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[I.  Abstract

Solid oxide fuel cells (SOFCs) are a promising power conversion technology
that has the benefit of high efficiency and the ability to work on a range of
fuels, including natural gas. However, if run on hydrocarbon fuel under
non-optimised conditions the anode can undergo carbon deposition
(coking) which leads to a loss in performance. Research is required to
understand the complex nature of the carbon formation process in order
to develop superior electrode materials and avoslformation. To do this,

a range of ex situ analytical techniques are available; however, these do
not allow the process to be studieth real time within the studied

environmentof the SOFC.

The gallium orthophosphate crystal microbalance (GCM) is a gles#dc
device capable of acting as a microbalance sensor up to 900 °C. This work
describes the development of the GCM for studying coke deposition on
nickel substrate, as a mimetic of the cermet electrodes used for SOFC
anodes. A novel holder system waessign and produced to allow operation

of both the GCM and SOFC at high temperatures in a range of gas
environments. Change in oscillation frequency associated with
temperature and gaseous environment was studied and found to be
conducive to the intermedia temperature SOFC operating environment.
Surface development of the GCM to produce a nickel catalytic surface has
shown the ability to detect coke formation for the application of SOFC
anodes. The degradation of electrochemical performance due to
depostion of carbon onto symmetrical SOFCs is measured using
electrochemical impedance spectroscopy (EIS). Direct correlation is
observed between the frequency shift of the sensor and the change in
resistance to charge transfer of the SOFC anode. Evidenceiofiaction

period following exposure to methane has been shown in SOFC anodes.
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1 Literature Review

1.1 Introd uction

Solid oxide fuel cells (SOFC) hold great potential for a large range of
electrical power applications; these fuel cells have the potential to provide
high efficiencies for reasonable cost amdth reduced environmental
impactcompared with conventioal technologieslt is hoped that by using
internal reforming, an abundant and wide range of hydrocarbons can be
used, which is not possible with other low temperature fuel cell types.
However, this process brings with it many problems such as the-bpitaf
carbon upon the anode of the fuel cell. Many methods etsitu
examination are available to monitor this formation but can only be used
after carbon formation has occurred or are too costly to implement into an

SOFC product.

A new piezoelectric matal (gallium orthophosphatghas potential as a
sensor for monitoring coke formation within an operating SOFC.cbhitsl
allow for realtime data acquisitiorof degradationin operationalfuel celk,

thus removing the need fooff-line examination/inspetton and giving an
indication of durability andife expectancy. By using the device as a-real
time sensor within a technological SOFC, there is also the potential to
control feedback loops that correct gas flows and temperatures to

maximise anode life ties and thus the fuel cell's overall durability.

Thisthesiswill presenta brief insight into the way solid oxide fuel cells
work, the current problems they face and existing methods for monitoring
them, along with their drawbacks. Methods of studying cédkenation are

described and compared to the proposed technique of using a gallium



phosphate crystal microbalance (GCM) sensoiifaituexamination, with
other piezoelectric materials compared. The theory of operation and
experimental procedure develope for the study of the GCM are
presened, along with results generatettom the operation of the sensor
over varying temperatures and gas environmentlevant to SOFC
operation. The project then looks at the developments required to the
GCM tomimic a caalytic surface. The process oarbon depositionis
compared betveen GCM and SOHKCreal time. Finallthe GCM andSOFC
surfaces are analysed to characterise the carbon formed on the surface of

nickel

The overall pject gal is to develop a high tempature GaP@crystal
microbalance sensor/technique to study and control processes occurring at
the anode of solid oxide fuel cells. In particular, carbon formation on a
nickel surfaceoperating in various fuel cell environments has been
investigated.Apprasal hasbeen made of the device as a practidal situ
diagnostic tool for monitoring and avoiding coke formation in operational

solid oxide fuel cells.

1.2 Solid oxide fuel cells

There are many forms of fuel cells available, each type labelled according
to the electrolyte used with each possessing different advantages and
disadvantages.[1] Every fuel cell works using a similar concept of
convertng chemical energy to electrical energy. The design simplicity
combined with higtelectricalefficiencies make fuel cells a realistic energy
production system with the potential to reduce and hopefully replace the

use of depleting fossil fuels



Fuel celloperate by using the chemical reaction of fuel and air to produce
electricity; this differs from a batteryas constah fuel is fed from an
external sourceo the fuel cell to generate electricity. The result is that fuel
cells will operate as long as fuahd oxygen are continuallgupplied
providing a long operational lifespan. Producing electricity from a chemical
reaction means no moving parts, unlike combustion engines or turbines;
this eliminates many problems such as fatigue, wear and wasted energy
from noise pollutionf2] Like all fuel cellghe mainparametersof the SOFC
are governed by the eléwmlyte and temperature of operatiofil] SOFE
operate at very high temperatures, usually from 580 to around 1006C,

this is due to the ceramic solid oxide electrolyte used, most commonly
yttria-stabilized zirconia (YSZ) which only reaches suitable ionic
conductivity for SOFC operation between temperatures of @nd 1000

°C. The ceramic at thesemperatures allows oxygen to be reduced at the
cathode by electrons entering from an external current. This produces
oxide ions that can travel through the ceramic electrolyte over to the
anode side, these oxide ions can then react in a-fiosll enviromment
producihg water, heatand electrons thatravel aroundthe external circuit
providing the desired electrical ciricu This type of celis known as a
Wy S3F GA DS A 2ahd carf i geerfFilighiiel. 10 $hé dia@ram,
hydrogen has been used as the fuel to give a simple example; however, the
important advantage that SOBE@rovide is their ability to use a large range

of different fuels[2, 3]



Tablel: Fuel cell typs and featires[1]

