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II. 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 avoid its formation. To do this, 

a range of ex situ analytical techniques are available; however, these do 

not allow the process to be studied in real time within the studied 

environment of the SOFC. 

The gallium orthophosphate crystal microbalance (GCM) is a piezoelectric 

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 was design 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 intermediate 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 

deposition 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.  Evidence of an induction 

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

 

1.1  Introduction 

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 and with reduced environmental 

impact compared with conventional technologies. It 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 build-up of 

carbon upon the anode of the fuel cell. Many methods of ex-situ 

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 material (gallium orthophosphate) has potential as a 

sensor for monitoring coke formation within an operating SOFC. This could 

allow for real-time data acquisition of degradation in operational fuel cells, 

thus removing the need for off-line examination/inspection and giving an 

indication of durability and life 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 times and thus the fuel cell's overall durability. 

This thesis will present a 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 coke formation are 

described and compared to the proposed technique of using a gallium 
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phosphate crystal microbalance (GCM) sensor for in situ examination, with 

other piezoelectric materials compared. The theory of operation and 

experimental procedure developed for the study of the GCM are 

presented, along with results generated from the operation of the sensor 

over varying temperatures and gas environments relevant to SOFC 

operation. The project then looks at the developments required to the 

GCM to mimic a catalytic surface. The process of carbon deposition is 

compared between GCM and SOFC in real time. Finally, the GCM and SOFC 

surfaces are analysed to characterise the carbon formed on the surface of 

nickel. 

The overall project goal is to develop a high temperature GaPO4 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 surface operating in various fuel cell environments has been 

investigated. Appraisal has been made of the device as a practical in 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 

converting chemical energy to electrical energy. The design simplicity 

combined with high electrical efficiencies make fuel cells a realistic energy 

production system with the potential to reduce and hopefully replace the 

use of depleting fossil fuels. 
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Fuel cells operate by using the chemical reaction of fuel and air to produce 

electricity; this differs from a battery, as constant fuel is fed from an 

external source to the fuel cell to generate electricity. The result is that fuel 

cells will operate as long as fuel and oxygen are continually supplied, 

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 pollution.[2] Like all fuel cells, the main parameters of the SOFC 

are governed by the electrolyte and temperature of operation.[1] SOFCs 

operate at very high temperatures, usually from 500 oC to around 1000 oC, 

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 750 oC and 1000 

oC. The ceramic at these temperatures 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 fuel-rich environment 

producing water, heat, and electrons that travel around the external circuit 

providing the desired electrical circuit. This type of cell is known as a 

‘negative ion flow fuel cell’ and can be seen in Figure 1. In the diagram, 

hydrogen has been used as the fuel to give a simple example; however, the 

important advantage that SOFCs provide is their ability to use a large range 

of different fuels.[2, 3] 
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Table 1: Fuel cell types and features [1] 

Type 
Temperature 

(°C) 
Fuel Electrolyte 

Mobile 
ion 

PEM: Polymer Electrolyte 
Membrane 

70 – 110 H2, CH3, OH 
Sulfonated 
polymers 

H
+
 

AFC: Alkali Fuel Cell 100-250 H2 Aqueous KOH OH
-
 

PAFC: Phosphoric Acid Fuel 
Cell 

150-250 H2 H3PO4 H
+
 

MCFC: Molten Carbonate 
Fuel Cell 

500-700 
H2, CO, 

hydrocarbons 
(Na,K)2CO3 CO3

2-
 

SOFC: Solid Oxide Fuel Cell 700-1000 
H2, CO, 

hydrocarbons 
(Zr,Y)O2-δ O2

-
 

 

 

Figure 1: Solid oxide fuel cell reaction scheme and components 

Only five components are needed to produce this system (cathode, anode, 

electrolyte and two current collectors); the resulting product is therefore a 

very simple 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 temperature polymer electrolyte 

fuel cells. [3] High temperatures also allow for co-generation (combined 

Anode: Fuel 
Oxidation 

H2+O2-             H2O+2e- 

Cathode: Oxygen 
Reduction 

O2+4e-            2O2- 
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heat and electrical power- CHP) which can lead to overall efficiencies as 

high as 85%.[4] The performance of a fuel cell is a measurement of the 

output voltage produced compared to the current drawn and is often 

calculated and plotted to present the cell voltage/current characteristics to 

allow for operation within the best region possible. The cell polarisation 

curve demonstrates the relationship between voltage and current density 

with the following voltage losses with increasing current density; activation 

polarization, ohmic polarization, and concentration polarization[5] 

Thermal expansion stresses posed by the high temperatures in which 

SOFCs operate cause drawbacks such as long start-up times; a necessity 

required to prevent cracking of the ceramic. This also creates the demand 

for materials that can operate for long lifetimes at high temperatures.[6] 

  

1.2.1 Electrodes & Electrolyte 

Both anode and cathode play a pivotal role in the fuel cell process. 

However, the primary interest in this study is 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 have been neglected from this research and the reader is 

referred to Adler et al. for an in-depth review of the cathode.[7] 

A graduation of the anode is often used, composed nearly completely of 

ceramic at the electrolyte interface ranging to almost all nickel electrode at 

the interconnect contact on the anode side.[8] This allows a range of 

properties across the gradient of materials and provides a better match in 

thermal expansion coefficients. Nickel is the most commonly used 

electrically conductive phase used for the anode; this is due to its well 
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documented performance combined with 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 thermal expansion coefficient to YSZ; 13.3 × 10-6 K-1  

compared to 11.0 × 10-6 K-1, respectively.[8] This means poor adhesion 

under thermal cycling conditions, 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 problem associated with nickel anodes, and also the most 

relevant to this project, is nickel’s tendency to coke in hydrocarbon 

gases.[10-12] 

The anode is composed of ceramic electrolyte and nickel and is highly 

porous; this is to promote what is known as the three phase boundary 

(TPB) made up of nickel anode, ceramic electrolyte and a void (open pore); 

this configuration is known as a cermet (ceramic metal) electrode [13] and 

can be viewed in Figure 2. The TPB is the point at which reactions 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 ion and electron transportation and hence reactions to occur.[13] 
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Figure 2: Diagram of three phase boundary point 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 to one simple 

organic group consisting of hydrogen and carbon only. The advantage of 

hydrocarbons over hydrogen fuel are their availability and ease of storage. 

The high temperatures in which SOFCs operate removes the need for 

expensive fuel reforming since the 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 monoxide and thus require highly purified 

hydrogen.[15] The low temperature fuel cells also require the use of 

expensive platinum catalysts as opposed to nickel in the SOFC.[16] 
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In SOFCs, hydrocarbon gases can be catalytically converted within the fuel 

cell system using a process known as internal reforming.[17] This can be 

done in two ways; indirectly using a separate reforming catalyst or directly 

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 needs the addition of steam and high current densities.  The 

steps making up the steam internal reforming process can be viewed in 

Figure 3, and in the following chemical equations.[19, 20] 

 

Figure 3: Distributed processing of humidified methane with internally 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: steam, pink: methane with steam) 

 

 

 

ε 

Anode 

Electrolyte 
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Steam reforming of methane: 

 

Water gas shift reaction: 

 

Large amounts of steam are used in excess of the stoichiometry of the first 

equation to encourage the shift reaction in the second equation. Problems 

arise when additional undesirable reactions take place, seen below in 

equations 3, 4 and 5; these result in the formation of carbon that is 

deleterious to fuel cell operation. [21, 22] 

 

Carbon formation: 

           (∆H°600C = -171.7 kJ) (3) 

           (∆H°600C = 85.5 kJ) (4) 

               (∆H°600C = -135.5 kJ) (5) 

 

Steam is needed as an addition to the incoming fuel to allow 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 performance, so finding the right balance between 

efficiency and durability is difficult, 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 

                 (1) 

                (2) 
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upon the anode over time with most work carried out by trial and 

error.[12, 16, 23] 

Little is known about the process of reactions as they occur upon the 

anode, most information has been gathered from either examining used 

anodes or the analysis of exhaust gases while operational. This analysis has 

shown that reactions change with time even when operating conditions 

remain constant.[24] 

When operating SOFCs in environments such as gasified biomass, 

additional impurities can lead to further degradation of the anode. Sulphur, 

like carbon, absorbs into nickel structures and is a process that is well 

documented in the literature.[25, 26] It has also been shown that the 

presence of sulphur can affect the type of carbon formed.[27, 28] 

However, sulphur poisoning related problems are not considered in this 

work. 

 

1.2.3 Coke formation 

Hydrocarbons are desired for use in the SOFC 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 

carbon-rich fuel. Coke formation is detrimental to fuel cell performance 

and lifetime in two ways: (i) forcing nickel/ceramic particles apart at the 

TPB, hence disrupting the anode microstructure; (ii) creation of a barrier or 

blockage layer, slowing and prohibiting gas flow through the 

microstructure of the anode. The latter only occurs in extreme cases, 

particularly in low steam content for heavy hydrocarbons at the inlets, 
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where hydrogen is not present from steam reforming. [29] The 

deactivation processes is summarised in Figure 4, where a carbon filament 

attached to a nickel crystallite can grow, creating large forces and 

destroying the catalyst. This process is considered to be a major problem 

for SOFC durability and a great deal of research has been undertaken to 

reduce the process. Many techniques have been used from changing gas 

ratios and pressure to the investigation of different material alloys and 

particle sizes for anode performance.[10, 30-32] 

 

Figure 4: 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 weights.[30] The type of carbon formed 

on SOFC anodes is dependent on temperature and time [33], with higher 

temperatures creating more tightly bound carbon formations, producing 

carbon nanotubes at 275-550 °C, char (soot) and amorphous carbon at 

550-725 °C, and graphitic whisker carbon at >725 °C.[13] 
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In SOFCs, carbon formation occurs when carbonaceous fuel with an 

insufficient steam-to-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 (TPB) [34] 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 are sensitive to operating 

parameters. The nature of the anode is also important in carbon deposition 

which is affected by anode characteristics such as catalyst-to-electrolyte 

ratio, porosity and particle size. [35] For example, smaller sized particles 

have been shown to be more resistant to coke formation.[36] 

The addition of steam to the hydrocarbon fuel is necessary for both the 

reforming and water gas shift reactions that take place at the anode, as 

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, causing large volume 

expansions and reducing the active TPB length. 

Figure 5 helps demonstrate the most destructive form of cokeing, carbon 

whisker growth. Above 450 °C carbon adsorbed on the nickel surface from 

the hydrocarbon (step 1) can diffuse into the bulk of the nickel and 

nucleate at available step and terrace sites at the opposite side (step 2). 

[13, 38] Note that steps provide better nucleation sites than terraces for 

carbon deposition.[39] After a nucleation site has allowed for a graphene 

island to form, growth can continue via surface or bulk transport of carbon 
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atoms to the graphene 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 completely.[14] 

It is this diffusion step that predicts an ‘induction time’ before carbon 

whiskers can actually form. Once growth commences it should occur 

linearly with time, until graphene eventually covers the whole crystallite as 

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

formed, ceasing the formation or new layers may nucleate below the first 

graphene layer and grow by addition of carbon atoms in the whisker 

formation.[39] 

This period of non-carbon growth has been confirmed with 

experimentation and well documented in the nickel catalyst community 

under a range of tests.[40-43] In previous studies this phenomenon has 

most often been monitored using Thermogravametric analysis (TGA), a 

direct mass dependent analysis technique like the crystal microbalance. 

Although the dissolution of carbon into nickel catalysts should theoretically 

create a mass change it is of an insufficient amount to create a shift in the 

TGA.[38, 44-46] Surprisingly there seems to be little literature on this 

occurrence in SOFC anodes.[47] 
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Figure 5: Diagram of carbon whisker formation growing from nickel crystallite in its three steps 

 

The examination of carbon deposition is often carried out with topographic 

methods, such as SEM (Scanning Electron Microscope) or TEM 

(Transmission Electron Microscope) to identify its presence. Figure 6 shows 

the three main types of carbon formation in reformers as presented by 

Sehested using TEM.[39, 48] Part (A) demonstrates pyrolytic carbon caused 

by introducing hydrocarbon fuel to particularly high temperatures and is 

hence more unlikely to occur at intermediate solid oxide fuel cells 

temperatures (IT-SOFC). Part (B) shows encapsulating carbon also referred 

to as ‘gum’. It produces a thin CHχ film or a graphitic coating made up of 

just a few layers. This type of formation is particularly likely in heavy 

hydrocarbons with high aromatic compound content; hence it is often not 

the main driving force for deposition in the pure methane used throughout 

this project. However, lower temperatures like those experienced from IT-

SOFC operation often enhance gum formation. Whisker formation shown 

1 

2 

3 
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in part (C) and as discussed previously, is the most destructive and directly 

related to the steam-to-fuel mixture used; hence often considered the 

main formation problem in IT-SOFCs. The image demonstrates the 

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

Figure 5. 

 

Figure 6: Electron microscopy images (Philips CM200 FEG TEM) of pyrolytic carbon (A), 

encapsulating carbon (B), and whisker carbon (C) [39] 

 

The current density at which the fuel cell operates also determines the rate 

and extent of carbon formation, [49] as the flux of oxide ions through the 

electrolyte to the anode acts to suppress carbon formation by its oxidation 

to CO and CO2. 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 composition and local current density all affect this. 

