
CHEM-E1130 Catalysis 

Catalyst characterization 2: 
Physicochemical Properties

Prof. Riikka Puurunen

30.1.2019



Contents

• Introduction

• Characterization methods that you should be familiar with

• X-ray diffraction (XRD)

• X-ray photoelectron spectroscopy (XPS)

• Scanning electroni microscopy (SEM)

• Transmission electron microscopy (TEM)

• Notions of other techniques – XRF, LEIS, TPX, etc

• Conclusion / Take-home message



Learning outcomes (modified)
After the course the students are able to:

1. give the definition of catalysis and describe concepts related to 

heterogeneous and homogeneous catalysts 

2. explain steps and methods in catalyst preparation 

3. describe and apply selected catalyst characterization methods

4. explain why and how catalysts deactivate and how catalyst 

deactivation can be postponed or prevented

5. give examples of where catalysts are applied 

6. recognize challenges potentially solvable by catalytic reactions

Note, Prof. Puurunen, 7.1.2019: These learning outcomes have not yet been 

accepted for the course. Students are welcome to comment on these proposed 

learning outcomes. We will in practice follow these in the course in 2018-2019



Some feedback in MyCo Quiz 3:
I like – I wish

• [3 persons commented (lengthy) word-filling exercises  has been heard]

• “… I particularly liked the quiz question with the IUPAC isotherm 
classification, as that allowed me to re-read the descriptions of each type 
properly. I also liked the rubik's cube example. The adsorption video was 
really well made.”

• “I really like that this course has been really designed to serve all kinds of 
learners. Distant work is possible as well as going to lectures. All the 
materials are really organized and available if one is just willing to read MC 
through. ...”

• “I wish that there would be two time slots to get help with the first 
assignment.”

+ much more  excellent feedback  Thank You!

Feedback will help to develop the course (slides, quizzes…) further



Some feedback in MyCo Quiz 4:
I like – I wish

• “I like the last slides of every lecture (take-home message). I think they 
sum up nicely the core of each lecture and combined with learning 
outcomes help to spot the main points.”

• ” I liked the word-file which was uploaded to MyCourses to help with the 
catalysis exercise's calculations.”

• ” I like how questions <in Quiz> were about fundamentals of lecture”

• + many more positive notes on the quizzes

• ”I wish I could have attended the lecture because Presemo seems a good 
way to activate the students during the lecture.” (+ many more positive
notes on Presemo usage)

• ” One question, some of the texts are grey in the lecture slides. I 
understand that green is used to emphasize certain parts, but what about 
the grey colour. Additional information? Emphasising method as well? (It 
was used more in the previous slides than these ones.)”  Additional info

+ much more  excellent feedback  Thank You!

Feedback will help to develop the course (slides, quizzes…) further



https://www.linkedin.com/feed/update/urn:li:activity:6495692476781862912/

”With catalysis one can make the magic happen, 

but one cannot beat the thermodynamics”

”Wärtsilä Helsinki tour”: https://www.linkedin.com/feed/update/urn:li:ugcPost:6493457072636723200

https://www.linkedin.com/feed/update/urn:li:activity:6495692476781862912/
https://www.linkedin.com/feed/update/urn:li:ugcPost:6493457072636723200


Introduction



As catalysis researchers, we want
to know…
… which materials we have (composition)

… which structure they have (crystallinity, surface area, …)

… which chemical state the elements have

… which size the particles have (average & distribution)

… how they bond & react

…



Some (catalyst) characterization
methods introduced today: 
• All methods are specialized and likely carried out by experts

• Catalysis researchers need to know *which analysis we need, 

*what results we can expect, *what we can interpret and NOT 

interpret from the results. 

• We need to ask the right questions and choose the right

analysis

• We need to understand the basics of the technique to ask the

right questions



Some ways to probe materials

Photons (x-rays, 

UV, vis, IR, …)

Charged

particles

(electrons, ions)

Our

sample

Photons (x-rays, 

UV, vis, IR, …)

Charged

particles

(electrons, ions)

We’ll explore: XRD, XPS, SEM, TEM



Catalyst characterization examples
from recent publications

https://research.aalto.fi

/portal/riikka.puurunen

.html, accessed 

24.1.2019 

See introduction of the

articles at the end of 

the slideset

https://research.aalto.fi/portal/riikka.puurunen.html


Powder X-ray diffraction (XRD)

x-rays

Our

sample

x-rays



Powder XRD

• Is the material amorphous or crystalline?

• ”XRD-amorphous”  crystallite size < ~5 nm

• Which crystalline phases are present? 

• How large are the crystallites? (with caution)

• Basis: elastic scattering of x-rays from a crystal lattice. 

• X-ray wavelength in the same range as the distance between

atoms in a lattice  ~Ångström-scale (1 Å = 0.1 nm)



What are X-rays?

