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Abstract

Due to the rising concerns on global warming, there has been an increasing focus
on the necessity of converting to sustainable energies. However, efficient storage
of the electricity produced from sustainable energy sources such as wind or solar
is still a challenge. One proposed method of storage is to use the excess energy
to produce H,. Steam methane reforming (SMR) remains the most cost-optimal
technology to produce large amounts of hydrogen. The steam reforming reaction is
strongly endothermic (heat consuming), and happens at high temperatures. Elec-
trifying the heating of this process could reduce global CO, emissions, and using
this greener form of technology could be implemented as a transition technology to
support global demand for H, while the world transitions to relying on sustainable
energy.

This project focused on exploring the possibility of electrifying the heating of
the SMR process by exchanging the conventional burner technology with induction
heating of magnetic materials (the susceptor) situated inside the steam reforming
reactor. In particular, the project revolved around the characterisation of magnetic
susceptor materials, focusing on the role of composition of the susceptor particle,
particle size, and improving on current magnetic characterisation of the magnetic
susceptor materials by controlling the atmosphere around the sample.

During this project, induction heated SMR was performed using CoyNiggp x)
nanoparticles on an alumina support, where the nanoparticles act as both catalyst
and magnetic susceptor. It was shown that, unlike in a conventional reformer, the
CoyNig10 x)/Al,O3 system was not limited by heat transfer, as the heat is delivered
directly to the catalytic sites using the susceptor properties of the system. Instead,
the system was shown to be limited by reaction kinetics. Moreover, it was demon-
strated that this system had the ability to tune the heating and catalytic capabilities
of the material by changing the nanoparticle composition, presenting an opportu-
nity for e.g. layering a reactor with materials of different compositions to optimize
reactor performance. Additionally, it was found that the operational temperature
in the reactor was limited by the Curie temperature of the material, opening up for
applications using the Curie temperature to act as a safety feature to avoid over-
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heating endothermic reactions. This project also studied the optimal size of pure
cobalt nanoparticles for maximising hysteresis loss as a function of temperature and
applied magnetic field, and estimated the optimal size to be in the range of around
24-31 nm. Through studying the power losses in the induction heated bench scale
reformer, the energy transfer efficiency was estimated to be > 80 % when scaling to
industrial conditions. This scaling indicates that the system would be competitive
with commercially available ways of producing hydrogen via electricity, when con-
sidering only energy requirements.

Vibrating sample magnetometry (VSM) was instrumental in characterizing the
susceptor materials at high temperatures and screening them for which to use in
high temperature applications. However, the conventional vibrating sample magne-
tometers do not allow for control of the atmosphere around the sample. In order
to improve on this, a retrofittable in situ holder for commercial vibrating sample
magnetometers was conceived of, produced, and tested during this project. This
holder was shown to be able to function under temperatures of up to 1000 , while
tolerating the vibrations of the magnetometer, and could expose the sample to a
well-defined gas mixture chosen by the user.

In summary, this work has shown that induction heating of magnetic nanopar-
ticles functions even at high temperatures, that it can heat locally inside a reactor,
that these systems are highly tunable, and present unique opportunities to be ex-
ploited, e.g. using the Curie temperature to avoid overheating. The retrofittable in
situ holder should prove valuable for future studies of magnetic materials at high
temperatures. In this project the focus has been on SMR, but showing that in-
duction heating of magnetic nanoparticles can function at the high temperatures,
strongly endothermic, and chemically harsh conditions of SMR makes the applica-
tion of induction heating for other reactions less daunting.



Resumé

Pa grund af den stigende bekymring for global opvarmning har der veeret et stigende
fokus om ngdvendigheden af at konvertere til baeredygtige energier. Dog er effektiv
opbevaring af elektriciteten produceret fra vedvarende energityper som vind eller sol
stadig en udfordring. Et forslag er, at opbevare den overskydende energi som Hs.
Dampreformering af metan (SMR) er pt. den mest omkostningsoptimale metode til
at producere store meengder brint. SMR er en steerkt endoterm (varmeforbrugende)
proces, og foregar ved hgje temperaturer. Elektrificering af opvarmningen af denne
proces kunne saenke den globale CO, udledning, og brug af denne grgnnere form
for teknologi kunne implementeres som en overgangsteknologi til at understotte den
globale brintproduktion mens verden gar over til brug af vedvarende energi.

Dette projekt har fokuseret pa elektrificering af opvarmningen af SMR processen
ved at bytte den konventionelle breender-teknologi ud med induktionsopvarmning af
magnetiske materialer (susceptorer) placeret inde i selve reaktoren. Mere specifikt,
sa har projektet drejet sig om karakteriseringen af magnetiske susceptor-materialer,
med fokus pa rollen af den kemiske sammensatning af susceptor-partiklerne, og af
partikelstgrrelsen, samt at forbedre den nuvaerende magnetiske karakterisering af de
magnetiske susceptor-materialer ved at kontrollere atmosfeeren omkring proven.