Likewise, the kinetics of carbon deposition is a complex combination of 

factors such as electrode geometry, materials, steam-to-carbon ratio, 

reduction temperatures [51] and residence time.[52-54] 
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However, it must also be noted that in some circumstances carbon 

formation has been said to improve fuel cell performance by producing 

greater current efficiencies induced from carbon deposits ‘wiring’ different 

pieces of anode together, but this is a rare occurrence.[24] At 

temperatures over 600 °C carbon is normally graphitic and hence 

electrically conductive, according to Zhao et al. although this wiring can 

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

weak to contribute to cell performance due to lack of coverage in key 

regions and low reaction rates of carbon.[55] 

In summary, the complexity and variety of reactions, material and general 

changes experienced by the anode makes understanding and predicting 

the rate and nature of carbon deposition within an SOFC stack very 

challenging. This creates extreme difficulty in the understanding of the 

nature of carbon deposition not only on 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 dependent, carbon formation, along with other 

electrode deactivation processes such as sulphur poisoning, is highly 

temperature dependent. At very high operating temperatures the catalyst 

reaction is ‘clean’, with nearly all carbon held and removed in a carbon 

monoxide or carbon dioxide state; however, temperatures of 1000 oC plus 

put extremely high demand on the materials used within the fuel cell as 

well as its external housing. At high temperatures, ceramics are used for 

housing but are often brittle with cracking occurring during start-up and 

shut-down, leading to high maintenance and unpredictable 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 temperatures lead to a reduction in ‘clean’ reactions and a 

greater chance of coking.[56] 

There are two main temperature ranges into which SOFC operation can be 

broken; high temperature (HT-SOFC) and intermediate temperatures (IT-

SOFC), working in the regions of 750-1000 oC and 500-750 oC 

respectively.[56] The most commonly used SOFC electrolyte, yttria 

stabilised zirconia (YSZ), operates in the HT regime; ceria gadolinium oxide 

(CGO) is 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 can be viewed more clearly in 

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

 The ability to monitor coke formation is extremely important when 

considering that it has been proven possible to remove small amounts of 

‘soft carbon’ built up during reforming by increasing the steam-to-carbon 

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

with only small amounts causing irreversible damage to the catalyst 

particles upon the anode. This is a serious problem, as damage to the 

anode catalysts will lead to complete failure of the SOFC. Therefore, the 

need to identify coke formation quickly in real time is essential.[23]  

 

1.2.5 Monitoring carbon formation 

There is a large range of methods currently available to identify carbon 

formation in fuel cells; these methods fall into three groups: performance, 

product and optical. Each method can also be split into two types; in-situ 

and ex-situ, this term relates to the location of the sensing equipment. In-

situ monitoring equipment would be located within the operating system 
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of a fuel cell, whereas ex-situ systems used outside of the system. This is a 

constraint that hinders real-time data generation. 

 

1.2.5.1 Resistance measurements 

These methods rely on changes to the fuel cell’s performance to provide 

information on when carbon deposition is occurring and its extent. 

Electrochemical voltammetry: The most basic way to monitor carbon 

deposition is through electrochemical voltammetry, measuring the current 

and power density produced 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 can affect fuel cell performance. 

Electrochemical impedance spectroscopy (EIS): While this provides a far 

greater insight into the individual components that make up the fuel cell, it 

still does not possess the ability to identify carbon deposition without 

verification from other techniques. This method is used throughout this 

work and is hence discussed in length in later sections. 

 

1.2.5.2 Product monitored 

Product information is the examination of material output from the fuel 

cell. This can be either spent fuel or the analysis of anode material after 

use. 

Temperature programmed oxidation (TPO):  This method is used to 

characterise the nature and amount of coke formation after reforming 

occurs upon the anode. This method has also shown the possibility of 

removing carbon from the anode when held at high temperatures. Like all 
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other ex-situ methods, these measurements must be made post-reaction. 

In contrast, GCM methods, which will be covered in the later section, will 

be able to achieve these results in real time.[12, 22, 51, 57-59] 

Gas chromatograph (GC): With a similar principle to that of TPO, the GC 

technique can be used to monitor the exit fuel gases from the SOFC to 

provide the composition and hence calculate the mass balance of 

carbon.[60, 61] 

Thermogravametric analysis (TGA): This is the analysis of mass shifts as a 

function of temperature. 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 carbon deposition this could be done in-situ to 

measure the coking from a hydrocarbon environment at temperature. This 

technique is used more in the catalyst than SOFC community as samples 

must be small and electrical connections would affect the mass analysis. 

Therefore, SOFC samples are analysed ex-situ and coking is quantified by 

introducing air/steam/oxygen to oxidise the sample creating CO and CO2 

and hence removing the carbon and providing the mass loss.[19, 21, 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 microscope (SEM): This is a microscope that can analyse 

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

by firing a high energy beam of electrons at the sample’s surface which on 



20 

 

return can be analysed to produce topographical information producing 

the desired image of the surface, this is known as secondary electron 

detection as the electrons received are ejected from the subjects surface. 

As well as this backscatter imaging (BSE) reveals different compositions or 

densities in an object surface thus revealing impurities such as carbon. 

Using this process, anode surfaces can be visually inspected to identify the 

severity of carbon formation.[30, 55] 

Energy dispersive X-ray spectroscopy (EDS): Often used alongside SEM 

analysis this inspection machinery is used to analyse the chemical 

composition of a material’s surface on an elemental scale. With 

electromagnetic radiation in this case electrons fired at the specimen’s 

surface within a vacuum chamber, X-rays are given off specific in 

characteristic or wave length to the element from which they were 

emitted. These X-rays are analysed by an energy dispersive spectrometer 

providing the user with the specimen’s elemental composition. Using this 

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 identifying light elements such as carbon.[35, 36, 57] 

Transmission electron microscopy (TEM): Working in a similar way to SEM 

analysis, TEM works by firing a high energy beam of electrons towards a 

sample. The difference between these techniques is the method of 

electron analysis; in SEM it is the backscattered or secondary electrons 

reflected from 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 

dissection.[62] 

X-ray diffraction (XRD): Like EDS, X-ray diffraction uses an X-ray beam 

reflected off a sample surface, in this case a used anode, and monitors the 

scattered intensity sent back. This provides information on the material’s 

composition as well as crystallographic structure, 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 X-ray penetration depth it is difficult to monitor thin 

layers.[30, 32, 36] 

 Raman/IR spectroscopy (RS)/(FTIR): Working by firing a laser, 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 used complement each other by identifying different types of 

chemical bonds. For SOFC carbon deposition, these techniques can be used 

in several ways, most commonly anode materials are inspected after use 

for carbon at the surface.[57, 63] However, more recently this technique 

has been used in-situ, allowing for coke formation to be monitored as it 

occurs.[64] The drawback 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 fuel gas much 

like a GC system would.[65] 

Thermal imaging (TI): This technique monitors 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 noted that changes in emissivity are linked to the 

material present and hence carbon build up can be viewed.[65-67] 

X-ray photoelectron spectroscopy (XPS): This method works in a very 

similar way as EDS, with photoelectrons measured instead of X-rays. 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 

provide specific point information.[60] 

 

1.2.5.4 In-situ and Ex-situ analysis 

The problem with ex-situ 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 

experiments run so that the different parameters of temperature, fuel gas 

and steam mixtures can be captured. This leads to a long and cumbersome 

inspection time and even inaccurate results due to temperature reductions 

and exposure. This has led to the desire for in situ monitoring that will not 

only remove the need 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 anode, they also provides the possibility for a 

feedback loop 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 when coking of carbon formation reaches critical 

levels. 

Although In situ processes mentioned so far can run during SOFC operation 

to provide real-time data, these methods are too expensive and intrusive 
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to the fuel cell operation to apply to a working product. The method of 

data acquisition is also very difficult to apply to a range of regions within a 

working stack. Therefore, as of yet, no reliable in-situ carbon monitoring 

system is available for a working product, it is hoped that high temperature 

crystal microbalance technology will be able to fulfil this need. 

A summary of the carbon detection methods is reported and shown in 

Table 2, listing both in situ and ex situ methods with both their strengths 

and weaknesses. 
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Table 2: Methods of detecting carbon formation 

Technique 
In/Ex 
situ Observable(s) Strength(s) Weakness(es) REFS 

Performance 
     

Electrochemical 
voltammetry 

In situ 
Current and power 

density 
Defines overall fuel cell 

performance 
Not necessarily carbon deposition related [14, 55, 57] 

Impedance 
spectroscopy 

In situ 
Anode resistance 

changes 
Reveals a range of information 

about entire system 

Expensive in situ, model specific, large 
understanding of entire system required, 

not currently quantitative 
[68] 

Products 
     

TPO Both 
Carbon 

quantity/composition 
Monitors entire system 

Additional reactions can cause errors, low 
detectability 

[12, 51, 57-59] 

TGA Ex situ 
Carbon 

quantity/composition 
Identifies exact mass of 

deposition 
Small sample size [19, 21, 47] 

GC In situ Carbon quantity Monitors entire system Additional reactions can cause errors [60, 61] 

Optical 
     

Raman/IR 
spectroscopy 

Both 
Composition and 

structure 
Molecular and material specific, 

kinetics, real time 
Expensive in situ. Used for a single 

position at a time 
[57, 62-64] 

SEM & EDS Ex situ 
Image of carbon at 

anode surface 
Can identify types of carbon, 

view of anode destruction 
Not accurately quantitative, can only 

provide surface data 
[30, 36, 55] 

XRD Ex situ 
Composition and 

structure 
Can identify types of carbon Difficult to detect thin layers of material [30, 32, 36] 

TEM Ex situ 
Image of carbon in 

anode surface 
Can identify types of carbon, 

view of anode destruction 
Not accurately quantitative, can only 

provide thin film data 
[62] 

Thermal imaging In situ Carbon quantity 
Shows where carbon is forming 

in real time 
Challenging/expensive in situ, surface 

analysis only, poor quantitatively 
[65-67] 

XPS Both 
Composition and 

structure 
Can identify types of carbon 

Challenging/expensive in situ, elemental 
rather than molecular information 

[60] 
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1.3 Quartz Crystal Microbalance (QCM) 

The need for in-situ measuring techniques in SOFC and heterogeneous 

catalyst systems is clear; therefore, 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 formation challenges. 

Crystal microbalances work using what is known as the piezoelectric 

effect.[69] An electrical current can be applied to a quartz crystal by 

sandwiching it between two metal electrodes, with an alternating current; 

this can be viewed in Figure 7. At given frequencies, dependent on the 

dimension and cut of the crystal, the current induces the piezoelectric 

material, most commonly quartz (SiO2), to 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 material’s 

lattice structure that propagates perpendicular to electrode, as seen in 

Figure 7. It’s the stability of 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 potential for use as a QCM 

(quartz crystal microbalance). AT-cut quartz is the most commonly used 

piezoelectric material since its resonance does not fluctuate significantly 

with changing temperatures (within a certain low temperature range), 

along with its low cost production and ready availability.[70, 71] 

Although an understanding of the mechanism of quartz oscillation and how 

it could be controlled had come about in 1921, it wasn’t until 1959 when 

the idea of mass monitoring was put forward by Sauerbrey.[72] 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 equation (equation 6).  

Sauerbrey equation: 

Where: 

Δf = measured frequency shift, (Hz) 

f0 = resonant frequency of the fundamental mode of the crystal, (Hz) 

Δm = mass change per unit area, (g) 

A = piezo-electrically active area, (cm2) 

ρq = density of quartz, 2.648, (g/cm3) 

µq = shear modulus of quartz, 2.947×1011 g/cm s2. 

 

This equation applied alongside a working QCM allows for the accurate 

measurement of mass changes at as little as nanograms per cm2. Just as 

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

of commercial monitoring tools which use Sauerbrey’s equation to show 

changes as they occur. The equation does assume however, that mass is 

deposited as a rigid, even layer across the electrode’s surface. If this is not 

the case, calculations won’t be accurate unless additional calibrations are 

carried out. In terms of carbon build up, this should not be a problem if 

applied over a flat surface. Further development into 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 visco-elastic layers 

deposited upon the electrodes, but in most cases layering is considered to 

be rigid.[73, 74]  

    
    

   

 √    

 (6) 
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Figure 7: Diagram of the breakdown of a quartz sensor 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 300 oC, and therefore 

measurement accuracy also decreases. By altering the cut direction of the 

quartz from its usual AT direction, slightly higher temperatures are 

achievable but only over small temperature ranges of 20 oC. At 573 oC a 

phase transition takes place altering the crystallographic structure of 

quartz and ridding it of its piezoelectric characteristics, this is known as the 

Curie temperature.[75-77] 

Operating from a minimum of 500 oC but usually higher, it is clear to see 

that SOFCs are out of the QCM’s operation limits and thus the QCM is 

deemed unusable for this form of application. However, development into 

other piezoelectric materials has highlighted a promising alternative, 

gallium orthophosphate (GaPO4). 