• Short-wavelength and high energy electromagnetic radiation

• Wavelength 0.01 nm to 10 nm, (3×1016 Hz to 3×1019 Hz) 

• 0.5 – 2.5 Å used in diffraction

• Discovered by Wilhelm Röntgen (1845-1923) in 1895

• Wilhelm Röntgen: Nobel price 1901

• Production of X-rays: X-ray tube and synchrotron

From: Yanling Ge, XRD Lecture Aalto University 17.09.2018



http://en.wikipedia.org/wiki/File:X-ray_applications.svg, accessed 28.1.2019

E = h = hc/ =c/; : frequency; c: speed of light; : wavelength

100 pm = 1 Å

http://en.wikipedia.org/wiki/File:X-ray_applications.svg


L3->K 1

L2->K 2

How are X-rays made?

Photoelectric effect (& Auger)

From: Yanling Ge, XRD Lecture Aalto University 17.09.2018



L3->K 1

L2->K 2

How are X-rays made?

Photoelectric effect (& Auger)

From: Yanling Ge, XRD Lecture Aalto University 17.09.2018

Filter applied  e.g, Cu K 0.154 nm



Diffraction: Braggs’ Law

Diffraction is 

essentially a scattering 

phenomenon in which a 

large number of atoms 

cooperate.

Modified from: Yanling Ge, XRD 

Lecture Aalto University 17.09.2018

(The integer n is known  as the 

order of reflection and its value is 

taken as 1 in all calculations.) 

Materials Characterization: Introduction to Microscopic and Spectroscopic Methods; Yang Leng Edition 2 

John Wiley & Sons, 2013 ISBN3527670793, 9783527670796 pages 392 

https://en.wikipedia.org/wiki/Bragg%27s_law, accessed 30.1.2019

https://www.google.fi/search?hl=fi&tbo=p&tbm=bks&q=inauthor:"Yang+Leng"&source=gbs_metadata_r&cad=7
https://en.wikipedia.org/wiki/Bragg's_law


Classical Powder Diffractometer

19

Basic XRD Course

X-ray tube

Soller slit
Soller slit

Anti-scatter 

slit

Receiving 

slit

Monochr.

Divergence slit

Sample stage

Mask

Detector

Goniometer

From: Yanling Ge, XRD Lecture Aalto University 17.09.2018



XRD Schematic Arrangement

Horizontal Bragg-

Brentano geometric 

arrangement of x-ray 

diffractometer

From: Yanling Ge, XRD Lecture Aalto University 17.09.2018

2 q x-scale of x-ray

diffractogram



https://en.wikipedia.org/wiki/X-ray_crystallography#/media/File:Freezed_XRD.jpg accessed 30.1.2019

https://en.wikipedia.org/wiki/X-ray_crystallography  A powder x-ray diffractometer in motion

https://en.wikipedia.org/wiki/X-ray_crystallography#/media/File:Freezed_XRD.jpg
https://en.wikipedia.org/wiki/X-ray_crystallography


X-ray
diffractogram
example: 
alumina

Richardson, Principles of Catalyst Development, Plenum Press, 1989.

(Better term: X-ray diffractogram)



Scherrer Equation  crystal size

23

https://en.wikipedia.org/wiki/Scherrer_equation, accessed 30.1.2019

• τ is the mean size of the ordered (crystalline) 

domains, which may be smaller or equal to the 

grain size;

• K is a dimensionless shape factor, with a value 

close to unity. The shape factor has a typical value 

of about 0.9, but varies with the actual shape of 

the crystallite;

• λ is the X-ray wavelength;

• β is the line broadening at half the 

maximum intensity (FWHM)*, after subtracting the 

instrumental line broadening, in radians. This 

quantity is also sometimes denoted as Δ(2θ);

• θ is the Bragg angle.

*FWHM = full width at half maximum

https://en.wikipedia.org/wiki/Scherrer_equation
https://en.wikipedia.org/wiki/X-ray
https://en.wikipedia.org/wiki/Wavelength
https://en.wikipedia.org/wiki/Intensity_(physics)
https://en.wikipedia.org/wiki/Full_width_at_half_maximum
https://en.wikipedia.org/wiki/Radian
https://en.wikipedia.org/wiki/Bragg_diffraction


Scherrer Equation  crystal size

24

q



cosB

K
t 

B = FWHM (in radians); t = 
diameter of the crystallites;  is 
wavelength of anode material; q: 
Bragg angle (in radians); 
K is shape factor. 

Condition: when strain caused broadening is zero. 

B is essentially zero when the crystallite size exceeds about 1000Å, (or >1µm to be in safe side).

Particles:
Shape 
factor:

Spheres 0.89

Cubes 0.83 - 0.91

Tetrahedra 0.73 - 1.03

Octahedra 0.82 - 0.94

B = Bob - Bstd

From: Yanling Ge, XRD Lecture Aalto University 17.09.2018

also: https://en.wikipedia.org/wiki/Scherrer_equation, accessed 30.1.2019

https://en.wikipedia.org/wiki/Scherrer_equation


Powder
XRD –
recent
example

Coronado et al., Appl. Catal. A (2018) 112–121. https://doi.org/10.1016/j.apcata.2018.09.013. 