Temperature Mobile
Type (°C) Fuel Electrolyte ion
PEM: Polymer Electrolyte 70¢ 110 H,, CH, OH Sulfonated H
Membrane polymers
AFC: Alkali Fuel Cell 100-250 H, Aqueous KO OH
PAFC: Phocs:glr;orlc Acid Fu 150-250 H, HPQ Hr
MCFCMolten Carbonate H,, CO, 2
Fuel Cell 500700 hydrocarbons (Na,kyCQ cQ
e H,, CO, ]
SOFC: Solid Oxide Fuel C 700-1000 hydrocarbons (Zr, )i, O,
Anode
Electrolyte
Cathode
Ho
Anode:Fuel Cathode:Oxygen
Oxidation Reduction
Hy+O" —> H,0+26 Oytde —> 207

B,

Figurel: Solid oxide fuel cell reaction schera@d components

Only five components are needed to produce this system (cathode, anode,
electrolyte and two current collectors); the resulting product is therefore a
very simpe device in concept and produces only pure water as a by
product. Unlike other fuel cell types, the high temperatures that SOFCs
operate at allow for reactions without the need for additional high cost
catalysts such as platinum used in low temperaturdyper electrolyte

fuel cells.[3] High temperatures also allow for @eneration (combined



heat and electrical powerCHP) whie can lead to overall efficiencies as
high as 85%4] The performance of a fuel cell is a measurement of the
output voltage producedcompared to the current drawn and is often
calculated and plotted to present the cebltage/current characteristics to
allow for operation within the best region possibl€he cell polarisation
curve demonstrates therelationship between voltage ancurrent density
with the followingvoltage losses with increasing current denségtivaton

polarization, ohmic polarization, and concentration polarizajttgn

Thermal expansion stressgsosed by the hightemperatures in which
SOFCs operate causeawbacks such as long starp times; a necessity
required to prevent cracking of the ceramic. This also createsiémeand

for materials that can operate for long lifetimeslagh temperatureg6]

1.2.1 Electrodes & Electrolyte

Both anode and cathodeplay a pivotal rolein the fuel cell process.
However the primary interestin this studyis in the relationship between
the anode and the electrolyte and the carbon deposition occurring here.
Therefore the wide range of cathode design/materials and degradation
problems hae been neglected from this research and the dea is

referredto Adler et alfor an in-depth reviewof the cathode[7]

A graduation of the anode is often used, composeshrly completelyof
ceramic at the kctrolyte interfaceranging to almost all nickel electrode at
the interconnect contacton the anode sid¢8] This allows a range of
properties across the gradiewf materials and provides a better match in
thermal expansion coefficients. Nickel the most common used

electrically conductivephaseused fa the anode; this is due to its well



documented performance combinedvith low costs and availability
although problems with using nickel for intermediate temperature SOFCs
has been reported.9, 10] However, nickel carries with it several problems,
nickel has a different thermaxpansion coefficient to YSZ3.3 x 10° k!
compared t011.0 x 10° K*, respectivel\[8] This means poor adhesion
under thermal cycling conditian often resulting in flaking and
delamination of the electrode from the electrolyte. The difference in
thermal expansion can be reduced by the layering technique already
mentioned, combined with firing to create a more porous anode. However,
the biggest poblem associated with nickel anodeand alsothe most
relevant to this project A4 YA O] St Qa GSyRSyoOe
gaseq10-12]

The anode icomposed ofceramic electrolyte and nickel ands highly
porous; this is to promote what is known as the tarphase boundary
(TPBmade up of nickel anode, ceramic electrolyte and a void (open pore);
this configuration is known as a cermet (ceramic metal) electfd@kand

can be viewed ifrigure2. TheTPB is the pointtavhichreactions between
fuel and oxygen ions can take place with the porosity or void permitting
the flow of gases to them. Note that a complete connection of ceramic to
the electrolyte and nickel to the external circuit is required in order to

allow ionand electron transportation and hence reactions to ocfd8j
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@ Nickel
@ ysz

Electron path
Oxide path
TPB region

am > Anode
e

> Electrolyte

\

Figure2: Diagram of three phase boundangoint within anode region; where electron carrying

nickel and oxide ion carrying electrolyte meet fuel stream gases

1.2.2 Hydrocarbon fuel and reforming

Hydrocarbons come in many different forms but belong t@e osimple
organic group consisting of hydrogen and carlmmy. The advantage of
hydrocarbons over hydrogen fuel are theivailability and ease of storage.
The high temperatres in which SOFCs operate removbe need for
expensive fuel reformingince tke reforming process can occur directly
within the fuel cell[14] Other low temperature fuel cells such as proton
exchange membrane (PEM) fuel cells undergo poisoning with even small
amounts (few ppm) of carbon monoxidand thus require highly purified
hydrogen[15] The low temperature fuel cells also require the use of

expensive platinm catalystsas opposd to nickelin the SOF{16]



In SOFCs, hydrocarbon gases can be catalytically converted within the fuel
cell system using a process known as internal reforfiiidy.This can be
done in twoways;indirectlyusing a separate reforming catalystdirectly

at the anode[18]. Carrying out reforming directly upon the anode would
provide the simplest, cheapest and best electrical efficiencies possible,
theoretically. This process is possible using methane oxidising over a nickel
cermet, but need the addition of steam and high current rggties. The
steps making uphe steam internal reforimg process can be viewed in

Figure3, and in the following chemical equatiofik9, 20]

CH +EH,0 €0+ H,0 —>C0, +H,

Anode

Electrolyte

Figure3: Distributed processing of humidified methane witnternally generated reaction
products with the following annotation; Blue: electrolyte, red: Nickel anode. Arrows
representative of gas paths where meeting points show reactions; Green: oxide ion, yellow:

hydrogen, orange: carbon monoxide, blue: steapink: methane with steam)