 

Q-pod 

Rigid layer 

Viscoelastic layer 

Anchor electrode 

Quartz 

Base electrode 

Shear wave 
resonance 
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1.4 Gallium phosphate crystal microbalance (GCM) 

Gallium orthophosphate (GaPO4) sensors are newly developed devices with 

piezoelectric capability and operate in much the same way as quartz. Like 

quartz, these sensors are dependent on the angle of cut, by rotating the 

angle of cut the resonant frequency can be shifted. Increasing the cut angle 

will also increase the inversion temperature (temperature where frequency 

is most stable), whilst the frequency-temperature curve behaviour 

becomes flatter. The key aspects that the cut angle changes are coupling, 

temperature dependence and dampening. The trade-off between these 

aspects is best seen in Figure 8, taken from Krispel et al.[78], showing the 

relation between cut angle and the theoretical temperature coefficient of  

frequency (TCF)  as well as the predicted coupling coefficient, where the 

coupling coefficient is the efficiency at which electrical energy is converted 

to acoustic energy.[79] 

The graph shows there are only two places where the TCF shows the 

desired zero coefficient, these are noted as Hi-Q and Hi-K. Hi-K takes place 

at -16.5o and shows a much better coupling coefficient than that of Hi-Q, in 

fact Hi-K has a coupling twice that found in normal AT-cut quartz.[80] 

Therefore, this is the region in which most GCM devices operate. What the 

graph does not show is that by increasing the Hi-K angle the energy loss or 

resistance (Rm as discussed later) is 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 detail in the impedance section of the 

literature review.[78] 
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Figure 8: Temperature coefficient and coupling of single rotated GaPO4 Y-cuts.[78]  

 

This project will be using a Y-11o cut angle, this is chosen due to its location 

near to the Hi-K point and higher in angle to reduce resistance and drive 

level dependence (DLD).[78] Its precise cut angle also stabilizes it to 

produce its high frequency accuracy at a temperature of 505 oC, thus it is 

said to be calibrated to this temperature. This temperature is considered to 

be conveniently near enough to the operating zones of IT-SOFCs for high 

temperature-frequency coefficient stability, whilst providing the best 

coupling / Rm / DLD possible for the range of experiments required.  This cut 

shows piezoelectric characteristics 100 times less sensitive to temperature 

variances than AT-cut quartz above 400 oC. Figure 9 compares the 

temperature coefficients of gallium orthophosphate to that of quartz. The 

GCM reduces linearly with temperature until 600 oC, 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 970 oC before transforming into its β-phase and 
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thus losing its piezoelectric qualities ( the Curie transition temperature - Tc) 

but with the effect of ‘twinning’ (discussed in more detail in piezoelectric 

limitation section) and limitations of the electrodes and their bonding 

layers a similar frequency is not often witnessed upon recovery after 

approaching this point.[81, 82] 

Previous experiments with GaPO4 sensors have shown promising results 

operating in temperatures between 300-800 oC with the hope of handling 

temperatures even closer to its phase transformation point, 970 oC, 

without suffering possible twinning effects. This may only be possible with 

the use of doping techniques, similar to those already seen in other high 

temperature crystals such as langasite (discussed in more detail in the 

alternative microbalance section).[83, 84] 

 

 Figure 9: Temperature coefficients of GaPO4 at Y-11.1
o
 cut compared to AT-cut quartz.[85] 
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Sensors are often produced with convexed geometry to produce high and 

accurate Q-factors (explained below) and thus increased accuracy in 

frequency measurements; this is due to the nature of energy trapping 

creating larger vibrational amplitude at the centre of crystals that reduces 

towards the edge. This effect allows for the clamping of the crystal at its 

edge with minimal effect to its oscillation.[86] The Q-factor is defined as 

‘the ratio of stored energy to dissipated energy’; in other words, a crystals 

frequency value divided by its scale of oscillation bandwidth, representing 

how dampened the oscillation is. High Q-factors are produced by high 

stored energy and low dissipation energy.[87] The Q-factor can be found 

when the crystal is driven at its resonant frequency by an oscillator 

(normally using impedance analysis), when disconnected crystal oscillation 

amplitude will decay exponentially. By analysing the decay curve, the Q-

factor, which is inversely proportional to the crystal’s resistance (R), along 

with the frequency of the oscillator are measurable.[88] The convex shape 

combined with the small size means that oscillation or acoustic energy is 

trapped at the resonator’s centre (this can be detected by X-ray 

topography) so that very little dispersion can occur at the edge. In most 

resonators this area is approached by the shape of the electrodes, this is 

the phenomenon mentioned earlier as energy trapping.  

 Gallium orthophosphate also possesses a much higher conversion 

efficiency from electrical to acoustic energy, known as the electrochemical 

coupling coefficient, (the GCM’s large coupling coefficient, k2, is four times 

that of quartz).[89] This combined with better damping resistances and low 

conductivity (10-7 Ω cm-1 at 700 oC) provides much higher operating 

efficiencies when compared to quartz. As well as this, GCM sensors are 

compatible with existing quartz monitoring equipment such as the Q-pod 
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(used in this study) and impedance analysis, removing the need for new 

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 be measured with only minor 

changes. [77]  

Where: 

ρg = density of GaPO4, 3.470 g cm-3, 

µg = shear modulus of GaPO4, 2.147×1011 g cm-1 s-2 

 

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

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

Where: 

ρl = Density of added film, g cm-3 

V= Volume of added film, cm3 

A= Area of added film, cm2 

t = Thickness of added film, cm 

 

This, when introduced back into the Sauerbrey equation and with respect 

to t, will produce equation 9, where the area of the added film and the 

area of the piezoelectric area can be assumed the same, thus cancelling. 

    
    

   

 √    

 (7) 

             (8) 
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(Note for the Ni plated GCM these areas are different and hence cannot be 

cancelled) 

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 thickness the elasticity of the 

layering material has a larger effect on oscillation and so must be taken 

into account. It is said that generally, if a frequency shift is above 2%, that 

is if Δf/f0 < 0.02, then it is better to apply the Z-match method developed 

by Lu and Lewis.[90] The accuracy of film thickness is often determined by 

how well the Z-factor and density are known. The Z-match method is 

assumed to be accurate up to as much as a 40% frequency shift. It is 

important to note that both the Sauerbrey and Z-match equation cannot 

be applied to visco-elastic materials, only rigid structures will provide 

accurate results. 

 

The Z-Match equation is carried out by first calculating the acoustic 

impedance ratio, Z, as seen in equation 10 and then implementing it into 

the film thickness area seen in equation 11.[75, 86] 

Where: 

Z= Acoustic impedance ratio 

Zg= Acoustic impedance of resonator unit 

Zl= Acoustic impedance of layering material unit 

 

    
  √    

     
  (9) 

   
  

  
 √

    

    
 (10) 
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Both equations can be used as a guide to thickness in terms of changes in 

frequency, this is shown in Figure 10 where the equations have been 

applied to a crystal with starting frequency (f0) of 5865428.7 Hz at room 

temperature (21oC) (selected from one of the y11.1o cut GCM provided by 

Piezocryst (Graz, Austria)) and the foreign layering material is nickel (ρ = 

8.192 unit, µ = 7.6x1011 unit) as this data will be used for nickel plating 

process in later sections. The graph shows how the two equations diverge 

with greater frequency shift, with the Z-match following the most accurate 

line. This will be compared to actual results and presented in later sections. 

 

 Figure 10: Film thickness determination using both equations for a y11.1
o
 cut crystal with carbon 

deposition 

 

 

 
  

 
     

  

       |  | 
     (    (

 |  |

  
)) (11) 



35 

 

1.4.2 Temperature effect 

As stated before, the temperature coefficient is highly dependent on the 

cut of the crystal as well as its shape and size. The Y-11.1o cut and plano-

convex shaped crystals were chosen for their high stability at temperatures 

similar to those of IT-SOFCs. The temperature dependencies of these 

crystals can be represented by equation 12, as provided by Piezocryst.[85] 

Where: 

f(T)= Frequency dependent on temperature (T) 

f0(T)= Initial frequency dependent on initial temperature (when T=T0) 

T= Temperature (oC) 

T0= 505 oC (designed stabilized temperature) 

a= 0.00831 ppm/oC (specific constants) 

b= -0.00186 ppm/oC2 

c= 8.5x10-6 ppm/oC3 

 

Using this equation it is possible to produce a graph that predicts the 

temperature verses frequency oscillation relationship of a given crystal, 

providing the original temperature/frequency are known. It should 

therefore also be possible to monitor mass changes during temperature 

shifts by applying equation 12 to the results. The following graph in Figure 

11 shows the frequency shift for a Y-11.1o cut crystal provided by 

Piezocryst with a frequency of 5873140.33Hz at 505 oC. This shows a 

stability of ±66 ppm between 350-650 oC which is much higher than the 

±30 ppm found with Y-10.8o cuts.[75] However, it is the IT-SOFC 

temperatures that this project is interested in therefore the region 

between 550-650 oC shows a stability of  ±9 ppm. 

 

           [                 
         

 ] (12) 
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Figure 11: Temperature dependent frequency shift for Y-11.1
0
 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 chemical inertness.[91] However, this last 

specification is considered more complicated for this work as it is the 

metallic electrode that provides the catalytic surface in which the carbon 

must react and layer upon. This will be discussed in more detail in the 

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 in Table 3 provided by 

Aubert et al.[91] 
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Table 3: Properties of noble metals [91] 

Metal 
Melting 

temperature (oC) 
Critical 

temperature (oC) 
Resistivity 
(µΩ.cm) 

Gold 1063 395 2.3 

Palladium 1550 638 10.5 

Platinum 1773 748 10.6 

Rhodium 1966 847 4.7 

Ruthenium 2334 1031 7.7 

Iridium 2440 1084 5.3 

 

All these materials are considered to have limitations when applied to GCM 

operation, excluding platinum. Gold holds a melting temperature 

extremely close to that of the GCM’s maximum active range of 970oC. 

Palladium possesses high oxygen solubility at high temperature. Ruthenium 

and iridium produce oxide phases (700-800 oC) that then become volatile 

as temperatures increase (900-1000 oC). Rhodium also produces an oxide 

phase but this is considered to be protective.[91]  

 

Platinum is considered to be the only material from the noble metals group 

that shouldn’t undergo mass variation from oxide formation over high 

temperature ranges. This is because at temperatures in excess of 450oC, 

oxides are removed from the platinum. When in contact with an air 

environment, oxides will form on a platinum lattice at its surface (when in 

contact with oxygen) creating PtO2. At room temperature (25 oC) PtO2 is 

solid and will completely cover a platinum surface as a very thin layer, this 

strongly adherent layer is very hard to remove. The thickness of the oxide 

is dependent on its low heat of formation, equilibrium between the 

platinum surfaces and surrounding oxygen is reached quickly and thus 

produces the thin layers at room temperature rapidly. Raising the 

temperature therefore allows the oxide to grow and the film to thicken. 
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However, with further heating, the PtO2 will reach a temperature where it 

can no longer remain solid. At this point the dislocation pressure of PtO2 

becomes equal to one atmosphere; this decomposes the oxide into 

platinum and oxygen, thereby removing the oxide from the surface. The 

temperature at which this process initiates is difficult to predict and a 

number of studies have produced a range of conclusions. It is known 

though that it is situated between 280 and 450 oC in air.[91, 92]  Therefore, 

at temperatures in excess of 450 C it should be considered that a platinum 

surface will be free of its oxides. With respect to microbalance applications, 

this process can be considered as a mass change and thus will cause 

frequency shifts. It is expected that this is part of what causes the shape of 

the curve viewed during temperature-frequency shifts as seen in Figure 11. 

This condition along with platinum’s high melting temperature and nobility 

is why it has been selected as the best material for GCM electrodes in 

almost all experiments reported in the literature.[91]  

 

Platinum electrodes have shown signs of limitations inside the GCM 

operating temperature range. Deterioration in thin films of platinum has 

been observed at temperatures over 700 oC. The process is initiated by the 

apparition of crystallites at the platinum surface caused by the thermal 

expansion altering the lattice grain size of platinum, leading to 

recrystallisation. This then leads to voids that spread with time at the high 

temperatures, eventually ending with electrical connection failure. This 

process begins as the thin metal layer reaches its critical temperature 

which is considered to be approximately half the melting temperature.[91, 

93] The critical temperatures are presented in  

; note that platinum’s critical temperature closely matches with the 

experimental data gathered on the recrystallisation temperatures of 700 
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oC. It is also important to report that the degradation of thin films from 

high operating temperature also affects nickel. This is important due to its 

use as a catalytic layer later in the thesis.[94] 

 

1.4.4 Adhesion layer 

Although platinum’s nobility makes it a desirable candidate for GCM 

operation, this same quality makes its bonds to the gallium 

orthophosphate substrate weak. Therefore, to produce a GCM with high 

adhesion, a bonding layer is used consisting of a more reactive metal of 

between 10-20 nm.[91] The most common choices for adhesion layers are 

titanium, zirconium, tantalum, tungsten, cobalt and chromium, due to the 

high temperature resistance. Titanium is often used at intermediate 

temperatures and is currently the choice of adhesion layer used by 

Piezocryst, as will be used in this study. However, recent studies have 

shown titanium bond layers to carry an inherent problem, diffusion of 

oxygen through the platinum film causes the formation of TiO2.[91] This 

process is not considered a problem in other materials such as tantalum 

and zirconium; this is because unlike these metals titanium diffuses 

through its oxide phase and through platinum, this in turn leads to the 

formation of oxide precipitates within grain boundaries of the platinum 

layer. The result of this process is an adhesion loss between the platinum 

and titanium, a modification to electrical properties and eventually the 

destruction of the electrode.[91] Several studies have shown titanium’s 

unsuitability as an adhesion layer above 600 oC and the high performance 

of Zr and Ta to temperatures as high as 700 oC.[95-97] This is a key point to 

investigate in cases where electrode degradation occurs to confirm the 

inadequacy of titanium as a bonding layer. 
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1.4.5 Electrode design 

There are several different designs to the layout of the electrode upon the 

gallium orthophosphate: the 'key hole', 'wrap around' and 'double anchor' 

designs. The double anchor is the main design provided by Piezocryst, the 

leading supplier of GaPO4 crystal microbalances and the only large scale 

mass producer. Their R-30 design, shown below in Figure 12, has a 

resonant frequency of around 5.8 + 0.1 MHz with a sensitivity of 

approximately 0.3 ng Hz-1.[85] However, microscopic differences in the 

material during each crystals production will lead to a different starting 

frequency and thus must be calibrated for. 

 

Figure 12: GaPO4 sensor with anchor designed Pt electrode 

1.4.6 Current application of GCM 

Because it is still relatively new, there is little operational data available for 

the GCM in working conditions. However, the GCM has already proven its 

ability to be used as an in-situ sensor in a number of studies for alternative 

applications. The first of which was an uncooled miniaturised pressure 

transducer for high precision measurements situated in internal 

combustion engines.[98, 99] These include atomic layer deposition, carried 

out at 450 oC for Al2O3 and TiO2 [77] and chemical vapour deposition (CVD) 

using silicon oxide up to 600 oC. Another study has shown GaPO4 providing 

accurate results up to 720 oC (using gold electrodes).[76] Thin layers of 

cerium oxide were also monitored at room temperature after undergoing 
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high temperature treatment at 700 °C.[100] These studies show that in-situ 

analysis at temperatures inside the operating range of SOFCs is possible; 

however, no other research has been found using these sensors for carbon 

monitoring in SOFCs and at temperatures within the higher operating 

regions. Therefore further research is needed into confirming the limits of 

the sensor. 