(c) 2018 The Authors, CC BY-NC-ND 4.0

https://doi.org/10.1016/j.apcata.2018.09.013
https://creativecommons.org/licenses/by-nc-nd/4.0/


” Based on peak 

broadening, Scherrer

equation [40] was 

applied to estimate the 

particle size of nickel 

species. The X-Ray 

wavelength of Cu K-

alpha was assumed to 

be 0.154 nm, and a 

crystallite shape-factor 

of 0.94 was applied, 

considering sphere-like 

catalyst particles. ”

Coronado et al., Appl. Catal. A (2018) 112–121. https://doi.org/10.1016/j.apcata.2018.09.013. 

(c) 2018 The Authors, CC BY-NC-ND 4.0

https://www.sciencedirect.com/science/article/pii/S0926860X18304745#bib0200
https://doi.org/10.1016/j.apcata.2018.09.013
https://creativecommons.org/licenses/by-nc-nd/4.0/


Discussion on applying

Scherrer equation in 

Research Gate* (and surely

elsewhere)

• https://www.researchgate.net/post/How_do_I_c

alculate_nanocrystallite_size_by_Debye-

Scherrer_equation_using_XRD

* Lecturer is cautious of this service

https://www.researchgate.net/post/How_do_I_calculate_nanocrystallite_size_by_Debye-Scherrer_equation_using_XRD


X-ray photoelectron
spectroscopy (XPS)

x-rays

Our

sample

electrons

Also known as ESCA: electron spectroscopy for chemical analysis



XPS

• Which elements do we have? 

• (We do not get info on hydrogen)

• How is the chemical state of the elements?

• Oxidation state?

• Bonding environment?

• Surface-sensitive measurement (up to ~10 nm)  contains

depth information

• (often not considered)

• Vacuum required [ultra-high vacuum (UHV), 10-9 Torr)]



Photoelectric effect

Figure 1. Schematic of 

the photoemission of a Ni 

2p3/2 electron from a 

nickel atom.

http://www.xpsfitting.com/search/label/XPS%20Description, accessed 24.1.2019

http://www.xpsfitting.com/search/label/XPS Description


When an X-ray of known energy (hν), generally, with laboratory-based 

equipment either Al Kα at 1486.7eV or Mg Kα at 1253.6eV, interacts with 

an atom, a photoelectron can be emitted via the photoelectric effect (Figure 

1). The emitted electron’s kinetic energy (Ek) can be measured and the 

atomic core level binding energy (Eb) relative to the Fermi level (EF) of the 

sample can be determined using the following equation: 

Eb = hν – Ek – Φsp

where Φsp is the work function of the spectrometer (typically 4 to 5 eV). The 

various core level binding energies observed in a spectrum can be used to 

identify all the elements of the periodic table except for hydrogen and 

helium. Chemical state information can also be extracted because binding 

energies are sensitive to the chemical environment of the atom. 

http://www.xpsfitting.com/search/label/XPS%20Description, accessed 24.1.2019

http://www.xpsfitting.com/search/label/XPS Description


Richardson on XPS:

Richardson, Principles of Catalyst Development, Plenum Press, 1989.



Historical note on XPS

“In the 1950s, Kai Siegbahn (Uppsala University, Sweden), using a 

high resolution spectrometer and a Cu Kα X-ray source, for the 

first time resolved the sharp peak at the high kinetic “edge” seen 

by previous studies. This enabled, for the first time, accurate 

determination of photoelectron kinetic energies and thus core 

level binding energies. In 1981 Siegbahn was awarded the Nobel 

Prize for Physics for this pioneering work[5].” 

http://www.xpsfitting.com/search/label/XPS%20Description, accessed 24.1.2019

http://www.xpsfitting.com/search/label/XPS Description


Chemical state information can also be extracted because binding energies 

are sensitive to the chemical environment of the atom. Chemical 

environments that deshield the atom of interest (i.e. are bound to strongly 

electron withdrawing groups) will cause the core electrons of that atom to 

have increased binding energies. Conversely, decreased binding energies 

will be measured for core electrons of atoms that withdraw electrons from 

their neighbouring atoms. Essentially, binding energy will generally 

increase as chemical state number <oxidation state> increases. As an 

example, niobium metal has a 3d5/2 binding energy of 202.2 eV, while 

niobium 2+, 4+ and 5+ oxides have binding energies of 203.7 eV, 206.2 eV 

and 207.4 eV. Tabulations of binding energies can be found in a variety of 

databases[6,7].

http://www.xpsfitting.com/search/label/XPS%20Description, accessed 24.1.2019

http://www.xpsfitting.com/search/label/XPS Description


http://www.xpsfitting.com/

“This site contains information gained from decades of X-ray photoelectron spectroscopy (XPS) analyses of an enormous 

variety of samples analyzed at Surface Science Western laboratories located at the University of Western Ontario. Originally this 

site was designed as a place for students and our clients to access valuable tips and information. It has since been opened to 

all those interested in the XPS technique. Summaries of literature data, relevant references and unpublished data taken of well 

characterized standard samples are presented. Also curve-fitting tips, instrument set-up tips (specifically for the Kratos AXIS 

Ultra and Kratos AXIS Nova), and CasaXPS tips pertaining to questions we normally get from our students and clients, and 

other odd bits of information are presented.”

