanning transmission X-ray microscopy (STXM) was used to
characterize the 3D distributions of ionomer and carbon support in the catalyst layer of
proton exchange membrane fuel cell (PEMFC) cathodes. The compressed sensing (CS)
algorithm was adapted for reconstruction of STXM and ptychography tomography data sets.
I demonstrated the superior performance of CS relative to SIRT and FBP reconstruction
methods when applied to STXM tomography data set. CS was used extensively for
efficient 3D reconstruction. I studied the changes in the amounts and 3D spatial
distributions of ionomer due to radiation damage in STXM tomography and ptychography.
Soft X-ray ptychography was used to improve the spatial resolution of 4D imaging and
applied to both PEMFC cathodes and to ZnO/Al2O3 aerogels.
(chapter 4) This collaboration with members the Cambridge electron microscopy group
(Sean Collins, Rowan Leary, Zineb Saghi, Paul Midgley) and Mirna Lerotic (2nd Look
Consulting) implemented and tested compressed sensing as a tool for reconstructing tilt
angle tomography data sets. My role was to test the software, which was written by Mirna
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Lerotic with help from the Midgley group. I applied the CS code in Mantis to a number of
different electron and X-ray tomography data sets during its development, and for the paper.
I made suggestions on how to improve the user interface and extensively explored the
dependence of the results on the CS parameters and the nature of the data set. The CS
method implemented in Mantis (Lerotic et al. 2014) was then used extensively in the
remainder of my studies, and has also been used by other groups (Luo et al. 2017). Given
the ongoing interest and adoption of compressed sensing methods in both data acquisition
(Gurbuz et al., 2009) and data analysis, this paper and the Mantis implementation will be of
great value to the 3D and 4D imaging communities.
(Chapter 5) 4D imaging of PEMFC cathode catalyst layers was used to measure the
distribution of ionomer relative to carbon support, in order to optimize the fabrication of the
cathode catalyst. 2-set and 3-set experiments were used to guide modification of acquisition
procedures in order to minimize radiation damage in 4D. With the use of CS, fewer tilt
angles are needed and radiation damage during tomography measurement was reduced.
This study showed that STXM tomography at room temperature can be used to quantify 3D
distributions of ionomer in PEMFC cathodes with negligible radiation damage. With this
approach, it is possible to systematically measure MEA samples with different loading of
ionomer, and combine the 4D results with performance analysis results, in order to
optimize the cathode catalyst layer formulation, fabrication and nanostructure.
(Chapter 6) PEMFC MEA cathodes were measured by ptychography tomography to
improve the 3D spatial resolution compared to STXM tomography. A model sample was
used to demonstrate that ptychography can provide significant resolution enhancements
even for soft matter samples which do not scatter strongly. Significant improvements in the
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spatial resolution were achieved for both 2D and 3D distributions. A full F 1s
ptychographic stack of the catalyst layer was also successfully recorded. Although
excessively damaging, this provided a high-resolution probe of both the spectroscopy and
spatial distribution of PFSA ionomer in a real cathode CL sample. COSMIC beamline and
ptychography end stations are now available at the ALS. With the fast detector of COSMIC,
4D imaging of ionomer in PEMFC electrodes with spectro-ptycho-tomography with
acceptable doses and extent of radiation damage will be achieved.
(Chapter 7) STXM spectro-tomography and soft X-ray ptychography spectro-tomography
were performed on Al2O3 aerogel samples with ZnO ALD coating. I developed a water
dispersion sample preparation method which provided a variable size range for tomography
measurements. This study showed that, compared to conventional STXM measurements,
the 2D and 3D spatial resolution in the ptychography results was significantly improved.
The technique can be used to evaluate and optimize the ALD process and illustrate their
broad applicability for characterizing heterostructures on nanometer length scales.