It is hoped that due to the ability to monitor differences in the visco-elastic 

properties of layers shown in work on QCMs in liquid, this method may also 

help to identify the characteristics of the layering substance in the future, 

such as if the layer added/removed is carbon or just nickel oxide, or even 

the type of carbon that is deposited. However, this has not been 

undertaken in this project. 

Current GCMs use platinum electrodes, as stated in the electrode section, 

these will have different formation rates of carbon than the anode 

materials used in SOFCs. If an accurate model is to be created, the easiest 

method would be for the GCM to use an electrode of the same material as 

the anode to promote similar carbon deposition kinetics. Development of 

such a GCM is therefore a goal of this project. This procedure would be 

complex as Ni/CGO material on which the carbon would build upon is 

porous and difficult to simulate on a GCM electrode. With the anode 

material acting as the GCMs electrode the depositing carbon will not be 

able to form into an even, rigid layer due to the complex shape of the 

porous surface. This will lead to the need for complex modelling 

techniques in addition of the Sauerbrey equation. An additional problem of 

using Ni/CGO as the catalytic surface is the sintering required during its 

manufacturing setup. While this is carried out at a range of temperatures 
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depending on the cermet used and preferred setup,[101] it is always well 

above the GCM Curie temperature. 

 

1.4.7 Productions steps of R-30 resonators  

Piezocryst produce a range of different cut and designed GCMs, this project 

will be using the Y -11.1° cut, as explained in the previous section on 

temperature, and is known as the R-30 resonator. Its production steps are 

noted below as provided by Piezocryst from their datasheet and 

correspondence with the company.[85] Although the processes are small in 

number, the necessary high accuracy combined with scarce / expensive 

materials mean GaPO4 crystals are relatively expensive compared to the 

popular quartz and with only one major company producing the crystals 

the availability / cost of the GCM is currently considered an issue with 

regards to mass production. 

1. Process the resonator blanks: Cutting of a thick plate out of a whole 

crystal, followed by two cuts to get the squared wafer (X-ray 

orientation) 

2. Grinding to get the round shape, then lapping by help of a double 

lap machine; the last step is the shaping by convex  lapping (with a 

curvature of 2 dioptre) 

3. Cleaning, checking of thickness, shape and frequency; then 

sputtering with 20 nm Ti (adhesion layer) and around 200 nm 

(depending on frequency) of platinum. 

4. The last step is a quality check of each resonator by a HP 4195A 

network analyser 
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1.4.8 Piezoelectric Limitations 

Gallium phosphate itself is not without its drawbacks, it has exhibited low 

mechanical strength in some papers making its use in pressured 

environments difficult.[102] It should also be noted that a phenomenon 

known as ‘twinning’ can affect most piezoelectric materials including 

gallium orthophosphate. For piezoelectric crystals a twin is the same crystal 

but in an opposite rotation of its former self known as an enantiomorph. 

Both quartz and gallium phosphate microbalances are produced in a way to 

specifically prevent this from occurring naturally, growing the crystals in a 

single orientation. However, it is when these microbalances are put under 

high mechanical or thermal stresses, near to their Curie temperature, that 

twinning can occur and degrade the crystal orientation and hence 

performance. This can hence occur during the crystal's manufacture or 

stressful operation.[103, 104] 

 Quartz holds its piezoelectric properties until its phase transition at 573 oC, 

from α-quartz ↔ β-quartz, where the main change is the location and 

orientation of SiO4 tetrahedra. However, operation is kept below 350 oC 

due to stress-induced twinning. Twinning raises the inductance and 

effective resistance of the piezoelectric material, as well as raising or 

lowering the frequency depending upon the type of piezoelectric crystal. 

This is a consequence of the nature of piezoelectric materials characterized 

by reduced activation energy for an elementary act of plastic deformation. 

Therefore, it can be said that twinning and fatigue crack nucleation most 

probably occurs at the boundaries of twin bands, the latter being 

considered a stress concentrator, thus leading to static and fatigue fracture 

surfaces.[105] Although the twinning effect has not yet been observed in 

gallium orthophosphate, it is highly probable this will occur near to its 

phase transition range due to its similarities to quartz and langasite.[106] 
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Another problem found with gallium orthophosphate is its poor availability, 

Piezocryst is the only major producer of GaPO4 crystals worldwide; this, 

combined with lengthy and expensive production procedure, currently 

makes large production of the crystal difficult. 

  

1.4.9 Alternative microbalance materials 

Gallium phosphate is not the only option for high temperature 

microbalances, several other materials have been investigated in 

monitoring mass change at elevated temperatures. 

Lithium tetraborate, Li2B4O7 is considered a pyroelectric material and thus 

produces an electric potential when undergoing temperature changes.  

Particular angled cut crystal can be used as piezoelectric devices but the 

pyroelectric properties combined with low ionic conductivity limit its 

frequency range at high temperatures.[81, 107] Although not proven, some 

studies have suggested that lithium tetraborate undergoes a phase 

transition around 500 oC affecting its ferroelectric nature, this will again 

limit its use as a high temperature sensor.[108] However, Li2B4O7 holds 

great potential if this problem is overcome, as some studies have shown 

particular cut angles present zero temperature coefficients in resonance 

frequency. This is ideal for studying mass change in environments of 

shifting temperature such as fuel cells.[81] More research is needed 

however into the crystals frequency response performance in 

temperatures up to its melting point of 917 oC before its consideration as a 

suitable mass sensor in SOFC environments. 

Lithium niobate (LiNbO3) Whilst exhibiting desirable piezoelectric traits at 

room temperatures including high electromechanical coefficients the 
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material suffers at high temperatures affected by pyroelectric effects and 

with decomposition occurring at just 300 °C it is unsuitable for this projects 

temperature ranges.[81, 109] 

Lithium tantalate (LiTaO3) Exhibits very similar traits as LiNbO3 and is 

hence considered not suitable for SOFC temperature regions.[81] 

Berlinite (AlPO4) This piezoelectric material behaves very similar to quartz 

with the phase transition occurring at 588 °C and once again this is too low 

for IT-SOFC conditions.[99, 110] 

Aluminium nitride (AlN) Although possessing the ability to operate at 

temperatures higher than gallium phosphate, up to 1150 °C, the poor 

oxidation resistance and absorption of impurities rules out the reliability of 

results at high temperature.[111, 112] 

Langasite (La3Ga5SiO14) also known as LGS, has demonstrated oscillation 

up to 1400 oC, close to its melting point, and reliable results have been 

shown up to 1000 oC.[113] Langasite materials have been subjected to a 

greater scale of research in the past few years, leading to many 

improvements from doping techniques. Although langasite does not 

undergo a phase transition it is still very similar in structure to both quartz 

and gallium orthophosphate.[81] The more advanced stage of 

development of langasite devices has already led to the development of a 

gas detection system for SOFCs; however, this is as a gas detector not a 

monitor of surface processes.[113]  

 While langasite has a wider temperature operating range than that of 

gallium orthophosphate based crystals, it does not pose the same stability 

in temperature variation. Figure 13, [102] shows normally undoped LGS 

and GaPO4 resonators operated over their feasible temperature range and 
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thus their temperature dependence of the fractional frequency shift ( f − 

fRT )/ fRT.[102] Thus the resonance frequencies at 20 oC, fRT , are about 5.5 

and 6.2 MHz for the LGS and GaPO4 resonator, respectively. The graph 

shows that frequency change in GaPO4 is half that of LGS. In this 

experiment the GCM failed at 900 oC and the LGS at 1400 oC. It is important 

to note that these experiments also showed that prolonged heating, for 

several hours above 1050 oC caused degradation to the platinum 

electrodes and failure to the LGS. This is considered a limiting factor to the 

operation of LGS above these temperatures. 

 

Figure 13 also shows the mass sensitivity S for both resonators. This is 

defined using the frequency shift (Δf), the electrode area (A) and the mass 

change (Δm); for small acoustic loads the equation can be related to 

density of the crystal (ρg) and the elastic constant (cg). Note although in this 

case ρ and c are tailored for gallium phosphate the equation can be applied 

to any crystal microbalance. 

As a result, S can be considered as the mass sensitivity when ρR and cR are 

considered constant; thus showing both GaPO4 and LGS show mass 

sensitivity at the same level as quartz at room temperature.[102]  

The information gathered has shown the GCM’s superiority as one of the 

best piezoelectric materials currently available, for this reason the project 

will remain concentrated on GaPO4 crystals.  However, the potential use of 

langasite must be kept in mind as the best alternative according to 

evidence in the literature, especially with improvements associated with 

doping and its higher temperature ranges. 

 

     
  

  
 

   

√    
 (13) 
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Figure 13: Frequency shift and mass sensitivity (at 10 MHz) of LGS and GaPO4 resonators as 

function of temperature.[102]  

 

1.5 Gas changes, pO2 and oxides 

The effect of temperature change on oscillation frequency has been well 

characterised for piezoelectric materials, However, for whole devices, 

including electrodes, changes in temperature have been shown to increase 

the frequency and thus give the appearance of mass loss, which is not 

necessarily the case, making the analysis of actual mass change more 

difficult to define. The effect that a gas environment has on the 

microbalance response also plays a large role in the work carried out in this 

project. Therefore, additional changes to frequency from operating 

conditions must be known in order to monitor mass change in hydrocarbon 

environments without mistaking the frequency shifts due to coke 

formation for frequency changes that might be associated with other 

factors such as changes in the gas environment or temperature. These 

effects can be understood more clearly when observing the breakdown of 
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the GCM components seen in the later impedance section, helping to see 

how changes in the environment can affect the frequency response. 

One of the more obvious problems caused by any alteration in a gas 

environment is the inherent gas density changes that goes with it. This, 

combined with temperature variation to the environment as a result of 

density shift, will most certainly cause shifts in frequency response and 

thus resolution. Another problem that comes with these environments is 

the change in pO2, this issue has been investigated for langasite [113, 114] 

but not gallium phosphate. It is stated that the variances in pO2, like that of 

temperature, will cause excessive reduction or oxidation of the langasite 

material itself where the electrical conductivity and thus frequency are 

directly correlated to oxygen vacancies in the material. This is especially a 

problem for doped LGS where large numbers of oxygen vacancies caused 

by doping lead to larger changes. Langasite is considered to need doping to 

reduce its dynamic resistance losses, unlike gallium orthophosphate. As 

gallium phosphate crystals possess a much lower conductivity than 

langasite, along with removing the problems inherent with doping, it is 

predicted these shifts will be much smaller in scale, this is best shown by 

Figure 14, which shows both langasite and gallium orthophosphate tested 

through their temperature ranges and compared to their electrical 

conductivity (σR). However, the lack of previous research on the subject 

shows the need to investigate the effect of pO2 on gallium orthophosphate 

and hence account for them before mass changes from carbon deposition 

can be examined.[113]  
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Figure 14: Temperature dependence of the conductivities of LGS and GaPO4.[113]  

 

Gallium phosphate is not the only material affected by the changes in gas 

composition and pO2; as discussed earlier in the literature review the 

electrode and its adhesion layer must also be considered to be affected by 

oxidation and reduction in the form of oxides present on the metallic 

surfaces. Although oxides present on platinum should decay by the time 

they reach IT-SOFC operating temperatures and thus be unaffected by gas 

changes, titanium oxides if present in the adhesion layer will not decay, as 

shown in Table 4.[115] Another factor to consider is that once plated, 

nickel oxide will also be present at IT-SOFC temperatures (also shown in 

Table 4). Therefore, while platinum oxides are unlikely to be present, both 

titanium and nickel oxides are, and they can thus undergo oxidation and 

reduction changes as a direct result from varying the gas / pO2 

environment. These changes are further discussed within the results 

section where relevant. 
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Table 4: Oxide decay and melting temperatures[115] 

Oxide Point of decay/ Melting temp 

PtO 325oC dec 

PtO2 450oC dec 

TiO 1750oC mel 

Ti2O3 1842oC mel 

Ti3O5 1777oC mel 

TiO2 1843oC mel 

NiO 1955oC mel 

Ni2O3 600oC dec 

 

1.6 Nickel plating for crystal development 

In order to provide relevant results, microbalance crystals need to show 

the same level, or more, of coke formation as the anodes of SOFCs if they 

are to be used as advanced warning systems. However, as the GCM surface 

is designed as a smooth and un-reactive platinum plane, compared to the 

anode's complex TPB Ni/YSZ structure, there will be an obvious difference 

in carbon formation levels. This will not only be due to the geometry of the 

surface but also the reactions taking place between a Pt surface and the 

hydrocarbon compared to a Ni surface. Nickel has been well documented 

as a catalyst for carbon deposition due to the obvious problems already 

occurring on the anode under hydrocarbon environments. However, Pt has 

not been a subject of much research in terms of a carbon catalyst in 

hydrocarbon environments, therefore not much is known about the 

activation energies required and the type of carbon formed.[116] On the 

other hand, Pt catalysts are often used for reduction of ethylene and 

acetylene to smaller hydrocarbons such as methane; in the presence of 

ethylene and acetylene, carbon formation on a platinum surface has been 

noted from as low as 350 oC, rapidly reducing in quantity after 700 oC and 

reaching zero formation around 1000 oC, but requires the addition of 
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hydrogen to the hydrocarbons to allow the reaction to occur.[116] The lack 

of information on the effect of methane over platinum surfaces at IT-SOFC 

temperatures shows the need to carry out experiments on standard 

platinum electrode GCMs to determine if they allow formation more 

rapidly than that of SOFC anodes. 

For this reason it is hoped that development of the GCM will lead to a 

surface as similar to that of the anode as possible. The first step in this 

process is to create a Ni layer instead of a Pt one; this concept can be 

viewed in Figure 15. Nickel plating can be carried out in several ways such 

as electrodepositing, sputtering, chemical vapour deposition (CVD) and 

electric arc. Firstly, this project has undertaken Ni plating by electrolysis 

due to its simplicity and the availability of facilities. 