(Link from Jouko Lahtinen)

http://www.xpsfitting.com/
http://www.surfacesciencewestern.com/
http://www.uwo.ca/
http://www.kratos.com/
http://www.casaxps.com/


XPS analysis practicalities

• Sample preparation? As little as possible

• Samples secured on holder with springs or with vacuum
compatible tape and evacuated

• XPS analysis: 

1. Elemental ID / quantification: wide scan

2. Chemical information / quantification: high-resolution data

3. Depth information: surface modelling (Tougaard)

• (”In situ” analysis sometimes with probe molecules in a 

separate chamber)



XPS: Wide energy spectrum

” Based on 

the wide 

scan, the 

estimated Ni 

content of the 

surface layer 

was 2 at.%”

XPS Example: 

Ni/zirconia

Voigt et al. Topics in Catalysis (2019), advance online article https://dx.doi.org/10.1007/s11244-019-01133-w

© The Author(s) 2019 [CC BY 4.0] 

https://dx.doi.org/10.1007/s11244-019-01133-w
https://creativecommons.org/licenses/by/4.0/


From: Leena-Sisko Johansson



Binding energy
reference for 
high-resolution
scan – often C1s
“For the high resolution spectra we performed a 

deconvolution of the C 1s spectrum (Fig. 3a) to 

estimate the binding energy (BE) of the main 

peak identified as adventitious carbon in order 

to get a good BE reference. After fitting, the 

most intense peak was shifted to 284.8 4 eV 

and all the other C-peaks as well as other 

spectra were corrected with the same offset. 

The other components visible in the C 1s 

spectrum correspond to different C–O-bonds 

normally visible after air exposure.“

XPS Example: 

Ni/zirconia

Voigt et al. Topics in Catalysis (2019), advance online article https://dx.doi.org/10.1007/s11244-019-01133-w. 

© The Author(s) 2019 [CC BY 4.0] 

Further info: http://www.xpsfitting.com/2011/01/what-is-adventitious-carbon.html

https://dx.doi.org/10.1007/s11244-019-01133-w
https://creativecommons.org/licenses/by/4.0/
http://www.xpsfitting.com/2011/01/what-is-adventitious-carbon.html


XPS: chemical
environment
The Ni 2p region shows the 2p3/2 peak at 

855.5 eV and the 2p1/2 peak at 873.2 eV. Both 

peaks have a satellite roughly 6 eV above the 

main peak. Deconvolution of the Ni spectrum 

was not performed, but we compared the Ni 

spectra against reference spectra of NiO and 

Ni(OH)2 [58]. NiO reference shows two 

components in the 2p3/2 peak around 855.5 eV 

separated by 1.7 eV not visible in our data. The 

Ni(OH)2 reference shows one main peak at 

855.5 eV and a satellite 6 eV above that, 

resembling our data. However, the 

Ni(OH)2 peaks reported by [58] are not 

sufficient to reproduce our data. This indicates 

slightly different environment for Ni atoms than 

in Ni(OH)2 or NiO but their oxidation state 

seems to be two.

XPS Example: 

Ni/zirconia

Voigt et al. Topics in Catalysis (2019), advance online article https://dx.doi.org/10.1007/s11244-019-01133-w. 

© The Author(s) 2019 [CC BY 4.0] 

(High resolution scan)

https://link.springer.com/article/10.1007/s11244-019-01133-w#CR58
https://link.springer.com/article/10.1007/s11244-019-01133-w#CR58
https://dx.doi.org/10.1007/s11244-019-01133-w
https://creativecommons.org/licenses/by/4.0/


Background size & shape related to 
depth info – Tougaard (extra material)

Figure 1. Four widely different surface 

structures of copper in gold that give 

identical peak intensities.

S. Tougaard, Accuracy of the Non-destructive Surface

Nanostructure QuantiÐcation Technique Based on

Analysis of the XPS or AES Peak Shape, SURFACE AND INTERFACE ANALYSIS, VOL. 26, 249-269 (1998), 

https://doi.org/10.1002/(SICI)1096-9918(199804)26:4<249::AID-SIA368>3.0.CO;2-A

(From: Leena-Sisko Johansson)

https://doi.org/10.1002/(SICI)1096-9918(199804)26:4<249::AID-SIA368>3.0.CO;2-A


From: Leena-Sisko Johansson

(Extra material)



(Extra material)