I projektet blev der udfert induktionsopvarmet SMR ved brug af CoyNiggg x)
nanopartikler pa et alumina support, hvor CoNi nanopartiklerne bade fungerer som
katalysator og som magnetisk susceptor. I projektet blev det vist, at CoxNigigp x)-
systemet ikke er begraenset af varmetransport, som er tilfzeldet i en konventionel
reformer. I stedet viste det sig at systemet var begraenset af reaktionskinetik. Det
blev ogsa vist, at opvarmningsegenskaberne og de katalytiske egenskaber i dette
system kunne justeres og optimeres ved at sendre pa sammensaetningen af nanopar-
tiklen, hvilket giver mulighed for f.eks. at lagdele en reaktor med materialer med
forskellige sammensaetninger for at optimere reaktorpraestation. Derudover blev det
set at operationstemperaturen i reaktoren var begreenset af Curie temperaturen
af materialet, hvilket abner op for brugen af Curie temperaturen som en sikker-
hedsmekanisme til at undgar overophedning af endoterme processer. I dette projekt
studeredes ogsa den optimale storrelse af rene kobolt nanopartikler for optimering af

vil
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hysteresetab som funktion af temperatur og pasat magnetisk felt, og vi estimerede
et optimal stgrrelse til at ligge omkring 24-31 nm. Ved at studere effekttabet i
den induktionsopvarmede laboratorieskala reformerings-reaktor blev det estimeret
at energioverfgrings-effektiviteten kunne komme op pa > 80% nar man ekstrapol-
erer til industrielt relevante betingelser. Den beregnede opskalering indikerede ogsa
at systemet ville veere konkurrencedygtigt med nuveerende kommercielle mader at
producere brint via elektricitet, nar man kun tager energi-krav i betragtning.

Vibrating sample magnetometry (VSM) var centralt i karakteriseringen af sus-
ceptormaterialerne og i udveelgelsen af hvilke suseptorer der kunne bruges i anven-
des ved hgje temperaturer. Der er dog ikke mulighed for at kontrollere atmosfeeren
omkring prgven i konventionelle vibrating sample magnetometers. Derfor blev der
i dette projekt udviklet, produceret, og testet en retrofittable in situ holder til
disse vibrating sample magnetometers. Denne holder kan tolerere vibrationerne i
magnetometeret, temperaturer op til 1000 , og kan udseaette en prgve for en gas-
sammensatning valgt af brugeren.

Kort sagt, sa har resultaterne i dette projekt vist, at induktionsopvarmning af
magnetiske nanopartikler fungerer selv ved hgje temperaturer, at de kan opvarmes
induktivt inde i en reaktor, at disse systemer kan justeres i hgj grad, og at disse
systemer har unikke magnetiske egenskaber der kan udnyttes nar man opvarmer
en reaktion, f.eks. brug af Curie temperaturen til at undga overophedning. Den
retrofittable in situ holder forventes at vise sig brugbar i fremtidige studier af mag-
netiske nanopartikler ved hgje temperaturer. I dette projekt har fokus veeret pa
dampreformering af metan, men ved at vise at induktiv opvarmning af magnetiske
nanopartikler kan lade sig ggre under harde kemiske forhold og hgje temperaturer i
steerkt endoterme processer, gor det udfordringen ved anvendelsen af dette til andre
reaktioner mindre vanskelig.
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Chapter 1

Introduction

1.1 Global warming and energy concerns

It is widely accepted that global warming is a reality, and that it is caused by the
emission of greenhouse gasses, of which CO, has shown to be the largest contributor.
These emissions are mainly caused by the use of fossil fuels in industry, transport,
and generation of heat and electricity[l]. In the coming years, society will have
to move away from relying on fossil fuels to such a large degree, and towards uti-
lizing mainly renewable energy. Of these, solar and wind energy have the biggest
potential for supplying the bulk of the needed power, at around 100 and 55 TW,
respectively[2]. The global power consumption is theorized to be around 25-30 TW
in the year 2050 [2], and combining solar, wind, and other renewable energy types,
should be able to achieve this power-output. This, coupled with the decrease in the
levelized cost of energy of wind and solar over the last decade[3], makes a good case
for the achievability of a society based on renewable energy.

There are, however, many challenges tied to the transition to a society based on
renewable energy. For wind and solar, kinetic energy and radiation is transformed
into electricity, which goes on the power grid. Unfortunately, the wind does not
always blow and the sun does not always shine. So, when the power generation
is higher than the energy consumption, there is a need to store that energy, so it
can be used when power consumption exceeds power generation. However, finding
efficient ways of storing this energy is challenging. One suggested storage method
is the use of excess power generated by these intermittent energy sources to pro-
duce hydrogen|[4]. The technologies used to produce hydrogen are however all either
still in R&D, or have a higher cost compared to the current benchmark technology:
steam reforming[5]. Until these technologies mature, an alternative way to produce
hydrogen could be to use greener versions of traditional hydrogen production meth-
ods as transition technologies to lessen some of the greenhouse-gas emissions, until
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sustainable technologies can take over.

1.2 Steam methane reforming

Today, around 96 % of hydrogen is produced from fossil fuels, with 4% being pro-
duced through electrolysis of water[6]. Roughly half of the hydrogen produced glob-
ally is produced through steam methane reforming (SMR)[6], and SMR is also re-
sponsible for nearly 3% of global CO, emissions|7]. In SMR, a mixture of methane
and water reacts at high temperatures and pressures through the highly endother-
mic reaction 1.1, followed by the water-gas shift reaction, reaction 1.2[8, 9, 10], to
produce a mixture of unconverted methane, hydrogen, carbon monoxide, and carbon
dioxide.

k
kJ
1m

This is typically done at temperatures ranging from 450-650  in inlet tempera-
ture and 850-950  in outlet temperature, and steam partial pressures of up to 30
bar[8][11].