Steam reforming of methane:

60 00°c0 06690 @)

Water gas shift reaction:

R T
ou Ouv©ouv O )

Large amounts of steam are used in excess okthehiometry of thefirst

equation to encourage the shift reactian the second equation. Problems
arise when additionalundesirable reactions take place, seen below in
equations 3, 4 and 5; these result in the formation of carbon that is

deleterious to fuel cell operatiori21, 22]

Carbon formation:

¢c60 O0P O 0 K dooe=-171.7 kJ) ®
0 0P ¢O O 0 Kk doo€= 85.5 kJ) @)
80 OP & OO0 0K dooe=-135.5kJ) 5)

Steam is needed as an addition to the incoming toeallow the internal
reforming reaction to take place. It has been found that high steam ratios
along with high temperatures lower carbon formation. High steam levels
also lower fuel cell performan¢eso finding the right balance between
efficiency anddurability is difficulf especially when considering the
complexity of gas distribution and reaction kinetics across an entire stack.

Currently, not much is known about the changes in reactions occurring



upon the anode over time with most work carried oby trial and
error[12, 16, 23]

Little is known about the mrcess of reactions as they occur upon the
anode, most information has been gathered from either examining used
anodes or the analysis of exhaust gases waylerational This analysis has
shown that reactions chage with time even when operatingonditions

remain constan{24]

When operating SOFCm environments such agasified biomass
additional impurities can lead to further degradation of the anode. Sulphur
like carbon absorbs into nickel structures and @s process that is we
documented in the literaturg25, 26] It has also been shown that the
presence of sulphur can eafit the type of carbon formefR7, 28]
However, sulphur poisoning related problems are not considered in this

work.

1.2.3 Coke formation

Hydrocarbons are desired for use in t&OFC as stated in the previous
section. The problem with these gases is that they can lead to the
formation of coke on the anode surface. This phenomenon is the result of
carbon layers building up on the nickel in the anode as it reacts with the
carbonrich fuel. Coke formations detrimental tofuel cell performance
and lifgime in two ways: (i)forcing nickel/ceramic particles apart at the
TPB, hence disrupting the anodgcrostructure (ii) creation d a barrier or
blockage layer, slowing and prohibiting gas flow through the
microstructure of the anodeThe later only occurs in extreme cases,

particularly in low steam contentor heavy hydrocebons at the inlets,
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where hydrogen is not present from steam reforming29] The
deactivation processes simmarised irFigure4, where a carbon filament
attached to a nickel crystallite can grpwreating large forces and
destroying the catalystThis process is considered to benajor problem
for SOFC durabilitgnd a great deal of research has beemdertaken to
reduce the process. Bhy techniques have beeused from changing gas
ratios and pressure to the investigation of different material allaysl

particlesizesfor anode performancg10, 30-32]

Figure4: Carbon formation at three phase boundary

Carbon can take on several forms when it is deposited on the anode, some
examples of these forms being whiskers, pyrolytic carbon or encapsulating
carbon. The deposited carbon may have different structures such as
graphite or other higher molecular weight30] The type of carbon formed

on SOFC anodes is dependent on temperature and [B8E with higher
temperatures creating more tightly bound carbon formations, producing
carbon nanotubes at 27550 °C, char (soot) and amorphous carbon at
550-725 °C, and graphitic whiskearbon at >725 °(1.3]

11



In SOFCs, carbon formation occurs when carbonaceous fiiel am
insufficient stearrto-carbon ratio is exposed to the metallic component of
the anode, which is typically nickel. This deposit blocks the reaction sites at
the triple phase boundary (TPB4] and consequently access of hydrogen
(or other fuels) is impaired and electrochemical performance degrades as a
result[13] The process of carbon deposition on SOFC anodes is complex
and involves a range of mechanisms that aensitive to operating
parameters.The nature of the anode is also important in carbon deposition
which is affected by anode characteristics suchcamlystto-electrolyte

ratio, porosity and particle sizd35] For example, smaller sized particles

have been shown to be more resistant to coke formatidf.

The addition of steam to the hydrocarbon fuel is nesagy for both the
reforming and water gas shift reactions that take place at the anade
shown in Figure 3. Indeed, steam is often added in excess of its
stoichiometric amount to reduce the risk of carbon deposition. While an
excess of steam is desirable for the mitigation of coke, it acts as a diluent,
decreasing cell voltage and can lead to more rapid degradation of SOFC
anodes[37] In extreme cases, excess steam can lead to anode degradation
by oxidising the Ni component of the catalyst,using large volume

expansions and reducing the active TPB length.

Figure5 helps demonstrate the most destructive form of cokeing, carbon
whisker growth. Aove 450 °C carbon adsorbed on the nickel surfemm

the hydrocarbon (stp 1) can diffuseinto the bulk of the nickel and
nucleate at available step and terrace sitgsthe opposite sidgstep 2)
[13, 38] Note that steps provide better nucleation sites than terraces for
cabon deposition[39] After anucleaion site has allowed for a grapme

island to form, growth can continue via surface or bulk transport of carbon

12



atoms to the graphee island(step 3)[39] This reduces the number of
active TPB sites by forcing the phases apart, blocking gas routes, increasing
the mass transport resistance, reducing cell performance and potentially

destroying the anode complete[sL4]

LG A& GKAA RATTdza AndugtiondiméLIo S KR NB LIGE RD @ a
whiskers can actually formOnce growth commences &hould occur

linearly with time,until grapheneeventuallycovers the whole crystallite as

it encapsulates the nickel particle. At this point thecapsulating carbon is

formed, ceasing the formation or new layers maycleate belowthe first

graphere layer and grow by addition of carbon atonms the whisker

formation.[39]