8.2 Suggestions for future research
8.2.1 Ambient STXM of PEMFC MEAs at the S 1s edge
One of the major limitations of the 4D imaging of PEMFC cathodes is the limited
Z-dimension that can be measured, due to the requirement of X-ray transmission, which
limits sample thickness to less than 300 nm for F 1s measurements and 150 nm for C1s
measurements. Even with the ~15 nm spatial resolution achieved with ptychography that
places a significant restriction on the spatial extent of true 3D information, namely spatial
distribution and ionomer pathway connectivity in the Z-direction. One way to greatly
expand the Z-range over which STXM and ptychographic 4D imaging of MEA samples can
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be performed would be to measure at the S 1s edge (2460 eV) where the X-ray penetration
depth is much greater. Although the amount of S in PFSA is very low (the formula for
Nafion-117 is C21F41O5SH), the sulfonate group has a very prominent transition at 2477 eV.
Perhaps more significantly with respect to probing the proton conducting capability of
ionomer in pristine and electrochemically tested samples, the sulfur signal is a direct
measure of the ionomer proton conduction capability whereas the F 1s edge is only
indirectly related. This aspect has already been explored using S 2p measurements in a
study of carbon corrosion of PEMFC MEAs (Hitchcock et al 2016).
Figure 8.1a plots the S 1s spectra of sulfate and sulfite species, illustrating the
excellent sensitivity of this edge to the oxidation state of sulfur (Hay et al. 2004). Figure
8.1b plots a calculated spectrum of 1 m thickness of nafion-117 in the 1900 – 2600 eV
region, based on the typical composition of a cathode (40 % ionomer, 10 % Pt and 50 %
carbon support). At 1 m thickness the peak S 1s OD of pure ionomer is 0.1 in the S 1s
region, while the contribution of all species in the simulated cathode at the same energy is
0.65, and is dominated by the strong Pt 3D absorption. These OD values are suitable to
avoid absorption saturation and get good statistics. S 1s studies of liquid crystal display
materials (Kaznatcheev et al., 2007) and biological systems (Norlund et al 2009) have been
performed at the CLS ambient STXM. Based on these considerations, all components of
the MEA could be measured with chemical specificity by making tomography
measurements at 2465 eV (pre S-edge) and 2482 eV (S 1s → *S=O peak), 2100 eV (pre-Pt),
2170 eV (Pt 3d5/2). The PFSA chemical map would be obtained from OD2482-OD2465 with a
quantitative response of 0.034 OD/m. The Pt catalyst map can be obtained from OD2170OD2100 with a quantitative response of 3.8 OD/m. The carbon support map would not be
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Fig. 8.1 Evaluation of S 1s STXM of cathodes. (a) S 1s spectra of sulfate and sulfite species (Hay
et al 2004). (b) Simultation of Pt 3d and S 1s region of the X-ray absorption spectra of a cathode,
consisting of 10 % Pt (red), 50 % carbon support (blue0, and 40 % PFSA ionomer (green).

obtained directly, but it could be estimated from OD2100 by subtracting weighted
contributions of the PFSA and Pt signals. This evaluation indicates S 1s would be feasible,
and the 1-2 m thickness of the microtomed MEA section would allow STXM spectrotomography to provide very extensive information in the z-direction. However the SM
beamline has relatively low flux at the S 1s edge (typically less than 1 MHz), and the
energy scale is not very stable. As part of the CLS-SM upgrade there is funding to replace
the monochromator and improve flux in the 2000 – 3000 eV range by as much as a factor
of 40 through the use of multilayer coated mirror and grating optics. This is expected to be
completed by 2020 or 2021. S 1s ptychography measurements can also be done of the new
COSMIC beamline in ALS and this should be expected in the near future.