In practice, this is often done in a tubular reformer, which can have capacities
3

up to 300.000 h—nrl H,[8]. In a tubular reformer, the reaction happens inside a

series of tubes loaded with pellets (made from, for example, MgAl,O,) that are
impregnated with catalyst (typically nickel). These tubes are usually 100-200 mm
thick, and 10-13 m tall[8]. The tubes are externally heated by burners, where part
of the methane feed is mixed with air and combusted to drive the highly endother-
mic reaction[8]. In these types of reactors, heat transfer is the limiting factor[12].
The thermal gradients lowers the reactor lifetime[13], and also introduces the risk
of undesired secondary processes, such as carbon deposition[8], which is harmful to
the operation of the reformer. Additionally, the large thermal mass of the tubes
contributes to a slow start-up of the reformer, typically several days[14]. Moreover,
the burner type setup only transfers around 50 % of the heat to the process gas,
with the rest being recovered in the waste heat section of the reformer.

Electrifying the heating of the SMR process could help address the heat transfer
challenges, shortening the start-up time, as well as minimizing production of CO,,
as electrical heating could be used to locally heat the catalytic material, has short
reaction times for heating, and could utilize electricity from renewable sources[12,
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7, 15]. In Fig. 1.1, three methods of heating the SMR process are sketched: the
conventional method using burners, a method using resistive heating, and a method
using induction heating, along with their respective temperature profiles.

a) Conventional SMR b) Resistance heated ¢) Induction heated
SMR SMR
CH4+H,0 CH4+H,0 CH4+H,0

©

Hy+CO+CO,+CH4+H,0 Hy+CO+CO,+CH4+H,0 H;+CO+CO,+CH,4+H,0

Figure 1.1: Sketches of: a) conventional burner technology for heating in SMR, b)
resistive heating of SMR, and c¢) induction heating of SMR, and their temperature
profiles. Red lines are sketches of the temperature profile, and the black arrows
indicate the gas flow direction. Adapted from Mortensen et al.[12] and Wismann et
al.[7].

As mentioned, the conventional burner technology is limited by slow start-up
times and heat transfer, which the other two methods of heating can circumvent[12,
7, 15]. In resistive heating, a current is sent through a conducting material, which
produces heat by Ohmic losses. This was used by Wismann et al. [7, 15] to heat
a tube covered with a nickel-impregnated (i.e. catalytic) washcoat to perform re-
sistively heated SMR. Based on these experiments, he built a CFD (Computational
Fluid Dynamics) model, and found that there was a minimal thermal gradient across
the washcoat (indicated by the horisontal T-profile in Fig. 1.1b, near the reactor
wall), circumventing the heat transfer limitation that dominates in conventional
SMR. Instead, the model predicts that diffusion of gas to the washcoat becomes
the limiting factor[15]. This means that reactor tubes of small diameters would be
favoured in an electrical reformer for SMR[15]. Results obtained through Wismann
et al.’s CFD model also indicate that switching from conventional heating to resistive
heating would allow for a significant reduction in reactor volume when compared to
a conventional reformer, as well as reducing the start-up time significantly, allowing
for intermittent operation[7]. Here, they estimate that these electrical reformers
could be up to 100 times smaller[7]. Furthermore, Wismann et al. state that if
electrification of SMR is implemented on a large scale, it could lead to a reduction
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of global CO,-emissions of up to approx. 1%][7].

Induction heating (which is the heating method studied in this thesis) takes
advantage of an alternating magnetic field to heat materials in contact with the field.
This type of heating has been applied successfully to SMR[12], here the penetration
depth of the alternating magnetic field was utilized to locally heat nanoparticles
to supply heat for the steam reforming reaction (principle sketched in Fig. 1.2).
Induction heating by nanoparticles distributed in the reactor essentially flips the
temperature profile when compared to the conventional reformer (see Fig. 1.1a), as
it supplies uniform local heating throughout the reactor. This method may, like the
resistance heated reactor (see Fig. 1.1b), reduce the reactor volume significantly, as
the burners would be replaced by an AC (alternating current) coil, and the waste-
heat section would be minimized, as the heat is generated close to the catalyst,
inside the reactor. Induction heating is a somewhat less direct type of heating when
compared to resistive heating, but the penetration depth of the magnetic field has
the ability to reach further into the reactor to heat susceptor material. Induction
heating has also demonstrated fast on/off switching of the reaction[16], making
intermittent operation possible.

Due to the reduction of CO, emission, the reductions in reactor volume, and
the short start-up times, electrifying the heating of SMR could amount to a flexible
and greener production of hydrogen, as it would enable intermittent production
of H, from renewable sources. The smaller reactors would also make it possible
to de-centralize production of H,, alleviating the risks and costs of transporting
pressurized tanks of H,.

1.3 Induction heating in further detail

Induction heating is perhaps best known for its use in induction stoves, where an
alternating magnetic field induces currents to run in the bottom of a pot, heating it
through ohmic resistance. Induction heating is also used in welding, heat treatment
of metals, and has more recently found a possible use in cancer treatment using
magnetic hyperthermia[17, 18, 19, 20]. The materials used for induction heating we
call magnetic susceptors or just susceptors.