This period of noncarbon growth has been confirmed with
experimentation and well documented in the nicketalyst community
under a range of testgl0-43] In previous studies this phenomenon has
most often been morntored using Thermogravametricnalysis (TGA)a
direct mass dependenanalysis technique like the crystal microbalance
Although the dissolution of carbon into nickel catalysts should theoretically
create a masshange it is of an insufficieamountto create a shift in the
TGA[38, 44-46] Surprisingly there seems to be little literature on this

occurrence in SOFC anodé3]
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Carbon whisker formation @

<€

Figure5: Diagram of carbon whisker formatiogrowing from nickel crystallitein its three steps

The examination of carbon deposition isem carried out with topographic
methods, such as SEM (Scanning Electron Microscope) or TEM
(Transmission Electron Microscope) to identify its preseraure6 shows

the three main types of carbon formation in oefners as presented by
Sehested using TEN9, 48] Part(A) demonstrates pyrolyticarbon caused

by introducinghydrocarbon fuel to particularly high temperaturesdis
hence more unlikely to occur at intermediate solid oxide fuel cells
temperatures(IT-SOFL Part (B) shows encapsutang carbon alsaeferred

to asYumQ It producesa thin CHfilm or a graphitic coating made up of
just a few layers. This type of formation is particularly likely in heavy
hydrocarbons with high aromatic compourdntent; hence it is often not
the maindriving force for depositiom the pure methane used throughout
this project However lower temperatures like those experienced from IT

SOFC operation often enhance gum formati@hisker formation shown

14



in part (O and as discussed previousiy the mat destructive and dectly
related to the stearrto-fuel mixture used; henceften consideredthe
main formation problem in FBOFE The image demonstrates the

formation of carbon at the underside of the nickel crystal as described

Figureb.

Figure6: Electron microscopy images (Philips CM200 FEG TEM) of pyrolytic carbon (A),

encapsulating carbon (B), and whisker carbon [89]

The current density at which the fuel cell operatdso determines theate

and extent of carbon formatiorf49] as the flux of oxide ions through the
electrolyte to the anode acts to suppress carbon formation by its oxidation
to CO and CO The presence of excess hydrogen can increase carbon
deposition; by reacting with absorbed oxygen on the Ni, surfaces sites are
freed up for the dissociative adsorption of CO, thus increasing the rate of
coking[50] Further complication arises when considering the spatial
distribution of carbon deposition across the surface of SOFC anodes;
temperature, fuel compsition and local current density all affect this.
Likewise, the kinetics of carbon deposition is a complex combination of
factors such as electrode geometry, materials, stdarsarbon ratio,

reduction temperature$51] and residence tim¢52-54]
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However it must also be noted that in some circumstances carbon

formation has been said tamprove fuel cell performance by producing

greater current efficienc@ A Y RdzOSR FNRY Oldif@edty RSLJ2 aA (2
pieces of anode together, but this is a rare occurrefitd. At

temperatures over 600 °C carbon is normally graphitic and hence

electrically conductive, according Zhao et alalthough this wiring can

increase the amount of electron paths,eheaction is still considered too

weak to contribute to ell performance due tdack of coverage in key

regions ax low reaction rates of carbofh5]

In summary the complexityand variety of reactions, material and general
changes experienced by the anode makes undeditey and predicting
the rate and nature of carbon depositionvithin an SOFC stackery
challengng. This creates extreme difficulty in the understanding of the
nature of @rbon deposition not onlyn the surface of the fuel cell but also

the measuring equipment

1.2.4 Ceramic electrolyte selection and temperature of operation

As well as being gas dependgercarbon formation, along with other
electrode deactivation progses such as sulphur poisoning highly
temperature dependent. At very high operating temperatures the catalyst
reaction is\Blea with nearly all carbon held and removed in a carbon
monoxide orcarbondioxide state; however, temperatures of 1000 plus

put extremely high demand on the materials used within the fuel cell as
well as its external housing. At high temperatyresramics are used for
housing but are often brittle with craakiy occurring during staip and
shutdown, leading to high maiehance and unpredictde life
expectancies. Thus, it is often preferable to run SOFCs at temperatures in

which cheaper and more reliable materials can be used such as steels.
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However, lower émperatures lead to a reduction HlearfYeactions and a

greater chance ofoking[56]

There are two main temperature rangegarwhich FC operation can be
broken; high temperature (HFSOFC) and intermediate temperatures- (IT
SOFC), working in the gens of 7561000 °C and 506750 °C
respectively{56] The most commonly used SOFC electrolyytria
stabilised zirconiaY(S%, operates in the HT regime; ceria gadolinium oxide
(CGQis an IT ceramic and thus holds the potential to dramatically reduce
the operational cost of SOFCs; however, carbon formation is more likely in
this region of operation. This compromise ca@ Wiewed more clearly in

the modelling work carried out for the project shown in the results section.

The ability to monitor coke fonation is extremely important when
considering that it has been proven pdsdsi to remove small amounts of
Wwa 2 T d badltuddlding®@eforming by increasing the steamcarbon

ratio (S/C)23], it should also be noted that carbon formation can tapid

with only small amounts causing irreversibtlamage to the catalyst
particles upon the anode. This is a serious problesn damage to the
anode catalysts will lead to complete failure of the SOFC. Therdfwe

need to identify coke formation quickig real timeis essentiaj23]

1.2.5 Monitoring carbon formation

There is a largeange of methods awently availableto identify carbon
formation in fuel cells; these athodsfall into three groupsperformance,
product and opticalEach method can also be sphto two types;in-situ
and exsitu, this termrelates tothe location of the sensing equipant. In-

situ monitoring equipment would be located within the operating system

17



of a fuel cellwhereasexsitu systems useautside of the systemThisis a

constaint that hinders reattime data generation

1.2.5.1 Resistance measurements
These methods rely orhanges to the fuel ceél performance to provide

information on whencarbon deposition is occurring and its extent.