Catalysis researchers visiting in 
Nanotalo XPS & Dr. Jouko Lahtinen

Photos 19.6.2018 / Riikka Puurunen



Electron microscopy - SEM

electrons

Our

sample

electrons



A scanning electron microscope (SEM) is a type of electron 

microscope that produces images of a sample by scanning the surface 

with a focused beam of electrons. The electrons interact with atoms in 

the sample, producing various signals that contain information about the 

surface topography and composition of the sample. The electron beam 

is scanned in a raster scan pattern, and the position of the beam is 

combined with the detected signal to produce an image. SEM can 

achieve resolution better than 1 nanometer. <Note: resolution often in 

practice much worse.> Specimens are observed in high vacuum in 

conventional SEM, or in low vacuum or wet conditions in variable 

pressure or environmental SEM, and at a wide range of cryogenic or 

elevated temperatures with specialized instruments.[1]

https://en.wikipedia.org/wiki/Scanning_electron_microscope, accessed 30.1.2019

https://en.wikipedia.org/wiki/Electron_microscope
https://en.wikipedia.org/wiki/Electron
https://en.wikipedia.org/wiki/Atom
https://en.wikipedia.org/wiki/Topography
https://en.wikipedia.org/wiki/Raster_scan
https://en.wikipedia.org/wiki/Scanning_electron_microscope#cite_note-Stokes-1
https://en.wikipedia.org/wiki/Scanning_electron_microscope


The most common SEM mode is the detection of secondary electrons 

emitted by atoms excited by the electron beam. The number of 

secondary electrons that can be detected depends, among other things, 

on specimen topography. By scanning the sample and collecting the 

secondary electrons that are emitted using a special detector, an image 

displaying the topography of the surface is created.

https://en.wikipedia.org/wiki/Scanning_electron_microscope, accessed 30.1.2019

https://en.wikipedia.org/wiki/Scanning_electron_microscope


Wikipedia  you can watch a 
video on the operating principle

https://en.wikipedia.org/wiki/Scanning_electron_microscope, 

accessed 30.1.2019 

https://en.wikipedia.org/wiki/Scanning_electron_microscope


CC BY-SA 2.5, https://commons.wikimedia.org/w/index.php?curid=618874

accessed 30.1.2019 

SEM 

opened 

sample 

chamber

https://commons.wikimedia.org/w/index.php?curid=618874


Image of pollen grains taken on an SEM (SEM micrographs)

https://en.wikipedia.org/wiki/Scanning_electron_microscope#/media/File:Misc_pollen.jpg, 

accessed 30.1.2019

https://en.wikipedia.org/wiki/Pollen_grain
https://en.wikipedia.org/wiki/Micrograph
https://en.wikipedia.org/wiki/Scanning_electron_microscope#/media/File:Misc_pollen.jpg


SEM images grayscale 
sometimes coloured afterwards

https://en.wikipedia.org/wiki/Scanning_electron_microscope, accessed 30.1.2019 

https://en.wikipedia.org/wiki/Scanning_electron_microscope


Example: Au/TiO2 catalyst on 
microreactor plate

Khan, Marin et al., Appl. Catal. A 562 (2018) 173-183, https://doi.org/10.1016/j.apcata.2018.06.010

Fig. 7. 

Representative 

SEM images of the 

0.6Au catalyst-

coated plate; (a) top 

view, (b) sawed-off 

cross-section of a 

channel.

https://doi.org/10.1016/j.apcata.2018.06.010


Scanning electron microscopy in 
catalysis research
• ”Extension of optical microscopy” to higher resolutions

• optical microscopy ~µm scale, SEM ~nm-scale

• Reveals e.g. the shape of the catalyst support particles

• Nano-sized particles often remain unseen

• Charging can be an issue  especially insulating materials

• SEM used less than TEM in catalysis research (Teacher’s view)

• Often used together with energy-dispersive spectroscopy (EDS) 

to obtain information on the elements present

https://en.wikipedia.org/wiki/Scanning_electron_microscope, accessed 30.1.2019

https://en.wikipedia.org/wiki/Scanning_electron_microscope


EDS: … a high-energy beam of charged particles such 

as electrons or protons (see PIXE), or a beam of X-rays, is focused 

into the sample being studied. At rest, an atom within the sample 

contains ground state (or unexcited) electrons in discrete energy levels 

or electron shells bound to the nucleus. The incident beam may excite 

an electron in an inner shell, ejecting it from the shell while creating 

an electron hole where the electron was. An electron from an outer, 

higher-energy shell then fills the hole, and the difference in energy 

between the higher-energy shell and the lower energy shell may 

be released in the form of an X-ray. The number and energy of the X-

rays emitted from a specimen can be measured by an energy-

dispersive spectrometer. As the energies of the X-rays are characteristic 

of the difference in energy between the two shells and of the atomic 

structure of the emitting element, EDS allows the elemental composition 

of the specimen to be measured.[3]

https://en.wikipedia.org/wiki/Energy-dispersive_X-ray_spectroscopy, accessed 30.1.2019 

https://en.wikipedia.org/wiki/Electron
https://en.wikipedia.org/wiki/Proton
https://en.wikipedia.org/wiki/Particle-Induced_X-ray_Emission
https://en.wikipedia.org/wiki/Ground_state
https://en.wikipedia.org/wiki/Electron_shell
https://en.wikipedia.org/wiki/Electron_hole
https://en.wikipedia.org/wiki/Energy-dispersive_X-ray_spectroscopy#cite_note-3
https://en.wikipedia.org/wiki/Energy-dispersive_X-ray_spectroscopy