Two main effects contribute to heating when talking about induction heating:
eddy currents and magnetic hysteresis loss. Eddy currents are current loops induced
in the material that heat up the material by ohmic resistance. Hysteresis loss is the
energy lost as heat when cycling through a hysteresis loop. These two effects domi-
nate at different length scales, with hysteresis loss dominating in the sub-micrometer
range, and eddy currents dominating above this range[21]. This can be shown by
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Figure 1.2: Sketch of induction-heated SMR using nanoparticles as susceptors.
The red line represents the temperature profile, dashed line represents the symmetry
axis. Wy, is the amount of energy lost as heat when cycling through the hysteresis
loop once, and E is the energy transferred to the catalytic particle in the form of
heat. In the particles, blue represents catalytic material, and red represents magnetic
susceptor material. Adapted from Mortensen et al.[12].

a few simple calculations of each of the losses in the range of 0-10 m for spherical
cobalt particles in an oscillating magnetic field. For these calculations an applied
magnetic field of 25 mT was chosen, as well as a frequency of 200 kHz. These pa-
rameters are representative of the experiments carried out during this project. In
order to calculate the eddy current loss, it is necessary to calculate the skin depth.
The skin depth is the depth at which the alternating magnetic field falls off by 1[22].
If the object has dimensions below this depth, it can be assumed that the magnetic
field is homogeneous inside of the material. In this case the calculations will be made
for a sphere, which represents a particle in the powder-samples used throughout this
project. The skin depth can be calculated using[22]:

S

2
dskin = 1 (1.3)
0 r=

with ( being the vacuum permeability, , = 250[23] being the maximum relative
permeability of cobalt, = 6:24 10 ® Qm is the resistivity of cobalt[23], and
I =2 T, with T being the frequency. For the parameters used in this calculation,
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the skin depth would then equal dg;, = 18 m. As we in the following will restrict
the calculations to sizes ranging from 0 D 10 m, the expression for the eddy
current loss will not take the skin depth into account, and assume a uniform field
inside the material. The expression for eddy current losses in the absence of a skin
effect can be written as[24]:

R , fH)?
IDeddy = ( —05 : ) (1.4)

with Peggy being the power density lost as heat in %, R being the radius of a sphere,

20 mT
and H = 20

kKA
16 ¥4,

Assuming tha?t the hysteresis loss scales linearly with frequency, and has a constant
hysteresis loss as a function of size (which is not true, see Sec. 3.5), the hysteresis
loss is estimated by:

Phys = Wy, T (1.5)

where Py, is the power lost as heat in EJg, W, = 0:34 kg%, and = 8790%% is the
density of cobalt[23]. W}, was taken from the studies in Paper V (Section 3.6) on
supported cobalt nanoparticles, where the hysteresis loop was measured at 200
and Bgapp = 20 mT, after a reduction of the sample.
The hysteresis loss for particles with diameters, D = 2R, between 0 and 10

m can be seen along with the eddy current loss in Fig. 1.3. In the figure, it can
be seen that with the parameters used here, the hysteresis losses and the eddy
current losses would be approximately equal at a particle size of D = 8:5 m. These
simple calculations do however depend on the material parameters used, the shape
of the particle, the applied magnetic field, etc., which might not reflect exactly what
happens in reality. The takeaways from these calculations are that in the <1 m
range, hysteresis losses tend to dominate, whereas in the > 10 m range, eddy
current losses tend to dominate. In the range of 20-50 nm (the NP sizes in Paper
[-V), eddy current losses should be negligible.

1.4 State of the art

During the last two decades there has been a rising interest in using magnetic
nanoparticles (MNPs) in everything from cancer treatment[20], to recycling of cat-
alyst [25, 26], to combustion of volatile compounds|27], to studying the formation
of cobalt-carbide in Fischer-Tropsch synthesis in situ[28]. A good review of some of
the applications of magnetic materials in catalytic processes can be found in Wang
et al.[16].
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Figure 1.3: Comparison of the power lost as heat per cubic meter of sample for eddy
currents, Peqqy, and hysteresis loss, Ppys, for a sample of spherical cobalt particles.
For these calculations, the following parameters were used: , = 250, ¥ = 200 kHz,
H 16%%, =624 10 ° Qm, W, = 0:34 o, and = 8790 =3

Most of the interest in using the heating properties of MNP’s has been in the field
of magnetic hyperthermia for cancer therapy [17, 18, 19, 20]. However, in the last
decade there has been a rising interest in the use of heating using MNP’s in various
aspects of catalysis. This was initiated by Kirschings group with a study in 2008 on
liquid organic chemical synthesis on silica-coated iron oxide particles that could be
decorated with various catalysts[29], which was later expanded upon[30, 31]. Oth-
ers started to utilize induction heating of magnetic materias as well, e.g. Chatterjee
et al.[32] using induction heating for a near-isothermal micro-trickle bed reactor.
Also, Meffre et al.[33] published the first paper from Chaudret’s group in 2015
on nanoparticles with both magnetic and catalytic properties, used for perform-
ing Fischer-Tropsch synthesis. Chaudret’s group has since then published multiple
papers in this field, a select few mentioned here: two papers on driving CO, hydro-
genation using magnetic heating[34, 35], a paper on a FeC-Ni core-shell nanoparti-
cle for improved water electrolysis[36], and one on hydrodeoxidation using magnetic
induction|[37].

In the area of heating reforming reactions at high temperatures using magnetic
materials, there have been some contributions in the recent years. Varsano et al.[38]
published on dry reforming of methane using a micrometer-sized NiCo-powder able
to heat to > 850 , Perez-Camacho et al.[39] publishing on a perovskite-type mixed
metal oxide for use in converting surplus electricity from windmills to hydrogen
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through dry reforming and steam reforming of methane using induction heating,
and Marbaix et al.[40] who used iron-cobalt nanoparticles for propane and methane
dry reforming, among other reactions.