Electrochemical voltammetry The most basic way to monitor carbon
deposition is througtelectrochemicaloltammetry, measuring the current

and power densityproduced by the SOFC. While this is a simple and
necessary process to carry out it does not remove the large range of other

variables other than coking that caffectfuel cell performance.

Electrochemicalimpedancespectroscopy (EIS)Vhile this provide a far
greater insight into the individual components that make up the fuel tell
still does not possss the ability to identify carbon deposition without
verification from other techniques. This method is used throughout this

work andis hence discussed in length in later sections.

1.2.5.2 Product monitored
Product information is theexamination of material output from the fuel
cell. This can be either spent fuel or the analysis of anode material after

use.

Temperature programmed oxidation (TRO): This methodis used to
characterise the nature and amount of coke formation after reforming
occurs upon the anodeThis method has also shown the possibility of

removing carbon from the anode when held at high temperatures. Like all

18



other exsitu methods, these measurements must be made prsiction.
In contrast, GCM methodswhich will be covered in the later sectipwill

be able to achieve these results in real tifde, 22, 51, 57-59]

Gaschromatograph (GC):With a similarprinciple to that of TPOthe GC
technique can be used to monitor the exit fuel gases from the SOFC to
provide the composition and hencealculate the mass balance of

carbon[60, 61]

Thermogavametric analysisTGA: This is the analysis of mass shdtsa
function oftemperature.By varying the gas environment and temperature
of a small sample it is possible to monitor mass changes from
decomposition (mass loss) or deposition (mass increase). The temperature
and environment in which this shift occurs can be used to identify the
material composition. For chon deposition this couldbe donein-situ to
measure the coking fra a hydrocarborenvironment at temperature. Ths
technique is used more in the catalytstan SOFCommunity as samples
must be small and electrical connections would affect the mass analysis.
Therefore SOFC samples are analyseesitu and coking is quantified by
introducing air/steam/oxygen to oxidise the sample creating CO ang CO

and hence removing the carbon and providing the mass[lt&1, 47]

1.2.5.3 Optically and spectroscopically monitored
These methods are carried out by investigating the surface of the anode

material during/after carbon deposition.

Scanning electron micra®mpe (SEM)This is a microscope that can analyse

the surface of samples providing high quality images. The machine works

A

08 FANRY3I | KAIK SySNHe& o6SIY 2F St SOUNRY

19



return can be analysetb produce topographical informatioproducing

the desired image of the surfacehis is known as secondary electron
detection as the electrons received are ejected from the subjects surface.
As well as this backscatter imaging (BSE) redff¢sent compositions or
densities in an objectwsface thus revealing impurities such as carbon.
Using this process, anode surfaces can be visually inspected to idesmtify th

severity of carbon formatiofi30, 55]

Energy dispersive -Xay spectroscopy (EDSPften used alongside SEM

analysis this inspection machinery is used to analyse the chemical
O2YLRaAldAzy 2F | YFEGSNREFE Qa &dz2NFI OS 2y
electromay SGAO NI RAFGA2Y Ay GKA&a OFasS St SOdN
surface within a vacuumchamber, Xays are given off specific in

characteristic or wave length to the elemeritom which they were

emitted. These Xays are analysed by an energy dispersivecspmeter

LINE BARAY 3 GKS dzASNJ gA0K GKS &aLISOAYSyQa S
method, carbon can be identified and quantified by monitoring changes in

spectrum composition; however, it should be noted that this system is not

always accurate when idéfying light elements such as carb{8b, 36, 57)

Transmission electron microscopy (TEM)orkingin asimilarwayto SEM
analysis TEM works by firing a high energy beam of electrons towards a
sample. The difference between thedechniquesis the method of
electron analysisin SEM it is theébackscatteredor secondary electrons
reflectedfrom the sample that are analysed. In TEM it is the electrons that
pass through the sample that are used to form an image. This allows the
ability to see through a section of a sample rather than just to image its

surface.However this method can only be used for extremely thin films
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and hence would not be possible for analysis of the GCM or SOFC without

dissection62]

X-ray diffraction (XRD):Like EDS, Xay diffraction uses an Xay beam
reflected off a sample surface, in this case a used anode, and monitors the
scattered intensity sent back. This provides information on the maf@rial
composition as well as crystallographstructure, by identifying the
geometrics and orientations of molecules which can hence be used to
identify changes in carbon quantity. For carbon deposition it must be noted
that due to the Xray penetration depth it is difficult to monitor thin
layers[30, 32, 36]

Raman/IRspectroscopy(RS)/(FTIR\Working by fiing a &ser, in the infa

red, visible or ultraviolet regions, these techniques can be used to identify
vibrational modes of systems, providing information on material
compounds composition and structure. The different techniques and light
wavelengths usedomplement each otheby identifying different type®f
chemical bonds. For SOFC carbon depositlese techniques can be used

in several ways, most commonly anode materials are inspected a$er

for carbon at the surfacgs7, 63] However more recently this technique
has been usedn-situ, allowing for coke formatio to be monitored as it
occurs[64] The dawback to this technique is the large size and cost and
intrusive nature to the design. Another way laser techniques are used in
monitoring coking is by examining the composition of exiting fasl much

like a GC system woul@5]