 

 

Figure 15: Break down of gallium phosphate crystal microbalance with added nickel catalyst and 

region intended for carbon deposition to occur 
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1.6.1 Electroplating 

Electrodeposition of nickel is a well-established and documented 

technique, therefore many variables and system setups are available. The 

anode of the circuit is most often made of the coating material, in this case 

nickel, as a sacrificial electrode. The cathode is the material to be coated 

and in this case is made from platinum, including the GCM electrode 

surface. Both these electrodes are held within the bath solution and a 

voltage is applied between them. Layering will only take place within a 

certain voltage range and finding the voltage that will provide the best 

coating requires knowledge of the bath and substrate along with 

experimentation. 

Generally, it is said that the two major governing conditions of nickel 

growth from electrolysis are the substrate and the solution. However, the 

complexity of different substrates with varying lattice structures and grain 

boundaries makes morphology makes it difficult to gather precise 

information from morphological studies. Very little information could be 

found on electrodeposition of nickel purposefully suited for platinum 

substrates. Most nickel plating baths are hence separated into the 

levelness and brightness of finish; this is due to nickel often being used as a 

protective coating. Frequently additives are included into the bath to 

provide better adhesion, brightness, corrosive resistance or a smother 

surface finish. As the presence of additives will only increase the possibility 

of additional chemical reactions occurring when the GCM is coated and 

undergoing methane deposition, the bath used must be as simplistic as 

possible. 

A typical cyclic voltammetry curve for the formation of Ni from a Watts 

bath is shown in Figure 16.[117]  It shows a cyclic voltammogram recorded 
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with a platinum working electrode cycled between – 1.4 V and +1.4 V in a  

Watts bath, consisting of 0.22 M NiSO4.7H20, 0.33 M NiCl2.6H20 and 0.13 M 

H3BO3. [117] The graph shows three major current peaks, 1 anodic (a1) and 

two cathodic (c1, c2,), each one demonstrating a different reaction 

occurring dependent on the voltage. There are several different scans seen 

in the figure, the important one to highlight is line 2, this shows the bath 

with no additives. Other experiments showed that by removing nickel 

chloride from the bath mixture, peaks a1 and c1 were also removed, thus 

indicating the reactions were chloride ion dependent. a1 occurring at 

approximately 1.4 V is therefore considered as the oxidation of chloride 

ions.[117, 118] 

The increasing current to follow this is then said to be caused by the 

commencement of oxygen evolution taking place at the anode (nickel). 

As the voltage reaches +1.6 V the potential sweep is reversed preventing 

vigorous oxygen evolution, the first hump c1 is a reverse of the a2 peak 

and so can be represented as a reverse of a1’s equation. c2 is known as the 

proton reduction reaction occurring on the platinum surface. 

It is in this region nickel deposition can take place alongside hydrogen 

reduction, seen in equation 16, this is what leaves the platinum electrode 

with its nickel layer and thus the voltage for nickel deposition experiments 

should be chosen to be in this region, the further the drop in current the 

more rapid the layering that takes place. It will be particularly important to 

have slow layering since overloading of the GCM could easily occur. 

Additionally, slow layering will allow for the most even finish and best 

compliance to the Sauerbrey equation. 

              (14) 

                 (15) 
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Cyclic voltammetry like this will be carried out on a Watts bath similar to 

that described in previous papers[117], containing the GCM as part of the 

platinum electrode. Using this information the optimum voltage can be 

determined in providing the best Ni layer for this application.[118] 

 

Figure 16: Cyclic voltammograms obtained on platinum substrate with and without additives in 

the Watts bath at a sweep rate of 50mVs
-1

 in the potential range of -1.40 to +1.35 V (in a solution 

of 0.22M NiSO4.7H2O, 0.33 M NiCl2.6H2O and 0.13 M H3BO3). Without additives = line 2.[117]  

 

1.7 Electrochemical impedance spectroscopy analysis 

Electrochemical Impedance spectroscopy (EIS) is a common way of 

characterising electrical systems such as fuel cells. [119, 120] The process is 

carried out by applying an AC voltage across a range of frequencies, 

             (16) 

a1 

c1 

c2 
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measuring the current response (or vice versa), demonstrating the resistive 

and capacitive nature of a system.  The impedance is therefore produced 

from the amplitude and phase shift in relationship to the frequency. 

Different processes occurring within the system have varied relaxation 

times and their response is thus governed by frequency. By considering the 

response of the system over a range of frequencies impedance analysis can 

identify the different processes that occur within the fuel cell. 

The real and imaginary impedance values are plotted against each other to 

create a Nyquist plot. Analysis of the impedance spectra is carried out by 

fitting a model in the form of an equivalent circuit to the data. Only by 

knowing the nature of a system and how its components should respond, 

can the equivalent circuit components can be correctly identified and 

associated with the variety of processes occurring. [121] Further 

information on the Nyquist plot appearance due to SOFC equivalent 

circuits can be found in Section 3.5.2 and viewed in Figure 69.  

 

1.7.1 EIS investigation in solid oxide fuel cells 

As the cathode section of the fuel cell is not under investigation in this 

work it is possible to remove it altogether and create what is known as a 

symmetrical cell. This is where the cathode electrode is replaced by anode 

material, thus providing two anodes. This will therefore not operate as a 

conventional fuel cell outputting a voltage but it will still allow for 

impedance analysis of the electrolyte and anode elements close to the 

open circuit voltage. Creating a symmetrical cell is important in simplifying 

the production process of the cell and surrounding fuel cell system as the 

cathode material and its air supply can be completely removed. This 

therefore simplifies the impedance response, removing the reactions 
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associated with the cathode and allowing for much easier analysis of the 

EIS results. A drawback of using symmetrical cells is that it precludes 

polarisation investigations and therefore it is impossible to determine the 

effect of a net oxide flux to the anode. 

 

The electrolyte resistance is governed by ionic conductivity and manifests 

as part of the bulk resistance of the cell. The cermet anode electrode is far 

more complex in nature. It produces both resistive and capacitive 

responses caused by charge transfer resistance and mass transport. 

Charge transfer is the step required for an electrical charge to be passed 

from one reactant to another. In the case of the anode, this is the rate at 

which charge is passed from the reaction at the anode surface to the anode 

itself. For this reason Rct is dependent on the anode material, 

microstructure and TPB routes to the substrate. Charge transfer is a fast 

process with short time constant and therefore often governs the first arc 

(high frequency) in the Nyquist plot of symmetrical cells. 

Mass transport is the movement of mass, usually reactant molecules 

through a system. In a fuel cell mass transport limitation occurs when 

diffusion of the fuel is insufficient to service the consumption. Mass 

transport is often not a limiting factor in symmetrical cells as only a small 

amount of fuel is consumed at the electrodes and is hence not always 

present in the Nyquist plot at high fuel flow rates. However, at low H2 

partial pressure the diffusion at the anode becomes increasingly limiting 

and hence creates a secondary arc that will then grow in scale. Note that 

mass transport can’t occur without charge transfer. Poor hydrogen 

absorbing anode material will also lead to mass transport limitation. [122] 
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1.7.1.1 Equivalent circuits 

By matching previous knowledge of SOFC electrical components to the 

actual impedance response it was possible to provide meaning to the SOFC 

component system. Measurement data was fitted using the Ivium 

equivalent circuit evaluator.  

The complete structure for a symmetrical system consists of the 

components that make up the electrolyte and the dual anode electrodes. 

The electrolyte consists solely of the ionic conductivity and hence provides 

the series resistance. Note that this value will also include the resistance of 

the wiring unless taken into account. Each anode is made up of charge 

transfer and mass transport each with its own resistive and capacitive 

responses. These create Rct and CPEct components in parallel as they occur 

simultaneously. Similarly the mass transport element manifests as Rmt and 

CPEmt components. As a symmetrical cell has two anodes these 

components occur twice as a1 and a2. These components can be viewed in 

part (a) of Figure 17. Note that when plotting capacitance in arc form its 

centre will be located at a point along the x-axis. However, in real systems 

capacitive arcs often centre below the axis causing a depressed semicircle 

arc in appearance. This has led to the use of an alternative circuit element 

known as the constant phase element (CPE) used instead of a 

capacitor.[123, 124] The CPE is governed by several electrode properties 

including surface roughness, varying thickness/composition, non-uniform 

current distribution, and a distribution of reaction rates [125] 

As each anode system is almost identical, both a1 and a2 components 

should possess the same relaxation time, essentially combining each 

process into a single arc, demonstrated in part (b) of Figure 17. This 
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provides a single high frequency Rct and low frequency Rmt arc, therefore 

these values are a summation of both anodes, a single electrode would be 

half the value. Note that due to slight differences in the anodes during the 

manufacture process, each of the two anodes will actually have different 

sized resistance and capacitance values. However, as stated before, the 

similar relaxation times of the anodes will be masked as a single arc and 

elongated in shape by the individual arcs. In experiments exhibiting a single 

arc the equivalent circuit can be further simplified by removing mass 

transport as discussed earlier, this is shown in part (c) of Figure 17. This is 

because in a symmetrical cell with a high hydrogen partial pressure mass 

transport effects should not be a limiting factor, some previous authors 

have observed double arcs during testing of symmetrical cells.[126] 

 

Figure 17: Equivalent circuit diagram of symmetrical SOFC, a) both anodes shown, b) combined 

anodes, c) combined anodes and mass transport eliminated 

EIS measurement on full cells usually requires the use of three electrodes, 

the working (WE) and counter (CE) electrodes are attached to the anode 

and cathode respectively (assuming the anode is under investigation). The 

third electrode is known as the reference electrode (RE) and is used to 
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provide a point to which the WE potential difference can be compared.  

This is required in designating the components of the impedance response 

to the correct electrode. However, reference electrode placement in / on 

the solid electrolyte is not straightforward as the location can greatly affect 

the stability of results and lead to false interpretation of impedance data. 

[127] These problems are negated in symmetrical cells though, as 

distinguishing between same material electrodes is not necessary, thus 

further simplifying the setup procedure. The reference electrode can 

therefore be connected into the system at the same point as the CE. Also 

included in this system is a sense electrode (WEs) which is actually part of 

the working electrode and hence often not referred to as part of a three 

electrode system. This electrode provides voltage feedback to the 

potentiostat to correct for voltage drop in the WE load. 

This process is further discussed alongside results in the impedance section 

found in Section 3.5 of the report. 

1.7.2 GCM mode of operation 

There are two ways of operating a crystal microbalance, the first is known 

as the active mode where the crystal oscillates under its fundamental or 

natural frequency, allowing for ‘active’ measurement of changes to 

frequency and thus mass changes, as seen in the previous sections of the 

literature review. The second technique of operation is known as ‘passive’ 

and is incurred by measuring the crystal’s response whilst driving it through 

a range of frequency. The first method is used throughout this research to 

collect the necessary mass change data during experiments due to its real-

time response. Although the passive mode provides a greater range of 

information about the microbalance itself and the nature of its oscillations 

it has not been carried out in this work.  
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2 Methodology 

2.1 Experimental rig development 

The rig setup can be viewed in Figure 18, it shows the components that 

make up the overall setup of the gas network and electrical components 

used to allow for analysis of both the GCM and SOFC systems. The solid 

lines represent the flow of the fuel gas that will make up the anode 

operating environment within the furnace. The dashed lines represent the 

electrical connections used throughout the system. 

The holder is positioned within a rubber bung sealed quartz tube (ø = 6.6 

cm, l = 80 cm, volume ~2.7 litres) in a horizontal split tube furnace in order 

to accurately control the temperature and gaseous environment of the 

combined SOFC and GCM. The gas environment is fed from gas canisters to 

switch valves, filters and controlled using calibrated mass flow controllers 

using flow rates from 0 to 100 cm3 min-1. The oscillation frequency of the 

GCM was measured using a Q-pod Quartz Crystal Monitor (Inficon, 

Switzerland) and the SOFC EIS results were monitored using an Iviumstat 

potentiostat (Ivium Technologies, UK, IviumStat). Both GCM and SOFC 

temperature is monitored with thermocouples connected to a data 

acquisition unit (Picolog, Pico Technology, UK, TC-08). All electrical systems 

are controlled and monitored from a single PC run by LabVIEW (National 

Instruments, LabVIEW 2009) (Iviumstat software is run separately).   
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Figure 18: Overview of equipment setup and components 

All gases were supplied by BOC (UK), each 200 bar canister is used with 5 

bar outlet regulators. Flashback arrestors are also added to fuel gasses to 

prevent any possible fire blow back entering the cylinder. Gas grades are as 

follows; nitrogen: zero grade purity (99.998%), air: zero grade, hydrogen: 

zero grade purity (99,995%), methane: CP grade purity (99.5%). 

Flow controllers were supplied by Bronkhorst (UK) each flow controller is 

specifically set up to its individual gas, El-Flow F-201C laboratory style 

models were used with a maximum upward and downward pressure of 5 

and 0.5 bar respectively. The maximum flow is 100 cm3 min-1 (standard 

cubic centimetres per minute) with Bronkhorst's FlowPlot and FlowView 

used as monitoring and control software.  

The tube furnace used is from Elite (UK, THH11/90/305), max temperature 

1100 °C, tube diameter (O/D):  90 mm, heated zone length: 305 mm, max 

power 2.1 kW. 

The quartz tubing that surrounds and holds the rig in place and provides 

the sealed working environment is made from fused quartz (Cambridge 
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glass blowing, UK). This is due to its low expansion coefficient, a high 

resistance to thermal shock and a high continuous operating temperature 

of 1000 oC. 

To measure temperature K-type thermocouples, 1.5 mm diameter and 450 

mm in length, were used to measure temperature using a TC-08 data 

logger from Pico Technology (UK).  