Our group has focused on the steam reforming reaction, kicked off by Mortensen
et al. in 2017[12] with a proof-of-concept paper on a Ni-Co nanoparticle system
acting both as catalyst and heating element, which was able to heat to > 780  using
only hysteresis heating. Since then, Vinum et al.[14] published on a highly tuneable
CoNi dual function nanoparticle system for induction heated SMR (included in
this thesis as Paper I). Afterwards, we have also looked into how to improve the
performance on induction heated SMR[41] (included as Paper II in this thesis).

1.5 Focus of this thesis

This thesis focuses on the characterization of magnetic susceptor materials for in-
duction heating of the SMR process (by magnetic hysteresis heating). The main
topics on investigation of these susceptor materials have revolved around:

The optimum composition of a CoxNig9 xy/Al,O5 dual function system
(outlined below) for induction heated SMR

Investigation of energy transfer efficiency in a bench scale induction heated
reformer with an extrapolation to industrial conditions

Optimal nanoparticle size to maximize hysteresis losses

How to improve control of the atmosphere around the sample when performing
high-temperature VSM measurements

Other work included in this thesis relate to the development of a "universal sus-
ceptor” (see below), and improving on the heat transfer efficiency of the induction

heated SMR reformer.

The susceptor systems studied are briefly described below in order to introduce
the systems to the reader, and to explain why these materials were chosen as sus-
ceptor candidates. Each of the studied susceptor systems consist of magnetic (Co,
CoNi of FeCr) particles supported on (denoted by putting a ”/” followed by the
support material after the susceptor name, e.g. CoxNigg x)/Al,O3) or protected
by (denoted by the susceptor name followed by ”-” and the protective material, e.g.
FeCr-Al,O3) a non-magnetic oxide (Al,O3 or MgAl,Oy,).

The CoyxNi(190 xy/Al,O3 system was based on the idea of mixing nickel, which
is a preferred catalyst for SMR, with cobalt, which has the highest known Curie
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temperature (1121  [23]), in order to have a heatable magnetic susceptor and cat-
alytically active nickel-sites in one particle. The compositions of the samples were
varied with X, in steps of 10 mol% (i.e. Co1oNigg, CoyoNigg, and so on).

Two universal susceptor systems of Co-Al,O5 and FeCr-Al,O5 were studied dur-
ing this project. In these systems the susceptor material is separated from the
catalytic particles and protected by an Al,O3 shell, such that they do not alloy with
the catalytic particle or react with the gas in the reactor. Due to the separation,
the magnetic properties/heating capabilities can be optimized independently of the
catalyst.

A system of Co/Al,O5 samples with different Co particle sizes were synthesized
in order to investigate the effect of size on the magnetic properties of nanoparticles
for high temperature applications.
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1.6 Thesis outline

This section gives a short overview of the chapters in the rest of the thesis.

Chapter 2: An introduction is given to vibrating sample magnetometry
(VSM), and the setups used in this project. This chapter also contains an
overview of the types of magnetic measurements that were performed using
the VSM, and an explanation of the experimental profile used. A brief outline
of the data treatment is also given.

Chapter 3: This chapter presents the results obtained during this project.

The

results are given mostly in the format of "papers” (published and in

preparation), and includes the following:

Paper I on the proof of concept of a dual function CoNi nanoparticle
system (CoggNigg/Al,O3) for hysteresis heated SMR

Paper II on improving the performance on induction-heated SMR, (tested
on CO50N150/A1203)

Paper III on the tunability of the CoxNi(j9g x)/Al;O3 system

Preliminary results obtained on the two universal susceptor systems (Co-
A1203 and FGCI'—A1203)

Paper IV on the optimal size of cobalt nanoparticles (Co/Al,O3) to max-
imize hysteresis losses as a function of temperature and applied magnetic
field

Paper V on the design of a new in situ sample holder for high-temperature
VSM studies with controlled gas atmospheres (tested on Co/Al,03)

Chapter 4: This chapter is devoted to a summation and discussion of the
results obtained in during this project, as well as my perspective on what could
be done in the project going forward.



Chapter 2

Magnetometry

2.1 Vibrating sample magnetometry

Vibrating sample magnetometry (VSM) has been used throughout this project to
characterize the magnetic properties of various susceptor-materials. This was done in
order to explain and predict performance of the susceptors when running induction-
heated SMR.

Two magnetometers have been used throughout this project: a Lake Shore 7407
model VSM[42], and a Lake Shore 7404-S model VSM[43], modified with an in situ
system (see Paper V). A sketch of a typical vibrating sample magnetometer (also
abbreviated VSM) can be seen in Fig. 2.2. A sample sits centered in the gap of
an electromagnet. The sample holder, in the case of conventional high temperature
VSM, is a quartz tail (a long quartz rod that can be attached via a screw to the
head drive of the VSM) with a boron-nitride cup screwed on at the end. This can
handle prolonged exposure to temperatures ranging from room temperature (RT)
to 1000  [44]. The electromagnet exposes the sample to a homogeneous magnetic
field (dashed lines in Fig. 2.2a), which can reach a maximum of 1.5 T for the 7404-S
model[43], and around 2 T for the Lake Shore 7407 model[42], when performing
VSM with the oven mounted (not shown in the figure). All high temperature VSM
measurements were performed with a Lake Shore 74034 oven option, which allowed
us to study the magnetic properties of materials at temperatures ranging from RT
to 950

In order to measure the magnetic moment of the sample, four pickup coils
are placed symmetrically around the centre of the pole-pieces (coloured orange in
Fig. 2.2). The sample is saddled to the geometric center of the coils between the
pole-pieces, and vibrates vertically at 80 Hz. The vibration leads to a time-varying
magnetic flux through the pickup-coils (see Fig. 2.2(b)), which induces a AC voltage