Thermal imaging (TI)This techniquemonitors the surface temperature of
the SOFC anode during operation. While this technique is most often used

to measure the effect of fuel streams on the surface temperature, it has
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more recently been natd that changes in emissivity afmked to the

material present and hencearbon build up can be viewd@5-67]

X-ray photoelectron spectroscop (XPS):This method worksn a very
similar way as EDS, with photoelectrons measured insteadraf/s The
advantage of XPS is that it does not have to be measured under vacuum
but EDS holds the advantage of being used simultaneously with SEM to

providespecift point information[60]

1.2.5.4 In-situ and Ex-situ analysis

The poblem with exsitu analysis methods is they are highly complex
monitoring systems often used in vacuum; this means to investigate an
anode the SOFC must be taken apart for examination with multiple
expetiments runso thatthe different parameterf temperature, fuel gas
and steam mixturesan be capturedThis leads to bbng and cumbersome
inspection time and even inaccurate results due to temperature reductions
and exposure. This has led to the desireifositumonitoring that will not
only remove theneed for fuel cell dissembling between tests but also allow

for real time data collection.

In-situ solutions allow for real time data, providing better understanding on
the reactions occurring at the anodéheyalso provides the possibility for a
feedbackloop system altering gas mixtures and temperatures to allow for
the lowest carbon formation possible as well as a potential cleaning set up
cycle to remove carbon wheooking of carbon formation reachesitical

levels.

Althoughln situ processes mentiorgeso farcan run during SOFC operation

to provide realtime datg these methods are too exgnsive and intrusive
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to the fuel cell operation taapply to a working product. The method of
data acquisition is also very difficult to applyaadange of regions ithin a
working stack. Thereforeas of yet no reliablein-situ carbon monitoring
system is availablfor a working productit is hoped that high temperature

crystal microbalance technology will be able to fulfil this need.

A summary of thecarbon detecibn methods is reported and shownin
Table2, listing bothin situ and ex situ methods with both their strengths

and weaknesses.
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Table2: Methods of detecting carbon formation

In/Ex
Technique situ Observale(s) Strength(s) Weakness(es) REFS
Performance
Electrochemical In situ Current aqd power Defines overall fuel cell Not necessarily carbon deposition relate [14, 55, 57]
voltammetry density performance
Impedance . Anode resistance Reveals a range of informatior E)penS|ve|_n situ mo_del specific, Iarge
In situ - understanding of entire system required [68]
spectroscopy changes about entire system o
not currentlyquantitative
Products
TPO Both _ Carbon N Monitors entire system Additional reactions can cause errors, lo [12, 51, 57-59]
quantity/composition detectability
TGA Ex situ : Carbon . Identifies exg_ct mass of Small sample size [19, 21, 47]
quantity/composition deposition
GC In situ Carbon quantity Monitors entire system Additional reactions can cause errors [60, 61]
Optical
Raman/IR Composition and Molecular and material specific Expensiven situ. Used for a single
Both o . o : [57, 62-64]
spectroscopy structure kinetics, real time position at a time
SEM & EDS Ex situ Imageof carbon at Ca_m identify types of car_bon, Not accurat(_elyquantltatlve can only [30, 36, 55]
anode surface view of anode destruction provide surface data
XRD Ex situ Con;f;ﬁilttlﬁg and Can identify types of carbon  Difficult to detect thin layers of material [30, 32, 36]
. Image of carbon in Can identify types of carbon, Not accuratelyquantitative, can only
TEM Ex situ : . : o [62]
anode surface view of anode destruabin provide thin film data
Thermal imaging  In situ Carbon quantity Shows where carbon is formin Cralleng{ng/expenswm S'tu’. su-rface [65-67]
in real time analysis only, poor quantitatively
XPS Both Composition and Can identify types of carbon Challenging/expesivein sity, elemental [60]

structure

rather than molecular information
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1.3 Quartz Crystal Microbalance (QCM)

The need for in-situ measuringtechniques in SOFC and heterogeneous
catalyst systems is cledherefore, a method with the ability of monitoring
small mass differences of carbon deposits in real time may hold the key to

the future analysis of carbon formatiarhallenges

Crystal microbalances work using what is known as the piezoelectric
effect[69] An electrical current can bapplied to a quartz crystal by
sandwiching it between two metal electrodes, with an alternating current;
this can be viewedn Figure7. At given frequencies, dependent athe
dimension and cutof the crystal the current induces the piezoelectric
material, most commonly quartz (S)Oto mechanically oscillate at its
natural frequency These tiny oscillations produce a stable shear wave
through the thickness of the quartz in a realignment of the mat&ial
lattice structure that propagates perpendicular to electrode, as seen in
Figure7®  Lhél sinhility(df these narrowly packed oscillations that creates
such high quality monitoring of the resonance frequency. The orientation
of the cut or grain structure of the quartz crystal will determine the
manner of these oscillations and hence the pdtahfor use as a QCM
(quartz crystal microbalange AFcut quartz is the most commonly used
piezoelectric material since its resonance does not fluctuate significantly
with changing temperaturegwithin a certain low temperature range)

along with its loncost production and ready availabilityO, 71]

Although an understanding of the mechanism of quartz oscillation and how
it could be controlled had come abodty M dH M Zuntih1959 whea vy Q (i
the idea of mass monitoring was put forward by Sauerlji@y He showed

that the frequency change of oscillation of a quartz sensor is directly
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proportional to added mass at its surface and with this he developed the

Sauerbrey equatiofequation6).

Sauerbrey equation:

Where:

n E measured frequency shift, (Hz)

fo = resonant frequency of the fundamental mode of the crystal, (Hz)
N Y=mass change per unit area) (g

A= piezeelectrically active area, (¢th

"4 = density of quartz, 2.648, (g/én

L, = shear modulus of quartz, 2.947*16/cm <.