Example of EDS spectrum

https://commons.wikimedia.org/wiki/File:EDS_-_Rimicaris_exoculata.png, accessed 30.1.2019, CC BY 3.0

https://commons.wikimedia.org/wiki/File:EDS_-_Rimicaris_exoculata.png
https://creativecommons.org/licenses/by/3.0/deed.en


Example, Ni/ZrO2: moving stage & 
line scan  Ni distribution by EDS

Fig. 4SEM-EDS results: a Backscattered electron image of zirconia particle showing the position 

of EDS line scan. b The EDS line scan of a zirconia particle. c The EDS line scan of a zirconia 

particle with smaller intensity axis scaling

Voigt et al. Topics in Catalysis (2019), advance online article https://dx.doi.org/10.1007/s11244-019-01133-w

© The Author(s) 2019 [CC BY 4.0] 

(”~egg-shell to  uniform distribution”, Lecture 4)

https://dx.doi.org/10.1007/s11244-019-01133-w
https://creativecommons.org/licenses/by/4.0/


Another example of distribution
analysis

Richardson, Principles of Catalyst Development, Plenum Press, 1989.

https://serc.carleton.edu/research_

education/geochemsheets/techniq

ues/EPMA.html, accessed 

30.1.2019

Another name, same method

(”~egg-white distribution”,

Lecture 4)

https://serc.carleton.edu/research_education/geochemsheets/techniques/EPMA.html


… and yet another example of 
distribution analysis

Puurunen et al., Chem. Mater. 14 (2002) 720-729, https://dx.doi.org/10.1021/cm011176i

(uniform distribution, Lecture 4)

(Made by ALD)

https://dx.doi.org/10.1021/cm011176i


Electron microscopy - TEM

electrons

Our

sample

electrons



Transmission electron microscopy … a microscopy technique in 

which a beam of electrons is transmitted through a specimen to 

form an image. The specimen is most often an ultrathin section less 

than 100 nm thick or a suspension on a grid. An image is formed from 

the interaction of the electrons with the sample as the beam is 

transmitted through the specimen. The image is then magnified 

and focused onto an imaging device, such as a fluorescent screen, a 

layer of photographic film, or a sensor such as a charge-coupled 

device.

https://en.wikipedia.org/wiki/Transmission_electron_micro

scopy, accessed 30.1.2019 

https://en.wikipedia.org/wiki/Microscopy
https://en.wikipedia.org/wiki/Electron
https://en.wikipedia.org/wiki/Focus_(optics)
https://en.wikipedia.org/wiki/Fluorescent
https://en.wikipedia.org/wiki/Photographic_film
https://en.wikipedia.org/wiki/Charge-coupled_device
https://en.wikipedia.org/wiki/Transmission_electron_microscopy


Transmission electron microscopy is a major analytical method in the 

physical, chemical and biological sciences. TEMs find application 

in cancer research, virology, and materials science as well 

as pollution, nanotechnology and semiconductor research.

At lower magnifications TEM image contrast is due to differential 

absorption of electrons by the material due to differences in 

composition or thickness of the material. At higher magnifications 

complex wave interactions modulate the intensity of the image, 

requiring expert analysis of observed images. Alternate modes of use 

allow for the TEM to observe modulations in chemical identity, crystal 

orientation, electronic structure and sample induced electron phase shift 

as well as the regular absorption based imaging.

https://en.wikipedia.org/wiki/Transmission_electron_micro

scopy, accessed 30.1.2019 

https://en.wikipedia.org/wiki/Cancer_research
https://en.wikipedia.org/wiki/Virology
https://en.wikipedia.org/wiki/Materials_science
https://en.wikipedia.org/wiki/Pollution
https://en.wikipedia.org/wiki/Nanotechnology
https://en.wikipedia.org/wiki/Semiconductor
https://en.wikipedia.org/wiki/Contrast_(vision)
https://en.wikipedia.org/wiki/Transmission_electron_microscopy


• The first TEM was 

demonstrated by Max 

Knoll and Ernst Ruska in 1931, 

with this group developing the 

first TEM with resolution greater 

than that of light in 1933 and the 

first commercial TEM in 1939. 