11
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in the coils with an amplitude that is proportional to the magnetization of the sam-
ple. The four coils are hooked up in such a way that the two top coils (A and B) have
the same polarity, while the two bottom coils (C and D) have the reverse polarity:
S =(Sa+Sg) (Sc+Sp), with S being signal, and the subscripts being each of the
pick-up coils. This four-coil configuration[45] quadruples the output signal, and is
insensitive to the applied field from the electromagnet. The signal is then amplified
via a lock-in amplifier, which is commonly used to pick out a specific oscillating
signal from noise. Briefly, this amplifier mixes the signal from the pickup-coils with
a reference signal of the same frequency. This mixing amplifies signals with the
same frequency and phase, while signals of other frequencies (the noise) remains
un-amplified. The signal is then passed through a low-pass filter, which filters out
noise. The VSM is calibrated by a reference sample to convert from the induced
voltage to magnetic moment. The reference sample of choice is usually nickel[46].

2.2 High temperature oven option

Both the Lake Shore 7404 VSM and The Lake Shore 7407 VSM is equipped with
a Lake Shore 74034 oven option when performing high temperature measurements.
A sketch of the oven can be seen in Fig. 2.1, along with the quartz sample holder.
The oven option can be used to perform magnetic measurements at temperatures
between RT and up to 1000 , but has not been operated over 950 in this
project, in order to extend the oven lifetime. The sample sits in the heating zone of
the oven, approx. 30 cm from the top of the oven. The oven is made of two tubes,
and the space in between these is evacuated by a pump, and the vacuum functions
as thermal insulation. In order to protect the sample and the inside of the oven from
oxidation, Lake Shore recommends a flow of argon of around 100 m—ll;‘ is fed to the
spout in Fig. 2.1. In order to reduce our samples, we have used a flow of 2.4 vol.%
H, in Ar fed to the oven option, which is not what Lake Shore recommends. The
argon should pull the hydrogen down around the sample cup inside of the oven, and
diffuse into the BN cup and reduce the sample. This way of reducing the sample is
less than ideal, which is one of the reasons for the invention of the retrofittable in
situ holder in Paper V. When measuring with the in situ holder, argon is fed to the
oven option.

2.3 Sample holders

Two sample-holder systems have been used to contain samples for VSM: the con-
ventional boron-nitride (BN) cup from Lake Shore[44], used in most of the studies
(Paper I-II, Sections 3.1-3.5), and a novel in situ sample holder made of quartz
tubes. These two systems are compared in Paper V (Section 3.6).
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Figure 2.1: Sketch of the Lake Shore 74034 oven option. Red arrows represent
inlet gas (Ar or 2.4 vol.% H; in Ar). Blue arrows represents gas that has diffused
out of the BN sample holder. The oven option is open in the top, as seen in the
figure.

Boron-nitride sample cup:
A sketch of the BN sample cup used for high temperature measurements can be seen
in Fig. 2.3a. Samples measured in disposable BN cups are loaded as follows. The
BN cup is weighed several times on an Ohaus PA224C balance (with a precision of
0.1 mg), and the average was calculated. Sample powder is deposited in the BN
cup, and then weighed multiple times. To find mass of the sample, the average mass
of the BN cup without sample is subtracted from the average mass of the BN cup
with sample. Afterwards, the sample cup is opened and closed in an argon-filled
bag, in order to expel as much air from the cup as possible. The BN cup is then
screwed onto a quartz sample tail while still in the Ar filled bag, and transferred
from the Ar bag directly to the oven option on the VSM with as little time spent
in air as possible, and connected to the head drive of the VSM. The ”sample tail”
is a long rod of quartz, which is threaded in one end, and has a screw in the other.
This screw then fits into the head drive of the VSM, which facilitates the vibration

of the sample. Prior to the sample being put into the oven, a flow of around 100 m—l'r;
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Figure 2.2: a) A sketch of a VSM. Electromagnet (grey) produces a homogeneous
magnetic field (dashed) in the area of the sample. Pickup coils (orange) measures
the change in magnetic flux. b) Sketch of how the vibration of the sample changes
the magnetic flux in the pickup coils, which induces a voltage proportional to the
magnetization of the sample.

of 2.4 vol.% H, in Ar is connected to the oven-option for at least 5 min. When the
sample is mounted in the oven option on the VSM, it is then saddled, and ready to
be measured.

Quartz based in situ holder:

The prototype in situ holder developed during this project is described in Paper V
(Section 3.6). This section outlines the loading-procedure of the inner quartz-tube,
with more details on the holder available in Section 3.6.

The disposable inner quartz-tube is roughly 350 mm long with an inner diameter of
2 mm, as seen in Fig. 2.3b. The tube has two indents approximately 1 ¢cm from the
end of the tube to act as a shelf for the quartz wool to sit on. All of the loading of
the tube was performed in a fume hood. A thin 400 mm long steel rod is used to
load the quartz tube with Insulfrax LT quartz wool from Unifrax[47]. This wool is
stamped thoroughly before the sample powder is poured into the tube. As powder
tend to stick to the side of the tube, it is tapped against the table surface. When all
of the powder has settled on top of the quartz wool, another layer of wool is stamped
down on top of the sample to secure it in place. The in situ holder is then assembled
inside a fume-hood, and transported to the VSM to be saddled and measured. In
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the VSM it is then connected to a gas-supply (separate from the supply of gas to
the oven option), so the sample can be exposed to varying gas-mixtures of Ar, H,
and synthetic air, while being measured (see Paper V).

a) Lake Shore BN cup  b) Inner tube for

with quartz tail in situ holder
T 2lr_|nm
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ILE &
El | of T
@ |3 ~<— Wool
LB <= sample
IU < \WOO|
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Figure 2.3: a) Quartz sample tail with a cross-section and dimensions of a dis-
posable BN sample cup from Lake Shore, loaded with sample. b) sketch of the
dimensions and loading of the disposible inner quartz tube in the in situ VSM

holder.