This equation applied alongside a working QCM allows for the accurate

measurement of mass changes at as little as nanogrper cm. Just as

important is the ability to monitor these changes in real time with the use

2F O2YYSNDAFE Y2yAG2NRAy3a (G22fa&8 6KAOK dza
changes as they occur. The equation does assume however, that mass is

depositedas arigid, evenlayeracross the electrod® surface. If this is not

0KS OFasSs OlFtOdzZ dA2ya 62y QG 0SS | OOdzNT G S
carried out. In terms of carbon build up, this should not be a problem if

applied over a flat surface. Further developmémo QCM resonance has

shown that monitoring in liquid is also possible with the use of a more

complex version of the Sauerbrey equation, this has led to the ability with

further calculations to begin to measure and quantify vistastic layers

deposited upon the electrodes, but in most cases layerimgonsidered to

be rigid[73, 74]
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Figure7: Diagram of the breakdown of a quartzsasor and the process of resonance under

layering

Quartz, however,has a limiting problem when applied to SOFCs; the
piezoelectric constant rapidly reduces in excess of ZD0and therefore
measurement accuracy also decreases. By altering the cut dinecfithe
quartz from its usual AT direction, slightly higher temperatures are
achievable but only over small temperature ranges of°20 At 573°C a
phase transition takes lace alteringthe crystallographic structureof
quartzand rdding it of its pierelectric characteristics, this is known as the

Curie temperaturd.75-77]

Operating from a minimum of 508 but usually higher, it is clear to see
that SOFCs & 2dzi 2F (GKS v/ aQa #smeIOOMigA2y f AYAi
deemed unusable for this form of application. However, development into
other piezoelectric materials has highlighted a promising alternative,

gallium orthophosphate (GaRD
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1.4 Gallium phosphate crystal microbalance (GCM)

Gallium orthophosphateGaPQ) sensors are newly developed devices with
piezoelectric apability and operate in mucthe sameway as quartzLike
quartz, these sensors are dependent on the angle of cut, by rotating the
angle of cut theaesonant frequency can be shifted. Increasing the cut angle
will also increase theversion temperaturdtemperature where frequency

IS most stablg whilst the frequencytemperature curve behaviour
becomes flatter. The key aspects that the cut anglenges are coupling,
temperature dependence and dampening. The trade between these
aspects is best seen kigure8, taken fromKrispel et a[.78], showing the
relation between cut angle and the theoretid@amperature coefficient of
frequency(TCF) as well as the predicted coupling coefficient, where the
coupling coefficient is the efficiency at which electrical eyasgconverted

to acoustic energy79

The graph shows there are only two places where the TCF shows the
desired zero coefficient, these are noted asqHand HiK. HiK takes place
at-16.5" and shows a much better coupling coefficient than that ofin

fact HiK has a couplm twice that found in normal Adut quartz[80]
Therefore this is the region in which most GCM devices operate. What the
graph does not show is that by increasing thekHingle the energy loss
resistance R, as discussed latgis decreased as well as the need for a high
driving force that could otherwise cause hysteresis and non linear results in
frequency; this is discussed in more detall in the impedanctiae of the

literature review|[78]
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Figure8: Temperature coefficient and coupling of single rotated GaP@uts.[78]

This project will be using aM° cut angle, this is chosen due to its location
near to the HiK point and higher in angle to reduce resistance andedri
level dependence (DLDJ8] Its precise cut angle also stabilizes it to
produce its high frequency accuracy at a temperature of &D5thus it is
said to be calibrated to this temperature. This temperature issideredto

be convenientlynear enough to the operating zones of$SOFE€for high
temperaturefrequency coefficient stability whilst providing the best
coupling/ R,/ DLD possible for the range of experiments requirEllis cut
shows piezoelectric chacteristics 100 times less sensitive to temperature
variances than A€ut quartz above 40C°C. Figure 9 compares the
temperature coefficients of gallium orthophosphate to that of quartz. The
GCM reduces linearlyithh temperature until 600°C, unlike that of quartz
which increases by the cube of the sensors temperature. Most important
to the fuel cell application, gallium orthophosphate will withstand

temperatures as high as 9T before transforming into itd-phase and

29



thus losing its piezoelectric qualiti€she Curie transition temperature- Te)

but with the effect of#vinningd 6 RA a4 0dzadaSR Ay Y2NB
limitation section)and limitations of the electrodes and their bonding
layers a simdr frequency is not often witnessed upon recoveaiter

approaching this poinf81, 82

Previous experimes with GaP@ sensors have shown promising results
operating in temperatures between 3800 °C with the hope of handling
temperatures even closer to its phase transformation point, 910
without suffering possibléwinning effects This may only be pasde with

the use of doping techniques, similar to those already seen in othér hig
temperature crystals such asngasite (discussed in more detail in the
alternative microbalance sectiofi33, 84]
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Figure9: Temperaturecoefficients of GaP@at Y-11.1° cut compared to ATut quartz[85]
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Sensors are often produced with convexed geometry to prochigh and
accurate Q-factors (explained below)and thus increased accuracy in
frequency measurements; this is due to the natud energy trapping
creating larger vibrational amplitude at the centoé crystalsthat reduces
towards the edge. This effect allows for the clamping of the crystal at its
edge with minimal effect to its oscillatid86] The Qfactor is defined as

the ratio of SNE R Sy SNHe& (i 2 ;iRdtherawbrddaicrgsials Sy SNH @ Q
frequency value divided by its scale of oscillation bandwidth, representing
how dampened the oscillation is. Highf&rtors are produced by high
stored energy and low dissipation enerff§iz] The Qfactor can be found
when the crystal is driven at its resonant frequency by ascillator
(normally using impedance analysis), when disconnectgsta oscillation
amplitude will decay exponentially. By analysing the decay curve, the Q
factor, which is inversely proportional to the cry$atesistanceR) along