Platinum wire (Goodfellows, UK) was 0.25 mm diameter and 99.99+% 

purity, platinum mesh was also used with a weave mesh (open area: 65%, 

wires/cm: 32 x 32), 0.06 mm diameter and 99.9% purity. 

Frequency measurements were carried out using a Q-pod transducer 

(Inficon, Switzerland) with BNC connections to the in house designed 

holders in connection with the GCM. 

 

2.2 Holder designs 

To recreate an IT-SOFC environment the GCM requires an operational 

temperature range of 500 
C to 750 C in an array of different gas 

environments. While literature reports have shown that the crystal itself 

can survive and operate under these conditions, a holder to provide the 

electrical connections and mechanical stability for the crystal is not 

currently commercially available. Therefore, a prototype was designed and 

produced in-house to allow the experiments to take place. A range of 

prototypes were developed during the project 

As stated in the previous section, a tube furnace was used to bring the 

crystal up to a representative IT-SOFC operating temperature of 600 C. To 

house the fuel cell, GCM and gases, a quartz glass tube was situated in the 
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furnace with the furnace bricks cut to hold the glass tube with minimal 

heat loss, which produced stable working temperatures. 

Ceramics were used to house the GCM and electrical connections at the 

centre (hot zone) of the furnace. Pyrophyllite (Ceramic Substrates and 

Components Ltd, Pyrophyllite Ceramit 10) a machinable ceramic was used 

for complex dimensioned components and Alsint ceramic (Multilab Ltd, UK, 

Al2O3 99.7%) was used for the cylinder sections. This allowed for 

mechanical stability, low thermal expansion, and a path for electrical 

connections. 

The main problem faced by the design of the holder is the thin and brittle 

nature of the GCM making it very delicate to use. The need to regularly 

remove the GCM for weighing, examination and replacement meant high 

temperature 'glues' or cements can’t be used as they slow down 

experimental proceedings as well as risk change in mass due to break down 

or reaction at high temperatures. Therefore, mechanical connections were 

needed. Thermal expansion stresses during operation were considered 

enough to cause complete failure to the crystal; therefore a way of 

damping these stresses needed to be included in the design. The MARK 1 

prototype seen in Figure 19 has the ceramic discs which hold the GCM 

against its electrical connections which are in turn held together by two 

Inconel wires that are as far away from the heat as possible.  
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Figure 19: MARK 1 prototype showing a cross sectional design view with crystal and electrical 

connections included. 

 

Testing of MARK 1 showed that thermal expansion was indeed 

compensated by the design, the springs held outside the furnace changed 

little in temperature and compression of the springs was viewed under 

high temperature. However, the design needed improvement before it 

could be used in the project's main experiments. The first problem was 

mounting the crystal, after inserting the crystal into the rig when held 

vertical, rotating the rig into the furnace or horizontal position often lead 

to breaking the crystal. This is due to the high stress concentration of the 

top Inconel wire compressing the top half of the crystal while the bottom 

wire takes none of the strain. To solve this, the holder design was 

developed to have three wires that looped over into the top ceramic 

component thus disrupting the load through six points instead of the 

original two. The second problem was housing the electrical wires and 

thermocouple; MARK 1 had no individual housing for the electrical wires as 

a result there was a risk of damage as well as the more common problem 

of short circuiting. As the high temperatures meant insulating wires was 

springs 
Ceramic holder 

Ceramic top 

GaPO4 Crystal 

Platinum mesh 

Guide bars nuts 
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not possible the platinum wires need to be kept separate by individual 

ceramic housing. The final problem is gas flow, the design needed to fit 

into the quartz tube in a gas tight way, allowing gas flow to come in but not 

out. This was achieved by extending the Inconel wires outside of the 

working gas environment by passing through the rubber bung and most 

importantly outside of the furnace. The wires were then held in place by a 

series of bolts and could therefore hold the whole rig together whilst 

providing a gas tight environment. To allow for the thermal expansion, 

springs are situated between the outside bung and the bolts, this allows for 

movement in the holder during expansion and as the springs are away 

from the heat affected zone all stress can still be transferred away from the 

GCM. These changes lead rise to the MARK 2 prototype which can be 

viewed in Figure 20. The image does not show two additional minor 

changes that were made, an additional ceramic tube, used for gas flow, 

drilled through the bung as well as a heat proof brick cut into shape and 

placed over the inside section of the bung to prevent melting. Though the 

bung is situated in part of the quartz tube that sits outside the furnace, a 

maximum temperature of around 120 oC was noted, much higher than the 

70 oC maximum operating temperature recommended for the rubber bung. 

This lead to the addition of the heat proof brick, since its insertion a 

maximum temperature of 56 oC was recorded. All gaps were sealed with a 

high temperature sealant; silcoset (ACC Silicones, UK, Silcoset 101). 



66 

 

             

Figure 20: CAD drawings of MARK 2 GCM rig, shown in three directions: top, side on and base 

 

The electrical connections were made from platinum; this was to ensure 

high quality electrical conductivity even at the high operating 

temperatures. To ensure the wires were protected and insulated they were 

routed through different ceramic tubes. The first ran within the centre tube 

of the rig and to the base of the GCM, the second ran the length of the 

outer tube over the top of the lid housing and back down onto the top of 

the GCM. The electrical connections can be viewed in the schematics of 

Figure 21. To ensure a good electrical connection to the GCM, platinum 

mesh was used at the end of the wire and was spot welded into place. 

When loading the crystal, careful attention was given to ensure no contact 

between opposite meshes. 

Rubber base 

Threaded Inconel 
wires 

Pyrophylite 

Alsint 



67 

 

 

Figure 21: Electronics setup for MARK 2 GCM rig 

 

This rig set up was used for a large number of the original tests, and 

although it performed well during heat operation, mounting and 

dismounting the crystal still resulted in failure on a number of occasions. 

This is due to the rig’s complex and thus awkward set up. Because the GCM 

is so delicate, the more time spent handling it the increasing chance of 

damage. This rig design does exactly that it increases the time spent 

handling the GCM and hence increases the chance of damage. 

 This resulted in developing another new design for the GCM rig, one of 

much simpler construction and minimalistic setup time. However, due to 

the pellet SOFC requiring a similar rig setup and having sturdier properties, 

it is possible to use the MARK 2 rig for the impedance experiments carried 

out on the fuel cell, the only change necessary is the shape of the 

pyrophylite ceramic holders to house the SOFC shape instead of the GCM, 

this setup can be viewed in Figure 22 showing a pellet cell in place within 

the housing. 
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Figure 22: MARK 2 rig adapted for pellet SOFC use 

 

The MARK 3 GCM design works using the same materials as before, but this 

time the clamping force is produced by gravity (Figure 23). To prove its 

effectiveness, a piece of ceramic of similar shape and mass to the lid of the 

old design was placed onto the crystal over a long period of time; under 

close inspection no damage was noted. This showed a sufficient amount of 

weight to keep electrical connections could be achieved without damage to 

the GCM. Therefore the new MARK 3 design was developed and uses the 

same style holder as before but angled perpendicular to allow for a gravity 

induced hold. It should be noted that while this allows for good and rapid 

test results for the project, a new design will still need to be found that will 

keep the GCM connected in a more secure way. This is why the MARK 2 

design reduced in size or even a chemically bonded setup would be 

considered a far more practical solution when designing for a real product 

holder that would reside in a working fuel cell. However, at this stage the 

collection of rapid data was considered a higher priority in the evidence of 

the GCM’s feasibility as a coke detector than functionality of the holder. 
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Figure 23: Mark 3 prototype showing completed design with crystal inserted in left image 

 

To ensure a good electrical connection in the new rig design, the top 

electrode was made up of a platinum mesh as before but the bottom wire 

was coiled into a spring to create an opposing force to the ceramic top and 

ensure a suitable electrical connection as shown in Figure 24. 

 

Figure 24: MARK 3 GCM rig spring design 

 

Once the rigs are assembled with the SOFC and GCM, both MARK 2 and 3 

can be placed inside the quartz tube so that the two bungs block off the 

ends and thus create a completely sealed environment. Both rigs then sit 

inside the centre of the furnace, with thermocouples monitoring each one 
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and an external thermocouple monitoring and controlling the furnace 

temperature. This close proximity is to ensure as similar conditions 

between the two components as possible, as shown in Figure 25. This way 

the desired gas can be pumped into the furnace through the inlet pipe on 

MARK 3 and exit the rig from the outlet pipe on MARK 2. The rig was tested 

with a H2 sensor as well as ‘bubble testing’ whilst filling the rig with gas to 

ensure no leaks were present. 

 

Figure 25: MARK 2 & 3 rigs operating within the furnace 
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2.2.1 Compression development 

Whilst the Mark 3 holder was used to gather the majority of results seen 

within the report the development of the holder has continued to evolve. 

The need to provide compression in a device that can be used in a practice 

system is always considered important. This was solved by the simple 

concept of compression fittings. The pyrophylite’s ability to be machined 

into practically any shape and size gave great flexibility for design. CNC 

milling was used to create all the designs and holders used within this 

report. The CAD program; Rhino (McNeel North America, Rhino 4.0), was 

used to draw designs. These drawings were then transported into Modela 

Player 4, to create a cutting profile for use by the Roland MDX-40 CNC 

machine. The program images can be seen below in Figure 26. 

 

Figure 26: Screen shots from Rhino (left), Modela player 4 (right), showing the process used in 

creating a working design 

 

The compression fitting concept gave rise to Mark 4, where two pieces of 

pyrophylite hold the GCM in place with the cone tail providing the 

compression when fitted into a third ceramic piece with an internal reverse 

conical shape. The three ceramic pieces can be viewed in Figure 27 and 
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show how the parts assemble together. The electrical connection is now 

provided with platinum paint which fills the grooves until coming into 

contact with platinum wires. These wires feed through the back ceramic 

into either the top or bottom pieces, clamped into place within the groove 

when the top and bottom components are brought together. The back 

ceramic is fitted with an additional, smaller circle groove, at the rear. This is 

to allow the holder to slot into an Alsint ceramic tube (not seen in the 

figure) to carry the electrical wires out of the furnace and hold the 

thermocouple close to the GCM. The design allowed for the holder to be 

much smaller in size than for previous designs but still providing good 

electrical connections and swift replacement between experiments. 

Testing of the MARK 4 holder proved to be successful showing that the 

thermal expansion allowed for the compression needed to provide good 

results but not to the point of inflicting damage to the GCM. 

 
Figure 27: CAD drawings of MARK 4 being assembeled in a) and b). Photo of finished holder in c) 

 

The success of the Mark 4 showed that compression fitting design could 

allow for small products situated within a working fuel cell, without the 

a) b) 

a) b) 

c) 
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need for glues or cements. However, the use of compression fitting designs 

can be taken further to provide a complete fuel cell pellet rig with the GCM 

located within it. This could then be used in a wide range of research 

projects studying pellet SOFC. This hence lead to the MARK 5 design shown 

in Figure 28, allowing a full SOFC pellet (both anode and cathode) to be 

operated alongside a GCM. In the diagram a full breakdown of components 

is shown with the middle section (blue) holding the SOFC in place against 

the top section (green). At the same time the bottom half of the middle 

section rests upon the GCM which is held in place by the bottom section 

(red). These three components are then mutuality compressed due to the 

conical shapes of the end holders (purple) as they are slotted together. 

 
Figure 28: Breakdown of Mark 5 holder components 

 

Also shown in Figure 28 are the platinum painted areas on the ceramic 

pieces; these four areas are to allow the electrical connections to reach 

above and below both the SOFC and GCM. Platinum wires fed through 

Alsint ceramic tubes pass through the end holders (purple) and into the 

four platinum painted grooves where they are held in place by the sharp 
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shape of the groove as well as the same compression forces that the 

pellets undergo. While the platinum paint surrounding the GCM provides a 

sufficient electrical connection, the SOFC paint connections are not. This is 

due to the complex groove geometry surrounding the pellet cell; the 

reason for this is to allow a well distributed gas flow across the face of the 

cell. Therefore, platinum mesh is still sandwiched between the platinum 

paint and SOFC to provide a sufficiently distributed electrical connection. 

The three layered ceramic holder can provide two different gas 

environments to the pellet fuel cell, one on each face, this is demonstrated 

in Figure 29 where the specific gas paths are shown. The air or oxygen 

travels through the top section to service the cathode. The hydrocarbon 

fuel is passed through the lower section providing the GCM with the same 

gas environment as the anode face of the pellet cell, thereby allowing the 

steam reforming and fuel oxidation reactions to take place as well as the 

normally unwanted carbon formation reactions to be studied. 

Temperature can be read using two thermocouples that run down the gas 

inlets and into the centre of the holder, shown in Figure 30. Two 

thermocouples are used to ensure accurate results and to compare 

temperature differences between the air and fuel environments. A 

photograph of the holder is also included in Figure 31 after sintering to 

show the overall layout. 
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Figure 29: Gas flow paths through Mark 5 design 

 

Figure 30: Thermocouple positions within holder 

 

Figure 31: Mark 5 components machined and sintered before Pt painting 

 

2.3 GCM design 

The gallium orthophosphate crystals used in the project are R-30 

resonators and are available from Piezocryst (Austria). R-30 sensor crystals 

are optimized for use in thin film deposition systems at higher 

Air path

Fuel path
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temperatures. The crystals are temperature compensated at around 500 °C 

and enable precise measurements from 300 °C – 800 °C. The electrode 

design is compatible with the industrial standard (Inficon, Maxtec, Sycon 

and Sigma) and uses an electrode design known as a ‘double anchor’. The 

specifications and chemical resistance to solvents of the R-30 are as shown 

in Table 5 and  

Table 6 respectively, all data were provided by Piezocryst. It should be 

noted that Piezocryst can change the R-30’s specification on request with 

respect to the following aspects. 