• In 1986, Ruska was awarded 

the Nobel Prize in physics for 

the development of transmission 

electron microscopy.[2]

https://en.wikipedia.org/wiki/Transmission_electron_micro

scopy, accessed 30.1.2019 (text part)

https://en.wikipedia.org/wiki/Max_Knoll
https://en.wikipedia.org/wiki/Ernst_Ruska
https://en.wikipedia.org/wiki/Transmission_electron_microscopy#cite_note-:0-2
https://en.wikipedia.org/wiki/Transmission_electron_microscopy


Operating principle – video in 
Wikipedia

https://en.wikipedia.org/wiki/Transmission_electron_micro

scopy, accessed 30.1.2019 

https://en.wikipedia.org/wiki/Transmission_electron_microscopy


Scheme
of TEM

By Gringer (talk) -

Commons: 

Scheme TEM 

en.png, CC BY-SA 

3.0, 

https://commons.wi

kimedia.org/w/inde

x.php?curid=56241

70

https://commons.wikimedia.org/w/index.php?curid=5624170
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3D tomography: TEM image is projection from 3D  2D 



3D tomography: TEM image is projection from 3D  2D 



Powder supported on a grid

https://en.wikipedia.org/wiki/T

ransmission_electron_micros

copy#/media/File:Retino_ME

_con_sezioni.jpg

https://en.wikipedia.org/wiki/Transmission_electron_microscopy#/media/File:Retino_ME_con_sezioni.jpg


http://www.microscopy.ethz.ch/mtc.htm, accessed 30.1.2019

http://www.microscopy.ethz.ch/mtc.htm


Contrast in image from… 

… mass difference

… thickness difference

… electron diffraction

 Supported catalysts with higher-atomic-number metals on a 

lower-atomic-number support can be imaged

 but not vice versa!



TEM example: Au on TiO2

Khan, Marin et al., Appl. Catal. A 562 (2018) 173-183, https://doi.org/10.1016/j.apcata.2018.06.010

Au

TiO2

https://doi.org/10.1016/j.apcata.2018.06.010


TEM example: Au on TiO2

Khan, Marin et al., Appl. Catal. A 562 (2018) 173-183, https://doi.org/10.1016/j.apcata.2018.06.010

Metal particle size typically extracted from TEM

https://doi.org/10.1016/j.apcata.2018.06.010


EDS 
with
TEM, 
too

Khan, Marin et al., Appl. Catal. A 562 (2018) 173-183, https://doi.org/10.1016/j.apcata.2018.06.010

Fig. 6. 

Representative 

EDS scans of the 

metal nanoparticles 

from the TEM 

images for the 

0.3Au0.3 P d 

catalyst: (a) Au 

NPs, (b) Pd NPs, 

(c) Au-Pd NPs and 

(d) titania NPs.

Au & Pd in the same particle

Au particle Pd particle

TiO2 particle

https://doi.org/10.1016/j.apcata.2018.06.010


Coronado et al., Appl. Catal. A (2018) 112–121. https://doi.org/10.1016/j.apcata.2018.09.013

(c) 2018 The Authors, CC BY-NC-ND 4.0

Attempts to identify nickel 

species and determine their 

particle size with a scanning 

transmission electron 

microscope (STEM) were 

made with no success. In the 

results form STEM, Ni species 

were not detected, most likely 

because the atomic weight of 

nickel is considerably lower 

than the atomic weight of the 

metals in the support, cerium 

and zirconium [29].

https://doi.org/10.1016/j.apcata.2018.09.013
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://www.sciencedirect.com/topics/chemical-engineering/zirconium
https://www.sciencedirect.com/science/article/pii/S0926860X18304745?via%3Dihub#bib0145


http://dx.doi.org/10.1021/cr500084c

Chem. Rev. 2015, 115, 2818−2882

http://dx.doi.org/10.1021/cr500084c


Figure 3. Examples of various basic 

TEM/STEM techniques applied to catalyst 

study, shown on a Ru/CNT catalyst: (a) 

bright-field image of Ru nanoparticles 

supported on CNTs showing the general 

morphology of the catalyst; (b) SAED of 

part a containing structural information on 

the catalyst; (c) EDX spectrum of Ru/CNTs 

catalyst showing the chemical 

composition. (d) EELS taken from CNT 

support showing plasmon excitation and 

carbon K ELNES; (e) STEM of Ru/CNTs 

catalyst and (f) a high-resolution image of 

Ru particle with atomic structure.(141) The 

size distribution of Ru nanoparticles is 

given in part e. The power spectrum of the 

Fourier transformation of the Ru particle in 

part f and a simulated HRTEM image are 

inserted in part f. Adapted from ref 141. 

Copyright 2011 Royal Society of 

Chemistry.

http://dx.doi.org/10.1021/cr500084c

http://dx.doi.org/10.1021/cr500084c


In the Catalysis group, TEM is 
typically used… 

… to obtain information on the metal particle size on a support

(semi-manual counting of the particles & sizes  we should get

this somehow more automatic!)