2.4 Magnetic measurements

In this section, the types of magnetic measurements relevant to this project will
be presented, and the theory behind them outlined. As magnetic properties are a
complex interplay of temperature, particle size and shape, material parameters, etc.,
the theoretical introduction will be limited to general concepts that are relevant to
the magnetic investigations in sections 3.1 to 3.6. Throughout this project we have
used the mass speci ¢ magnetization, . Unless otherwise stated, all mentions of
magnetization will refer to the mass specific magnetization.

Curie temperature measurements:
The Curie temperature (T¢) is the temperature at which the material loses its
ferro/ferri-magnetic properties, and transitions to being paramagnetic. This can
be seen schematically represented in Fig. 2.4, where a uniformly magnetized ferro-
magnetic single-domain (SD) particle has ordered moments pointing in the same
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direction at T < T, resulting in a net magnetization, —. Above T, the direction
of the magnetic moments are fluctuating randomly, showing no net magnetization
without an applied magnetic field. Applying an external magnetic field to the sam-
ple above T will induce a weak magnetization linearly proportional to the applied
field, and inversly proportional to temperature.

Tc can be estimated experimentally using what in this project we called a Curie

terpperagure curve, or simply a T¢ curve. In this, the mass-specific magnetization,
Am?
kg

ature for heating, or cooling, between 200 and 950 . Two examples of T¢ curevs
can be seen in Fig. 2.5 for CoggNigy/Al,O5 (black curve), and a mixture of FeCr-
Al,O5 and nickel/MgAl, O3 (blue curve). The figure shows how, when alloyed with
Ni, the T¢ of cobalt is lowered from the bulk value of 1121 [23], to 850 . In the
case of samples with multiple magnetic materials, the T¢ would show several steps
along the curve, at T¢’s characteristic for each magnetic material. This can be seen
for the blue curve in Fig. 2.5, where the T¢’s for nickel (358  [23]) and iron (770

[23]) can be seen in the curve. The steps in the curve between those temperatures
would then represent different FeCr-alloys. In this way, the T¢ can be used to help
determine which magnetic materials are in a sample. As the focus of this project is
to use magnetic heating for high-temperature catalysis, steam-reforming in partic-
ular, T¢ is very important. For steam reforming at 1 bar and a steam-carbon ratio
of 1, around 800  is needed to reach 90% conversion of the methane|[8], and even
higher temperatures are needed at higher pressures. This is why only cobalt, and
cobalt-containing alloys, have been studied for use in magnetically heated SMR in
this project, as cobalt is the only element with a T¢ high enough to be magnetic at
these temperatures.

in , is measured in an applied magnetic field of 10 mT as a function of temper-

Hysteresis measurements:

Further magnetic characterisation was performed by recording hysteresis loops at
different B,pp’s (the maximal applied magnetic field amplitude in the hysteresis
loops) and temperatures. In a hysteresis loop, the sample is cycled through a mag-
netic field, B, from +Bgpp to -Bgpp, and back to +Bg,,,, while the magnetization of
the sample is measured. A sketch of a hysteresis loop can be seen in Fig. 2.6.

As the applied magnetic field increases, the measured magnetization will taper
off (see Fig. 2.6). When an increase in applied magnetic field no longer induces a
change in magnetization the saturation magnetization, g, has been reached. The
saturation magnetization is a characteristic property of a pure magnetic material.
In some cases this can be used to estimate the amount of magnetic material in a
sample. An example of this can be seen in Section 3.5, where g is used to estimate
if samples of cobalt nanoparticles impregnated on an alumina support had been fully
reduced. When B is lowered from Bgp, to zero applied field, some magnetic ma-
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Figure 2.4: Sketch of a single domain particle transition from ferromagnetic to
paramagnetic when passing through Tc. a) ferromagnetic SD magnetic particle
under T¢ with a magnetization, M. b) the same particle at a temperature above T
with no net magnetization.

terials retain a certain amount of magnetization, which is defined as the remanent
magnetization, g. The field needed to revert the magnetization of the sample to
zero is called the coercive eld, yHc. Both of these parameters are shown in the
hysteresis loop in Fig. 2.6. The area spanned by the loop is called the hysteresis
area, and is denoted as Wy, (see Fig. 2.6). W, is the energy lost as heat, in kig,
in the material, after cycling through the loop once. Maximizing Wy, at relevant
temperatures and B,py’s was an essential aspect of this project.