8.2.2 Cryo STXM tomography
A new cryo-STXM has been designed, built and commissioned as part of a CFIfunded upgrade of the SM beamline Canadian Light Source (CLS). Cryogenic sample
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temperatures suppress mass loss radiation damage. A JEOL goniometer and Gatan cryo
transfer system, (donated to CLS by Dr. Chris Jacobson, Northwestern University) is used,
allowing load-lock transfer of samples into the STXM vacuum tank. My part in this
instrument development was testing the goniometer rotation and developing procedures for
eucentric adjustment of the sample position such that the region of interest stays at the Xray focal point over the full angle range (-70o to +70o). Although this has not yet been
achieved, cryo-tomography data sets have been recorded in an automated fashion by
oversampling the spatial region to compensate for motion of the region of interest with
rotation.
MEA samples were used for commissioning the cryo-STXM, including 2D imaging,
full stacks and cryo-tomography measurements. Figure 8.2(a-d) shows chemical maps at
different tilt angles from cryo-tomography of an MEA sample. Images were measured at
684 and 694 eV from -70°to +65° with 10° increments, with the sample maintained at 180°C. A volume rendering of the reconstruction is presented in Fig. 8.2(e). In order to
demonstrate that the cryo conditions actually do reduce radiation damage, a cryotomography data set of an MEA sample must be measured with higher dose. C 1s and F 1s
spectra should be recorded with the sample cold, before and after the tomographic data set.
The commissioning paper (Leontowich et al. 2018) already presents evidence that cooling
reduces mass loss damage, as shown in Fig. 8.3.
During PEMFC operation, the cathode side is at high temperature and high relative
humidity (RH) (typically 80 % RH and 80oC). It would be desirable to measure the MEA as
close to the real operating conditions as possible. With cryo-STXM, “wet” tomography
with Luxel windows (see Fig. 3.6c) would be possible, although at present it is not
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possible to flash freeze samples and thus the crystallization of water during cooling (which
takes ~10 min) would likely alter the cathode morphology. I tried wet tomography of
MEAs using the CLS ambient-STXM. However, the experiments failed because the Luxel
window samples dried before or during the measurement. Another sample that was tried
using the Luxel window cell was magnetotactic bacteria (MTB) cells in water, a
collaboration with group member, Xiaohui Zhu. Figure 8.4a shows TEM images of the
MTB cells (dried). Figure 8.4b is a STXM image of the Luxel window with the MTB cell
solution inside. A color coded composite chemical map, derived from STXM measurements
at the O 1s and Fe 2p edge, is shown in Fig. 8.4c, with the cell in green, the water in blue
and the magnetosomes in red. A tomography data set was measured for this sample.
However, the sample dried out during the measurement and there was extensive
reconstruction artefacts. Also the MTB cells were dry and dead before the sample
preparation, so the shape of the cell and the magnetosome chain may have been changed
from its structure in the cell when the cell was live. If a plunge freeze apparatus is acquired
at the CLS it would be possible to measure 2D and 3D of MTB cells and other biological
samples (Lepault et al. 1983, Gros et al. 2005) with the water still present as amorphous ice.
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Figure 8.2 2D chemical maps of PFSA of an MEA sample under cryo conditions (-181oC) at
different tilted angles, derived from images measured at 684eV and 694 eV. (a) -70°,(b) 30°,(c) 30°,(d) 65°.(e) 30°tilted view of the 3D reconstructed volume.

Figure 8.3 X-ray transmission images at 694.0 eV of 100 ±14 nm thick PEM fuel
cell sample. The membrane region is on the right and the cathode is on the left for all
images, which are all on the same spatial scale. (a) Image of a sample region
immediately after X-ray exposure at 296 K. (b) Image of a different sample region
immediately after X-ray exposure at 95 K, using otherwise identical exposure
conditions as a). (c) Same region as b), imaged after allowing the sample to warm up
to 296 K
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Figure 8.4 (a) TEM image of MV-1 magnetotactic bacteria cells. The scale bar is 400
nm; (b) STXM image of the sample in a Luxel tomography holder. Scale bar is 200 m
(c) color composite of component maps of a wet MT sample, measured at O1s edge
(OD525-OD550) and Fe 2p edge (OD710). The bacteria cell is in green, water in blue, and
magnetosome chain in red.

8.2.3 Cryo soft X-ray ptychography tomography
Another goal for the new CLS cryo-STXM could be to develop other techniques that
are currently available in the CLS ambient-STXM, including: total electron yield detection
for surface studies (Behyan et al. 2011); X-ray fluorescence detection for trace level studies
(Hitchcock et al. 2010) and ptychography (Wang et al. 2017). As a continuation of my
thesis work, cryo soft X-ray spectro-ptycho- tomography is of greatest interest since it
would combine low radiation damage, chemical sensitivity, high spatial radiation and 4D
visualization. Applications may include radiation sensitive biomaterials, bacteria, flu virus,
proteins and lipids assembles, and different polymer nanocomposites.

8.2.4 Other STXM 4D imaging applications
Cellulose is an organic compound that exists in the cell walls of plants. It is widely
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used to make paper, plastic, and various fibres and fabrics. Nanocrystalline cellulose is a
newly developed product which can be used to produce nanocomposites with superior
thermal and mechanical properties (Pranger et al. 2008, Cai et al. 2009). Figure 8.5 shows
an anatase-titania–cellulose hydrogel deposited with 20-layer titania gel films (Luo et al.
2014). The high-magnification field emission scanning electron microscopy (FE-SEM)
image (Fig. 8.5b) indicates that each microfibre is composed of fine nanofibres. The TEM
image (Fig. 8.5c) indicates that the diameter of the anatase titania nanoparticles varies from
20 nm to 50 nm. STXM 4D measurements could be taken at the Ti 2p or the O 1s edge to
differentiate the two components. A nanocellulose hydrogel from Prof. Emily Cranston
(McMaster University) was measured by ambient STXM at the C1s edge at CLS in 2015.
However, the signal was saturated at the peak energy. To avoid the saturation problem, the
sample thickness can be controlled by FIB. Another possible sample preparation method is
to crush the sample into fine powder and disperse into water, then plunge freeze the liquid
and measure by cryo soft X-ray spectro-ptychography.