 Electrode design 

 Custom specified temperature compensation from -50 °C up to 650 
°C (-58 °F to 1202 °F) 

 Electrode material (not nickel) 

 Shape of resonator (plano-convex, beveled, plano-plano, biconvex) 

 

Table 5: Specifications for R-30 GCM 

Specifications 

Q factor 70000 

Resonant frequency 5.8 ± 0.1 MHz 

Sensitivity 0.3 ng/Hz 

Piezoelectric material GaPO4 (gallium phosphate) 

Lattice constants (25°C) a = 4.901 Å, c = 11.048 Å 

Density (25°C) 3570 kg/m3 

Electrode material platinum on Ti (adhesion layer) 

Front side fully metalized, flat 

Back side 
double anchor, curvature = 2 dioptre (R=265 

mm) 

Dynamic resistance R1 < 10  

Dynamic capacitance C1 0.08 pF 

Static capacitance C0 32 pF 

Pyroelectric 
characteristics 

None 
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Table 6: Chemical resistance of GaPO4 to solvents (+ = resistant, – = not resistant; at room 

temperature, decrease of thickness < 3 μm) 

Medium Concentration 1h 24h 

KOH 2 M - - 

KOH 1 M - - 

KOH 0.5 M - - 

NaOH 2 M - - 

NaOH 1 M - - 

NaOH 0.5 M - - 

NH4OH 32% + + 

NH4OH 20% + + 

NH4OH 10% + + 

H3PO4 85% - - 

H3PO4 50% - - 

H3PO4 10% - - 

H2SO4 95% - - 

H2SO4 50% - - 

H2SO4 10% - - 

 

The GCM has a thickness of 0.2 mm, this combined with its brittle nature is 

what makes it very delicate to mount and operate without failure. This is 

made even harder by the curvature of the crystal. The dimensional 

specifications of the GCM can be viewed in Figure 32. 

 

 

Figure 32: GCM dimensional specifications[85] 

 

Back Front Curvature: R=265 mm 
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2.4 Solid oxide fuel cell preparation 

As many fuel cells were needed over the duration of the project it is 

important to have the ability to produce them in house. The 'pellet' 

electrolyte discs used in the project were purchased from Fuel Cell 

Materials, FCM (fuelcellmaterials.com, USA). The electrolyte used was YSZ-

8 (8 mol % yttria), this was due to its availability and relatively low cost. YSZ 

pellets have a thickness of 250-300 μm. The YSZ substrate is designed for 

short-term destructive testing, e.g. impurity/sulfur resistance of anode 

materials, where low cost is desired, and low performance is acceptable. 

This low quality is not a major concern as the overall performance of the 

pellet cell is not the main issue but rather its comparison to the GCM with 

regards to carbon deposition. 

A symmetrical SOFC (i.e., anode electrodes on both sides of the electrolyte 

and operated in a common gas environment) was used in order to focus on 

the effect of fuel gas on the anode without the need to deconvolute the 

effect of the cathode from the overall electrochemical response. Ceramic-

metal (cermet) electrodes based on a mixture of nickel and gadolinia 

doped ceria  (Ni-CGO) were prepared using 40 wt.% CGO-10, (Rhodia) and 

60 eq.wt.% Ni in the form of green NiO (Alpha Aesar) mixed with additives 

such as binder, dispersant, plasticiser and solvent. 

The anode powder must first be produced into an ink before it can be 

applied to the YSZ substrate. The CGO was prepared using the doctor blade 

technique, carried out at Imperial College London, with the CGO ball milled 

in ethanol (96% v/v) to produce a slurry and then dried and ground. The 

CGO mixture was then calcined in air at 1350 oC for 5 hours and then 

milled. The slurry is then applied to the YSZ pellet cell and sintered at 

1200oC for two hours in air with slow ramp/cool rates of 5 oC min-1, during 
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this process the thickness of the ink will greatly reduce. In order to become 

active the cells must first be reduced in a H2 environment at 600 oC. At the 

moment anode slurries have been applied using a paintbrush but for more 

accurate future work the ink must be layered using a screen printing 

method to allow much higher accuracy in results.[128] 

 

2.4.1 Electrochemical impedance spectroscopy 

Electrochemical impedance spectroscopy (EIS) was performed on 

symmetrical SOFCs using an Iviumstat potentiostat (Alvatek Ltd., UK).  

Impedance scans were run over a frequency range of 100 kHz to 0.1 Hz 

with voltage amplitude of 10 mV. The impedance responses were fitted to 

the equivalent circuit demonstrated in Section 1.7. 

2.4.2 Pellet press 

A pellet press was constructed for making electrolyte pellets using the CNC 

machine to produce CGO pellets the same size as the purchased in YSZ 

ones. Figure 33 shows the holder cut from Trespa.  
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Figure 33: SOFC simple pellet press design made from Trespa 

 

2.5 Nickel plating of GCM electrodes 

 

2.5.1 Electroplating 

The rig setup for the nickel plating experiments can be viewed in Figure 34. 

GCM samples were placed into a Watts bath solution consisting of 0.647 M 

H3BO3, 0.285 M NiSO4.6H2O, 0.047 M NiCl2.6H2O. Nitrogen was bubbled 

through the solution to rid the chamber of oxygen as well as being used 

during the plating experiments to rid the sample surface of bubbles that 

would otherwise prevent the nickel fusing to the platinum layer. A 

magnetic stirrer was used to improve coating uniformity by creating a flow 

field within the solution. Platinum and Nickel wires were used for the 

working and counter electrodes respectively. The nickel wire was wound 

Housing 

Plunger 

Base 
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into a spring shape to allow for a large conducting surface area and thus 

better results. The GCM was connected to the base of the platinum 

electrode by wrapping the Pt around its outside. A SSCE (silver/silver 

chloride Ag/AgCl) was used as the reference electrode. Cyclic voltammetric 

and chronoamperometric studies were carried out using a potentiostat, 

AUTOLAB PGSTAT302N (Metrohm Autolab, Netherlands). 

 

Figure 34: Nickel plating Watts bath setup 

 

2.5.2 Ni plating holder 

With testing of the Ni-GCM it became clear that to reduce the impact of 

the nickel layer on the performance of the GCM a smaller area of plating 

was required. This gave rise to the nickel plating holder seen in Figure 35. 

The figure shows both the working prototype in part (a) and the model 

breakdown cut in the CNC machine in part (b). The design works by 

encasing the GCM in two acrylic moulds held in place and liquid tight by 

two O-rings, seen in the image as the large blue outer ring and small black 

inner ring. A platinum wire is located down the pipe and then circles 
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around the front anchor side of the GCM in a groove to hold it in place and 

against the GCM surface. The centre of the arc is the only part exposed to 

the nickel plating solution making it the working electrode and the only 

part that’s plated. 

 

Figure 35: Ni plating holder design 

 

2.5.3 Sputtering 

Sputtering was carried out with a turbo pumped sputter coater (Quorum 

technologies, UK, K575X) with a nickel target 57 mm diameter and 0.1 mm 

thickness (TK8872). Tests were carried out at 120 mA and varied in time 

between 2-4 min depending on desired thickness. 

2.6 Software control 

Hardware control and automation was achieved by writing bespoke 

software for the system. LabVIEW (National instruments, LabVIEW 2009) 

allows the ability to monitor and control individual system within one 

program. By running LabVIEW the furnace, Q-pod, flowmeters and 

thermocouples can be read during operation with the added ability to 

write data thereby changing parameters of the individual components 

during testing. The first LabVIEW program made allowed for the furnace 

temperature to be set or a pre-programed sequence run (program set on 

a) b) 
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furnaces PID controller). The flowmeters could also be set to a specific flow 

rate. Every 10 seconds data from the thermocouples and Q-pod frequency 

response was plotted in a table along with the furnace temperature and 

flowmeter data. This provided all the individual data in one place and with 

the exact same time stamp. In the appendix, Figure 104 shows the 

interface panel used during experimentation and Figure 105 provides a 

partial view of the programming used to allow the LabVIEW VI (virtual 

interface) to work. 

The second LabVIEW program was built to run the GCM and SOFC 

experiments autonomously by creating basic feedback loops a program 

steps that produced the desired environment. This was accomplished by 

providing a pre-programmable interface that allowed an experiment to be 

setup and left to run. For example, an average methane experiment would 

require several process steps. (1) Begin heating ramp at 5 °C min-1 to 600 

°C, (2) introduce nitrogen, (3) reduce in hydrogen, (4) introduce methane, 

(5) begin cooling ramp at 5 °C min-1 to room temperature. While some of 

these steps are governed by simply time constraints others require the 

need for feedback producing a much more complex system. A simple 

feedback is using the temperature of the thermocouple to control the 

furnace temperature, while this is normally accomplished by the furnace 

itself using an internal thermocouple close to the GCM or SOFC a higher 

level of accuracy can be achieved especially when switching between 

gases. Note that differences in thermal conductivity in switching gases will 

produce differences in temperature that the furnace thermocouple would 

not pick up compared to thermocouples inside the system. A more 

complex feedback system is required from the GCM frequency response 

measured with the Q-pod, changes in temperature and gas environment 

effect the crystals response while this is well known the relaxation of the 
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crystal to a steady response will often range in time due to subtle 

differences in individual samples. It is important when testing to not move 

from one environment to the next before a steady GCM response has been 

achieved. Thus the LabVIEW program is designed to not switch between 

processes or environments until steady operation has resumed from the 

previous change. The front panel interface can be viewed in the appendix 

(Figure 106), it shows the table in which the parameters can be added and 

executed. The additional tabs show live readouts of the system much like 

that seen in the previous LabVIEW program 1. (Appendix, Figure 107) 

demonstrates some of the block diagram processes involved in making the 

program run. The use of frequency controlled feedback loops in this 

program also shows the ability to control an SOFC environment using the 

nature of GCM response. This is important if the GCM were to be actually 

used as a commercial product in the future. 

 

2.7 SEM and EDS 

Topography data was gathered using a JEOL JSM-6480LV, a high-

performance, Variable Pressure Analytical Scanning Electron Microscope 

with a high resolution of 3.0 nm, along with EDS (Energy Dispersive 

Spectroscopy) and EBSD (Electron Backscatter Diffraction) using the Oxford 

Link system. Individual images within the result sections have further 

details on the parameters used for each scan. 

2.8 Raman spectroscopy 

Raman spectroscopy measurements were taken using a Renishaw RM-2000 

CCD spectrometer. Spectra were obtained using a high numerical aperture 

×50 short working distance objective which allowed the laser to be focused 

on to the samples surface to a spot size of approximately 1.5 µm. 
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Measurements were taken using a 514 nm argon ion laser with 

approximately 1 mW of laser power at the focal point and an integration 

time of 10 seconds was used. 

2.9 XRD 

A Philips PANalytical X’Pert was used to gather X-ray diffraction (XRD) data. 

It is a non-destructive technique that provides information on the chemical 

composition and crystallographic structure of a materials crystal lattice 

structure. Each sample was scanned between 5 and 120 degrees theta. 

Note when an X-ray beam is projected onto a crystalline material at an 

angle theta, diffraction occurs only when the distance travelled by the rays 

reflected from successive planes differs by a complete number of 

wavelengths. 
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3 Results 

 

3.1 Thermodynamic Modeling 

HSC software (H-Enthalpy, S-Enthropy, C-Heat capacity)(Outotec, Finland, 

HSC Chemistry v.6.12), was used to perform Gibbs free energy 

minimization calculations and to provide an insight into the carbon 

formation built up in a range of fuel / steam ratios dependent on the 

temperature range, as well as the nature of Pt and Ti oxide reduction at 

ranging temperatures and gas environments. This information provides the 

expected response on a thermodynamic basis for comparison with real 

data gathered during carbon deposition experiments. 

3.1.1 Carbon deposition on SOFC 

Each plot line in Figure 36 represents a different fuel-to-steam ratio, where 

the hydrocarbon used is methane. Each tests introduces a different ratio of 

CH4 (g) to H2O (g) summating to 1 Kmol (this was selected as an arbitrary 

number, it is the ratio of product that is considered important). The 

amount of H2, CH4, C, CO, CO2 and H2O was then calculated over a range of 

temperatures from 200 °C to 1000 °C at 40 °C intervals. Figure 36 only 

represents the amount of predicted carbon but further data can be found 

in the appendix. The graph demonstrates how the fuel/steam ratio and 

operational temperature govern the amount of carbon produced. To 

reduce the rate and risk of carbon deposition SOFC often operate with high 

steam content but as the graph shows steam content in the CGO 

temperature range and hence area of interest must be much higher before 

carbon formation can be mitigated. It must be remembered that increasing 

steam content leads to a reduction in electrical performance due to 

reduction of the concentration of the fuel. It is this data along with the 
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current literature that demonstrates the temperature region of most 

interest for investigating using the GCM techniques. 

 

Figure 36: Carbon formation at varying CH4 / steam ratios 

 

3.1.2 Oxide reduction on GCM 

To help understand possible frequency response changes at temperature 

and under different pO2 environments HSC Chemistry software was applied 

based on the metal surfaces available for reduction. Figure 37 shows the 

nature of the GCM’s platinum and titanium (bonding layer) oxide response 

to temperature. The first simulation introduces PtO2 and TiO2 to varying 

temperature conditions at a ratio of 90.7 to 9.3 due to the volume of each 

metal available on the crystal, amounts were also based on the volume of 

metal available assuming the entire material was oxide (this is not the case 

in real life but serves as a guide to experiments). The amount of Pt, O2, PtO, 

PTO2 and TiO2 was then calculated over a range of temperatures from 25 °C 

to 800 °C at 40 °C intervals. While titanium oxide shows little effect under 

temperature, platinum oxide demonstrates rapid degradation after 300 °C, 
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reducing from PtO2 to PtO and finally being completely removed around 

800 °C. 