with the frequency of the oscillator are measurap88] The convex shape
combined with the small size means that oscillation or acoustic energy is
trapped at the resonatd® centre (this can be detected by-ray
topography) so that very little dispersion can occur at the edgemost
resonatas this area is approached by the shagdetlee electrodes, this is

the phenomenon mentioned earlier as energy trapping

Gallium orthophosphate also possess@s much higher conversion
efficiency from electrical to acoustic energy, known as the electroctem
coupling coefficient(l KS D/ aQa f I NBS KQigfdardimesy 3 O2STFFA
that of quartz)[89] This combined with better damping resistances and low
conductivity (10 N cm™ at 700 °C) provides much higher operating
efficiencies when compared to quartz. As well as this, GCM sensors are

compatible with existing quartz monitoring equipment such as thpoQ
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(used in this studyand impedance analysis, removing the need riew

hardware and software packages.

1.4.1 Calculations
Using the Sauerbrey equation, as seen before in the previous section, the
frequency shift from added mass can beeasured with only minor

changes[77]

Where:
"4 = density of GaP3.470 g ¢,
Ly = shear modulus of GaR@.147x16" g cmi' s?

This calculation can then be furthered to derive the thickness of the rigid

layering film by beaking down the components of the added mass.

Yo "w "00 )
Where:
"= Density of added film, g ¢in
V= Volume of added film, cin
A= Area of added film, cin

t = Thickness of added film, cm
This, when introduced badkto the Sauerbrey equation and with respect

to t, will produce equatior, where the area of the added film and the

area of the piezoelectric area can be assumed the same, thus cancelling.
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(Note for the Ni plated GCM these arem® different and hence cannot be
cancelled)

oyoT

o] C—Q ©)
By applying this equation to the changes in frequency under carbon
deposition it will be possible to determine the thickness of the layer.
However, as a layering object increases in théds the elasticity of the
layering materialhas a larger effect on oscillaticand so must be taken
into account. It is said that generally, if a frequency shift is above 2%, that
is if n Ao < 0.02, then it is better to apply therdatch method developed
by Lu and Lewi®0] The accuracy of film thickness is often determined by
how well the Zfactor and density are known. ThenZatch method is
assumed to be accurate up to as much as a 40% frequency shift. It is
important to note that both the Sauerbrey andnZatch equationcannot
be applied to viscelastic materials, only rigid structures will pide

accurate results.

The ZMatch equation is carried out by first calculating the acoustic
impedance ratio, Z, as seen in equatibdand then implementing it into

the film thickness area seen in equatibh[75, 86]

Y
W =5 —_— (10
w

Where:
Z= Acoustic impedance ratio
Zs= Acoustic impedance of resonator unit

Z= Acoustic impedance of layering material unit
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Both equatiors can be usd# as a gule to thickness in terms of changes in
frequency, this is shown ifrigure 10 where the equations have been
applied to a crystal with starting frequencip)(of 5865428.7 Hz at room
temperature (22C)(sekcted from one of the y112cut GCMprovided by
Piezocryst (Graz, Austriagnd the foreign layering material is nickél £
8.192 unit,p = 7.6x16" unit) asthis data will be used for nickel plating
process in later sections. The graph shows how the two equations diverg
with greater frequency shiftwith the Zmatch following the most accurate

line. This will be comparet actual results and presented in later sections.
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Figure10: Film thicknessletermination using both equations for a y11°tut crystal with carbon

deposition
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1.4.2 Temperature effect

As stated before, the temperature coefficierst highly dependent on the
cut of the crystal as well as its shape and size. Fhi.¥ cut and plane
convex shaped crystals were chosen for their high stability at temperatures
similar to those of I'SOFCs. The temperature dependencies of these

crystals an be represeted by equation12, asprovided by Piezocry$85|

QY QYp XYY QY Y QY Y (12)
Where:
f(T= Frequency dependent on temperature (T)
fo(T) Initial frequency dependent on initial temperature (when g=T
T= Temperaturg°C)
To= 505°C (desiged stabilized temperature)
a= 0.00831ppm/°C (specific constants)
b=-0.00186ppm/°C’
c= 8.5x10 ppm/°C’

Using this equation itsi possible to produce a graph that predicts the
temperature verses frequency oscillation relationship of a given crystal,
providing the original temperature/frequency are knowrit should
therefore also be possible to monitor mass changes during temperature
shifts by applying equatiof?2 to the results. The following graph Kigure

11 shows the frequency shift for a-M.1° cut crystal provided by
Piezocryst with a frequency d&873140.33Hz at 508C. This shows a
stability of +66 ppm between 35650 °C which is much higher dn the
+30 ppm found with ¥0.8 cuts[75] However, it is the FBOFC
temperatures that this project is interested in therefore the region

between 550650°C shows a stality of +9 ppm.
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Figure11: Temperature dependent frequency shift for-¥1.1° cut GCM

1.4.3 Electrodes

The electrodes on a GCM device must provide three main properties to
allow accurate results: (i) high electrical conductivity, (ii) elevated melting
temperature and (iii) good chmical inertnes§91] However, this last
specification is considered more complicated for this work as it is the
metallic electrodethat provides the catalytic surfade which the carbon
must react and layer upon. This will be discussed in more detdhean
nickel plating section It is due to these specifications that noble metals
such as gold, palladium, platinum, rhodium, ruthenium, iridium are most
often used and their limitations are presented Trable 3 provided by

Aubert et al[91]
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