Figure 8.5 (a) Low-magnification FE-SEM image; (b) high-magnification FE-SEM
image; (c) TEM of an individual anatase-titania–cellulose composite nanofibre isolated
from the assembly (Luo et al. 2014) (Reproduced with permisison from Royal Society
of Chemistry)
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Appendix Ⅰ List of software
This appendix lists all the softwares that used for this thesis.
1. AUTOCAD 2013
AUTOCAD 2013 was used for the design of the modification of Laminography sample
rotator.
2. Avizo 9.0
Avizo 9.0 was used for the visualization, volume rendring, segmentation, and
quantification of the 3D/4D volumes.
3. aXis2000
aXis2000 was used to analysis all the STXM data.
4. ImageJ (FIJI)
ImageJ was used for image visualization, calculation, alignment, and 3D reconstruction.
5. Mantis v.2.3
Mantis (by Mirna Lerotic) was used for 3D reconstruciton, and 4D reconstruction.
6. SigmaPlot 6.0
SigmaPlot was used to plot spectroscopy and graphs.
7. STXM rotator v.3.5
STXM rotator was used to controll the tomography/laminography step rotation.
8. UCSF Chimera
Chimera was used for visualization, volume rendring, segmentation of 3D/4D volumes.

224

Ph.D. Thesis – Juan Wu
McMaster University – Material Science & Engineering

Appendix Ⅱ

Appendix Ⅱ Laminography
This appendix presents the progress of soft X-ray microscopy laminography.

STXM laminography measurements has been done for several different samples. The
experiments are listed in Table A.1. A magnetite sample was measured at 704 eV and 709.6
eV. The tilt angle was 20°, and the rotation range is 0° to 360° with 4° increment. The Fe
maps were generated by subtracting the pre edge signal at 704 eV from the peak signal at
709.6 eV (Fig. A.1). Figure A.2 shows the Fe maps at different rotation positions.
Laminography of a PEMFC cathode catalyst sample was measured at CLS STXM
with a rotation axis tilt of 30°. Two energies (278 eV, 284.5 eV) were used at the C1s edge,
and 684 eV, 693 eV were used at the F 1s edge. The angle scan range was from 0° to 360°
with 10° increment. Figure A.3 shows some of the carbon support maps at different
rotation positions. A change of the shape around the center hole can be seen, which
indicates sensitivity to the 3D structure. The chemical maps of carbon support (blue) and
ionomer (green) are shown in Figure A.4. However, both the magnetite sample and the
PEMFC cathode catalyst sample are flat samples, so the change of structure at different
rotation positions is not significant.
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Table A.1 List of STXM laminography experiment
date