Quick notions of other
techniques



X-ray fluorescence

• Quick semiquantitative analysis

of sample composition

• Readily available at Aalto CHEM

• Quantification is a challenge

•  development of quantitative
XRF measurements for 
catalysts could be a suitable
MSc thesis topic for an 
interested person (no funding
available, just ECTS…)

By LinguisticDemographer at English 

Wikipedia - Transferred from en.wikipedia

to Commons by Pieter Kuiper using 

CommonsHelper., Public Domain, 

https://commons.wikimedia.org/w/index.ph

p?curid=6229332

More, e.g. https://en.wikipedia.org/wiki/X-ray_fluorescence (accessed 30.1.2019)

https://commons.wikimedia.org/w/index.php?curid=6229332
https://en.wikipedia.org/wiki/X-ray_fluorescence


Low-energy ion scattering (LEIS) –
powder example

Puurunen et al., Chem. Mater. 14 (2002) 720-729, https://dx.doi.org/10.1021/cm011176i

Another LEIS example (on flat surfaces): Puurunen et al. J. Appl. Phys. 96 (2004) , 4878, 

https://doi.org/10.1063/1.1787624

Further info, e.g.: https://en.wikipedia.org/wiki/Low-energy_ion_scattering (accessed 30.1.2019) 

• LEIS: monolayer sensitivity

• Applicable to powders and flat

samples alike

https://dx.doi.org/10.1021/cm011176i
https://doi.org/10.1063/1.1787624
https://en.wikipedia.org/wiki/Low-energy_ion_scattering


Temperature-programmed
methods - TPX
Temperature-

programmed…

• Desorption

• Reduction

• Oxidation

• Sulfidation

• Surface 

Reaction

Dr. Jaana Kanervo, CHEM-E1130, L9 in 2017-2018.



Temperature-programmed
methods - TPX
Temperature-

programmed…

• Desorption

• Reduction

• Oxidation

• Sulfidation

• Surface 

Reaction

Dr. Jaana Kanervo, CHEM-E1130, L9 in 2017-2018.

Kanervo & Krause, J. Catal. 207 (2002) 57-65, http://dx.doi.org/10.1006/jcat.2002.3531

http://dx.doi.org/10.1006/jcat.2002.3531


Solid-state nuclear magnetic
resonance (NMR) spectroscopy

Kenneth Bryden Udayshankar Singh  Michael Berg  Stefan Brandt  Rosann Schiller  Wu‐Cheng Cheng, Fluid 

Catalytic Cracking (FCC): Catalysts and Additives, Kirk‐Othmer Encyclopedia of Chemical Technology, Wiley 

Online Library, https://doi.org/10.1002/0471238961.fluidnee.a01.pub2, accessed 12.1.2019

Also examples in: Puurunen et al., Chem. Mater. 14 (2002) 720-729, https://dx.doi.org/10.1021/cm011176i

Fig. 16. 27Al27 NMR spectra of 

nonstabilized and 

phosphorus‐stabilized ZSM‐5 

crystal.

(Source: Ref. ((55).))

https://doi.org/10.1002/0471238961.fluidnee.a01.pub2
https://dx.doi.org/10.1021/cm011176i
https://onlinelibrary.wiley.com/doi/10.1002/0471238961.fluidnee.a01.pub2#fluidnee.a01-bib-0055


Differential thermal analysis (DTA)

Termal gravimetric analysis (TGA)

Richardson, Principles of Catalyst Development, Plenum Press, 1989.



… and there would be many more… 



Conclusion



Take-home message

Numerous specialized techniques can be used for 

physicochemical characterization of catalysts. Remember these:

• XRD: crystallinity & crystal size (with caution)

• XPS: (surface) element concentration & chemical environment

• SEM: morphology, down to ~1 nm resolution

• SEM-EDS: macroscopic distribution of elements

• TEM: particle size & crystallinity, down to ~1 Å resolution
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Scientific articles
used as example



(c) 2018 The Authors, CC BY-NC-ND 4.0

• Catalysts by incipient wetness impregnation

• Catalyst characterization: AAS, ICP-OES, N2

physisorption (BET, BJH), XRD (+STEM)

Coronado et al., Appl. Catal. A (2018) 112–121. https://doi.org/10.1016/j.apcata.2018.09.013

(c) 2018 The Authors, CC BY-NC-ND 4.0

https://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.apcata.2018.09.013
https://creativecommons.org/licenses/by-nc-nd/4.0/


Khan, Marin et al., Appl. Catal. A 562 (2018) 173-183, https://doi.org/10.1016/j.apcata.2018.06.010

• Catalysts by sol-immobilization method + 

washcoating

• Catalyst characterization: XRF, SEM, TEM

https://doi.org/10.1016/j.apcata.2018.06.010


Voigt et al. Topics in Catalysis (2019), advance online article https://dx.doi.org/10.1007/s11244-019-01133-w

© The Author(s) 2019 [CC BY 4.0] 

• Catalyst  no, material by ALD

• Characterization: XRF, BET, BJH, XPS, 

TGA, SEM-EDS, DRIFTS

https://dx.doi.org/10.1007/s11244-019-01133-w
https://creativecommons.org/licenses/by/4.0/


• Catalysts by ___ impregnation

• Catalyst characterization: N2 physisorption, 

chemisorption, XPS, SEM, TEM, …