These parameters, r, s, oHc, and W,,, are complex functions of particle size,
crystal structure, temperature, and composition[48, 51, 23, 40]. In this project, the
aspect of particle size has been a central point of investigation. The particle size
of the samples investigated during this project have ranged from approx. 10 nm
to 10 m. The size of the particle has a large effect on the macroscopic magnetic
properties of the material when working in this size range. The effect of particle size
on gHc can be seen in the schematic in Fig. 2.7 adapted from similar figures in
Kneller and Luborsky[48], Lee et al.[49], and Li et al.[50], for the effect of particle
size on the coercive field. Here it can be seen how oH¢ is zero for a superparamag-
netic particle, grows to a maximum in the range of non-superparamagnetic magnetic
single domain particles, and decays again when transitioning to magnetic multido-
main particles. As oHc is half the width of a hysteresis loop, W}, is proportional
to oHc, and the same trend is expected to apply to Wy,. We investigated this for a
range of particle sizes for a set of Byp,’s and temperatures in order to estimate the
most optimal size-range for Co nanoparticles for high temperature magnetic heat-
ing, which can be seen in Paper IV, Section 3.5.
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Figure 2.5: T curves for FeCr-Al,O3 and nickel on a MgAl,O4-spinel (blue, see
Sec. 3.4) and CosgNigg (black, see Paper III, Sec. 3.3). The T¢’s for nickel, iron,
and CosgNigy are annotated in red on the T-axis.

As the particle size decreases, the MNP will at some point enter the superpara-
magnetic regime (see Fig. 2.7). When a MNP is superparamagnetic (SPM), the
anisotropy energy of the particle is low enough that the thermal energy causes the
magnetization of the particle to randomly flip direction on a shorter timescale than
the measuring time. This means that the particle does not show a spontaneous mag-
netisation without an applied magnetic field. An applied magnetic field can then
tend to align the magnetization of SPM particles. This behaviour of the is similar to
that of paramagnetism of atomic moments, hence the name super paramagnetism.
Superparamagnetism depends on both the temperature, the size of the particle,
and on the measuring time. When a material becomes superparamagnetic on the
timescale of a VSM measurement the hysteresis loop collapses, and will show no g,
no oHc, and by extension, no Wj,.

For particles above the critical diameter (dashed line in Fig. 2.7) it is energet-
ically favourable to form domains. The reversal of magnetization in the hysteresis
loop would then be facilitated by domain wall movement and domain wall nucleation,
which lowers the coercive field in the sample (see Fig. 2.7)[52], and by extension,
the hysteresis area. Just before the particles form multiple domains, the coercive
field and the hysteresis area will reach a maximum. In the simplified case of a SD
particle of uniaxial anisotropy the energy cost associated with flipping the magneti-
zation, scales with the volume of the particle[53]. Therefore, the hysteresis area will
continue to grow until multiple magnetic domains start forming. As we are aiming
to maximize the heating properties of the material, it is desirable to stay at the top



2.4. Magnetic measurements 19

SN e

0
B

Figure 2.6: Overview of the parameters extracted from the hysteresis loop: hys-
teresis area, W}, remanent mass-specific magnetization, g, coercive field, (Hc¢,
and for sufficiently large B,,,’s, the mass-specific saturation magnetization, .

of this curve (see Fig. 2.7) when utilising hysteresis heating to supply heat to a
reaction.

The experimental profile

In this project the term experimental pro le means a series of measurements of
the sample magnetization in the VSM at different temperatures and applied fields.
Various experimental profiles have been used throughout this project, and they all
had some common aspects. These can be seen in Fig. 2.8. An experimental profile
would typically start with a measurement hysteresis loops at 200 , which served
two purposes. The first of which was, that leaving the sample a 200  for a few
hours would evaporate any moisture present in the sample, which would hopefully
diffuse out of the BN cup or the quartz tube (see Section 2.3), as water vapour
can facilitate sintering of the particles[54]. The second reason was to have a set of
hysteresis loops which could be compared with later measurements to be able to
track any changes in magnetic properties during the course of the measurements.
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Figure 2.7: Sketch of the coercive field ( gHc) as a function of particle size (d),
with superparamagnetic (SPM) range, non-superparamagnetic single domain (SD)
range, and (magnetic) multi-domain (MD) range annotated. Sketch inspired by
figures in Kneller and Luborsky[48], Lee et al.[49], and Li et al.[50].

For samples such as CoyxNiggg x)/Al,O3-system (Paper I-III, Sec. 3.1-3.3), and the
Co nanoparticles (Section 3.5), an extra step was added to reduce the samples. In
this step, the magnetization of the sample was measured in 1 T for 12 hours at high
temperatures (see Fig. 2.8), 800  in the case of the CoxNig1g9 xy/Al,O5-system in
Paper III, and 850  in the case of Co nanoparticles on alumina support in Paper
V.

After the reduction step, the sample was heated to 950 , and a T measurement
was performed from 950  to 200 . The following measurements were what we
defined as a run (see Fig. 2.8): measurements of hysteresis loops were made from
200 to 950  in steps of 50 , followed by a T¢ measurement. The hysteresis
loops were measured at a Bgpp from 5 mT to 55 mT in steps of 5 mT, as well as at
Bapp = 100, 500, and 1500 mT. The 1500 mT measurement was performed mainly
to capture the properties of the materials at saturation, while the steps from 5 to 55
mT was the range of applied fields most often used in the induction heated reformer
(see Paper I-1TI, Sec. 3.1-3.3). The steps at 100 and 500 mT were made to get an
idea about the approach to saturation. Some samples were prone to change during
the first run, especially when using BN sample cups. We did not observe significant
changes between runs after the second run. Therefore, the amount of runs for most
samples were limited to 2.
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Figure 2.8: Diagram of the typical components of an experimental profile. Hollow
ellipses represent measurements at the given temperature of a set of hysteresis loops
with Bgpp ranging from 5 mT to 55 mT, as well as at 100, 500, and 1500 mT. T¢
indicates where Curie tempera