sample

energies

angle

unicorn/data/xrm/stxm-cls

Jan-17

ZnO/Al2O3

1018eV/1060eV

0°-360°/10°

/2017/17-01B/laminography-

aerogel

/1562eV/1568.2eV

Feb-

TiO2/ Al2O3

450eV/520eV

16

aerogel

/1570eV/1560eV

Jan-16

TiO2/ Al2O3

450eV/520eV

0°-360°/10°

/2016/16-01/lami-analysis

1560eV/1570eV

0°-360°/10°

/2015/15-09/laminography-

analysis
0°-360°/10°

/2016/16-02/laminographyanalysis

aerogel
Sep-

TiO2/ Al2O3

15

aerogel

Jun-15 TiO2/ Al2O3

analysis
1558eV/1567eV

0°-360°/10°

aerogel

/2015/1506/laminography/earogellami-data

Mar-

MEA Sample C

278eV/284.5eV

210°-360°

/2015/15-03/MEA-

15

in PS

/684eV/693eV

/10°

laminography

Dec-

MEA Sample C

278eV/284.5eV

0°-210°/10°

/2014/14-12/laminography-

14

in PS

/684eV/693eV

Oct-

MEA Sample C

684eV/693.3eV

0°-300°/60°

/2014/14-10/laminography

14

in PS

Aug-

magnitite

704eV/709.6eV

220o-360o / 4o

/2014/14-08/magnitite-lami

Jun-14 magnitite

704eV/709.6eV

0o-220o / 4o

/2014/14-06/laminography-

pemfc-gif

14

analysis-06-21
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Figure A.1 (a) Fe 2p3/2 spectrum of magnetite; (b) 2D images at 704 eV; (c) 2D images at
709.6 eV; (d) Fe map generated by OD709.6-OD704

Figure A.2 Fe map of magnetite at 0°, 60°,120°,180°,240°,300°
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To test the capabilities of STXM laminography, a sample which is porous, with 3D
chemical structure, and low density was sought. The aerogels provided by Jonathan Lee
(Lawrence Livermore National Laboratory) were measured by STXM laminography. The
details of the aerogel sample have been described in Chapter 7. The TiO2/Al2O3 aerogel
was composed of an Al2O3 aerogel substrate coated with TiO2 by atomic layer deposition
(ALD). The diameter of pores is around 200 nm, while the sub-pores are about 30~50 nm.
The spectrum of TiO2 at the Ti 2p edge and Al2O3 at the Al 1s edge are shown in Fig. A.5.
The TiO2 spectrum was saturated at the Ti 2p edge. A Ti 2p continue pre-O1s energy
520eV was used to derive the TiO2 map. The TiO2 map was generated by OD520-OD450, and
the Al2O3 was generated by OD1570-OD1560 (see Fig. A.6). The 4-energy laminography
angle set was acquired from 0° to 360° with 10° increment. The rotation axis tilt was 30°.
Figure A.7 shows the chemical maps of Al2O3 (blue) and TiO2 (red) at different rotation
angles. The 3D structure changes are more clear.

Figure. A.3 (a) Laminography measurement region in red box, (b-g) 2D laminography
carbon support maps at 0°, 60°, 120°, 180°, 240°, 300° from the cathode region of a
PEMFC.
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Figure A.4 Chemical maps of carbon support (blue) and ionomer (green) at (a) 0°,
(b) 90°, (c) 180°, (d) 270°

Figure A.5 X-ray absorption spectrum of TiO2/Al2O3 aerogel: (a) TiO2 at Ti 2p edge, (b)
Al2O3 at Al 1s edge
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Figure A.6 Chemical maps of (a) TiO2 generated by OD520-OD450 (b) Al2O3 generated by
OD1570-OD1560

Figure A.7 Chemical maps of TiO2 (red) Al2O3 (blue) at rotation positon (a) 0°, (b) 90°,
(c) 180°, (d) 270°
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The laminography reconstruction is still under development. Figure A.8 was the
laminography reconstruction of the magnetite sample done by the Helfen group with the
filtered back-projection (FBP) algorithm. The same FBP algorithm was implanted by Mirna
Lerotic in python code she developed to analysis my data. The geometry is shown in Fig.
A.9. The tilt angle between x and x' (after tilt) (z and z') is θ. The laminography rotation
angle is ϕ. However, the code is not working properly (see Fig. A.10). Compared to the 2D
image of the magnetite at 0° (Fig. A.10(a)), the 0° projection of the reconstructed volume
(Fig. 8.10(b)) has a different shape. The reasons for failure may include：(1) The number
of rotation angles is not enough for the FBP algorithm. (2) The calculation geometry is not
correct. (3) The laminography alignment is not done properly. Improvement has to be done
in future: (1) Check the calculation geometry. (2) Find a better auto alignment method for
laminography data set. (3) Develop a Compressed Sensing algorithm for lanimography
reconstruction. Furthermore, another difference between our data set and Helfen’s data sets
is the tilted angle θ. The tilted angle θ equals to 60°, while in our setup, the angle θ is 30°.
This is another reason for the fail. The tilted angel has to be increase to reduce the missing
wedge.

Figure A.8 (a) 2D images of the magnetite at 0°; (b) 0° view of the 3D reconstructed
volume
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y tomo rotation axis
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Figure A.9 STXM laminography geometry

Figure A.10 (a) 2D images of the TiO2 / Al2O3 aerogel sample at 0°; (b) 0°view of the 3D
reconstructed volume
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