The oxide levels at 600 °C were also applied to hydrogen, shown in Figure 

38, this was to simulate the reduction step undergone by both the SOFC 

and hence GCM during experimentation. The Second simulation introduces 

platinum and titanium oxides to varying hydrogen content at a constant 

600 °C, values were based on those witnessed at 600 °C in the previous 

temperature varying simulation with H2O, Pt, O2, PtO, PTO2 and TiO2 levels 

monitored. Figure 38 only represents the amount of predicted oxides but 

further data can be found in the appendix. The simulation showed that 

while titanium oxides were again unaffected, platinum oxides underwent 

further reduction. While the thermodynamic study has provided useful 

insight into the nature of oxide removal, it is only a guide to possible 

causes of frequency shift that may be observed. This process is further 

discussed in greater detail in further sections of the results. 

 

 

Figure 37: Oxide reduction with ranging temperatures 
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Figure 38: Oxide reduction with ranging H2 content 

 

3.2 Operation of GCM with bare Pt electrodes 

3.2.1  Background tests 

After producing the range of prototypes witnessed within the methodology 

section it was important to prove their capability at monitoring crystal 

operation. Therefore to confirm the rigs’ suitability for the monitoring of 

microbalances a series of tests were run. 

 

3.2.1.1 Stability 

The first was the resistance of the platinum wiring and paints used 

throughout the rigs which showed a low resistance of 0.04 Ω when 

assembled and allowing good electrical connection to and from the device. 

The next test was to mount a GCM crystal and monitor the stability in 

terms of noise and drift. This was done to demonstrate the capability of 

collecting accurate data caused by environmental changes without the 

data being lost in noise or distorted by drift. The noise within the system 
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was monitored by setting the Q-pod to its most rapid sampling rate of 10 

scans per seconds and sampling over a period of 5 minutes (Figure 39). An 

average jump of 0.42 Hz can be viewed, relating to a 1.09 × 10-5 mg mass 

change. This shift can be considered as a quantization effect of the 

limitation in resolution of the data acquisition system, thus it can be said 

the GCM noise within the rig is negligible and actual mass changed will not 

be masked. 

It should be noted that the Y-axis has been measured in not just frequency 

but is also represented by the change in frequency from a specific point. 

This presents the same shaped distribution or curve as the frequency but 

to a different scale. During the results section this Δf, or change in 

frequency, will be standardized to different points depending on the best 

way to represent the data collection. For example, Figure 39 is normalised 

to the first reading and so is represented by Δf/ft0 where ft0 represents the 

frequency at zero time. Another example would be when measuring across 

varying temperatures the data is often calibrated to 505 oC, thereby 

representing the crystal from the shift of its most stable point determined 

by its angle of cut. This will allow for better comparison between individual 

crystals that would each have a slightly different starting frequency. Thus, 

in this case, the Y-axis is measured in change in frequency but where f0 is 

taken as frequency at 505 oC or f505, creating Δf/f505. All these frequency 

shifts are then represented as a unit of PPM or parts per million. 
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Figure 39: GCM noise over 5 min with 10 scans/sec 

 

To measure drift, the Qpod was set to sample once a second over a period 

of 5 hours. During this time the temperature was monitored and showed a 

drift of 0.7 C. The frequency shift during this process was -31.01 Hz which 

is equivalent to 0.001765 Hz/sec or in terms of mass change -5.33 × 10-4 

mg. As shown in Figure 40, this can then be compared to the calculated 

frequency-temperature shift provided by the GCM manufacturing company 

Piezocryst, according to the empirical equation reported by Piezocryst, a 

predicted frequency shift of -31.71 Hz is expected based on the 

temperature change. Therefore it can be said that a drift of 0.7 Hz is seen 

over 5 hours. This then relates to a mass change of 0.019 μg. The best 

representation of actual drift with temperature compensated for with the 

Piezocryst equation is also available with Figure 40 inset. It can thereby be 

concluded that drift can be considered negligible over the short term 

experiment times that will be carried out over the project. 
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Figure 40: GCM Drift stability over 5 hrs at room temperature, compared to predicted frequency-

temperature 

 

Another test for the stability of results is required for when the crystal is 

removed and replaced, this will help build up a predicted frequency 

difference in circumstances when the GCM needs temporary removal. The 

need to remove the crystal during experimentation is rare; however, in 

order to measure shifts in frequency caused by nickel plating the crystal 

will need to be measured, removed, plated and then returned. Therefore it 

is necessary to understand the shifts caused each time the crystal is 

removed and replaced. A GCM sample was taken out and then replaced 

repeatedly 20 times on each side with the frequency measured before and 

after. There is an obvious difference in frequency each time the crystal was 

moved, this is due to movement in where the wire relocates to the surface 
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as well as the angle in which the crystal is replaced, although these changes 

are small they can be critical when measuring small mass changes. The test 

shows that having the fully anchor electrode side facing upward is ten 

times less sensitive to removal and replacement when using the MARK 3 

holder used for a large proportion of results specified. This is due to the 

spring electrode design connecting with the anchor shaped electrode in a 

different way when replaced at a different angle of orientation. In addition 

to this, the curvature of the crystal itself shown by the schematic drawing 

in the GCM  section has been shown to cause a reduced shift when its 

convex side (the anchor side) is not forced against a surface. It can 

therefore be said that to reduce noise when repeating samples the GCM 

should be inserted anchor side up this will then relate to a thickness 

variation of just 0.0029 µm (with respect to Ni density i.e. for removing / 

replacing when plating). 

 

3.2.1.2 Temperature 

The next stages of test results were to subject both sets of crystals, quartz 

and gallium phosphate, to operation under varying temperatures. This was 

done to confirm the results gathered by previous studies, to gain more 

understanding about the limitations of the crystals and ultimately identify 

the baseline results for how the crystals operate under non-layering 

circumstances at IT-SOFC temperatures.  

The first experiments were carried out on quartz raising it up to 400 oC. The 

following graph, Figure 41, shows how quartz performed when ramped up 

to 400 °C in stages of 100 C every 20 min. The graph helps to show several 

important aspects of the microbalance's performance. The first is the 

temperature range the crystal operates in directly affects the frequency of 
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the crystal, confirming previous studies.[75-77] It is also important to note 

that frequency shifts become greater with each temperature ramp up; this 

can be viewed by the frequency line converging quicker towards the 

temperature line in each step-up zone. The final aspect of the graph shows 

that the frequency dropped proportionally with the falling temperature in 

the same way it increased, thus showing that the crystal is completely 

recoverable to its standard frequency after enduring temperatures up to 

400 °C. 

Gallium orthophosphate was also subjected to this heat treatment process 

to investigate its temperature stability. Previous reports have shown that 

newly developed GaPO4 material crystal microbalances can cope with 

much greater temperatures than that of quartz, making their operation 

promising as an in-situ sensor for carbon deposition in SOFC applications. 

Figure 42 shows a GCM operating at temperatures up to 900 °C, ramped at 

100 °C every 20 minutes before cooling back to room temperature. Like 

quartz, the crystal's frequency was directly affected by the temperature at 

which it was operated at, and showed a full recovery. Unlike quartz the 

GCM shows smaller frequency shifts with each temperature ramp up as it 

approaches its stabilized point of 505 °C, this is due to its angle of cut as 

discussed in the literature review. This stability region lasts until 800 °C 

where its frequency shift becomes much greater than before. However, 

Figure 42 did show a potential problem in that the frequency did not return 

to its original value. This led to further analysis of the results. 
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Figure 41: QCM frequency performance at elevated temperatures 

 

Figure 42: GCM frequency performance at elevated temperatures of up to 900◦C 

 

On viewing this data as a function of frequency against temperature, 

instead of in the time varying domain, it becomes clear that there is an 
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unexpected variation within the frequency response. The graphs, Figure 43 

and Figure 44, show the quartz and gallium phosphate crystals respectively 

responding to temperature changes. The problem that should be noted 

from this is that the graph shows hysteresis, especially in the case of 

gallium orthophosphate. This means the frequency response upon cooling 

is not the same as it was during heating. This should not be the case unless 

mass deposition or additional structural changes have taken place or 

alternatively heat damage has occurred. These can be eliminated, 

however, as the final frequency eventually returns to its original point. 

From examination of the results, it becomes clear that the data is showing 

un-stabilized frequency and is due to the crystal being driven in 

temperature before it can acclimatise to a given temperature. Therefore 

the speed of the temperature ramp and the time spent at a given 

temperature are important for providing accurate results. On review, 

future experiments have been carried out at a ramp rate of 5 oC min-1 and 

held at a minimum of 1 hour to allow for stabilisation before alternative 

variables are changed. 

 These experiments are still considered as important data, as they 

demonstrate that both crystals can cope with the stresses caused by rapid 

heating and cooling without damage, mass loss or permanent frequency 

change. 
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Figure 43: QCM frequency performance in temperature up to 400 °C ramp rate 5 °C min
-1

, 

frequency scan rate at 10 sec 

 

Figure 44: GCM frequency performance in temp up to 900 °C, ramp rate 5 °C min
-1

, frequency scan 

rate at 10 sec 
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Following on from these tests, it was already established that the gallium 

orthophosphate crystals could survive rapid heating to 900 oC without 

damage. However, as explained, the stability of the crystal could not be 

monitored. Therefore, a new GCM was heated in air at 5 oC min-1 up to 600 

oC, 700 oC and 800 oC and held for one hour at each of these temperatures. 

The crystal was then cooled at 5 oC min-1 until approaching room 

temperature. Figure 45 shows the stable frequency change during the 

heating and cooling process. 

 Some hysteresis is still visible and is the same pattern of hysteresis as that 

witnessed in Figure 44 but on a much smaller scale, proving that ramp 

temperature affects stability. It can therefore be assumed that by reducing 

the temperature ramp further the two lines would eventually coincide, yet 

doing this would take an impractical amount of time to gather results. For 

now it can be said that a 5 oC min-1 ramp is satisfactory for these results 

especially around the desired 500-700 oC region. 

Figure 45 also compares the results to the frequency-temperature 

calculation provided by Piezocryst. It can be seen that at low temperatures 

the lines match up well, but even though they follow the same curve 

pattern the real data drifts either side of the expected line. Although this 

drift might appear large on the graph, the maximum shift under the 

predicted curve, in the region of interest (500-700 oC), is 299.79 Hz or 42 

ppm. This shift cannot be explained by added mass as it returns to its 

original natural frequency upon cooling, nor can it be explained by 

platinum oxide reduction that is expected to take place at 450 oC (the same 

point the lines diverge) as this would cause a loss in mass and thus an 

increase in frequency. It is therefore most likely caused by the simplistic 
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sigmoid equation not matching up to the actual curve line of an individual 

crystal. 

Finally, and most importantly, Figure 45 shows the microbalance’s stability 

at high temperature ranges, although diverging with the predicted line, the 

crystal shows little variance with a frequency shift of only 221.19 Hz or 

37.71 ppm between 550 oC and 650 oC. This is represented better with 

Figure 46 which shows the first order differentiation of the same 

experiment. By doing this it is easier to see where both the calculated and 

real data are most stable at the flattest section of the curve. Experiments 

carried out under gas condition will be performed at 600 oC due to its high 

stability with a maximum predicted variance of around ±10 oC caused by 

the different densities of gas which can be considered as a change of 47.76 

Hz or ±4 ppm. To put this into perspective of mass, the entire shift in 

temperature from 21 oC to 800 oC creates a shift in frequency of 10347.29 

Hz, this is the equivalent of a mass change of 0.175 mg or a carbon 

deposition layer of 0.590 µm (compared to actual carbon deposition of 11 

μm carbon change held at 600 °C with >5 °C shifts in shown Section 3.4.3) 

therefore even with the small variations between the ideal calculated line 

and the actual measured line we can assume these differences to be 

negligible. 
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Figure 45: GaPO4 frequency response from temperature held at 600, 700, 800 °C, ramp rate at 5 °C 

min
-1

, frequency scan rate at 10 sec 

 

Figure 46: First order differentiation of GaPO4 frequency response from temperature. 
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3.2.1.3 Crystal Failure as a function of temperature 

The next task was to show the unsuitability of quartz as a carbon sensor, to 

do this the quartz crystal microbalance was raised in temperature until 

failure, this was done by raising the temperature in steps of 100 oC. As 

Figure 47 shows, an instantaneous and massive frequency shift occurs at 

436 °C. At this temperature the crystal has undergone a phase 

transformation and lost its piezoelectric properties,[81, 82] this 

transformation is proven as the reduction in temperature no longer affects 

the output frequency. The frequency signal still remaining is simply made 

up of the electrical response in the circuit’s wiring which has been 

witnessed when the crystal is not in place. 

 

 

Figure 47: QCM frequency performance to failure at elevated temperatures 
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Published research has shown AT-cut quartz to operate at temperatures as 

high as 573 °C before completely failing, [75-77] although higher than the 

results gathered in this experiment other factors can be considered as 

possibly contribution to the failure of the QCM, such as the breakdown of 

the gold electrodes which reaches their critical temperature at 395 oC; 

thus, allowing the onset of degradation.[91] Other research agrees that 

quartz should remain in operation below 300°C in order to prevent 

twinning effects discussed in Section 1.4.8. [103, 104] 

These recommendations along with the evidence from this experiment lie 

outside the minimum intermediate solid oxide fuel cell range of 500 °C. 

Therefore this experiment agrees with the literature that QCMs cannot 

operate within the temperature range of an IT-SOFC. 

When applying the same process to the GCM, the temperature was 

ramped at 5 °C/min to 600 °C and left for two hours to ensure stability 

before ramping again to 1000 °C. As Figure 48 shows, failure of the crystal 

occurred at 962 °C, this is very close to the expected failure temperature of 

970 °C as reported previously.[75] Like the quartz, it has been stated that 

degradation of the cell will occur below this threshold temperature. [91] As 

the region of interest for IT-SOFC applications ranges from 500 - 750 °C 

these issues are not considered to be limiting. 
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Figure 48: GCM frequency performance to failure at elevated temperatures, jump to failure occurs 

at 962 °C 

 

3.2.2 Redox characteristics of electrode materials 

As fuel cell anode material is often subjected to a range of gas 

environments during preparation or examination that can lead to 

oxidation/reduction processes it is important to understand how the 

crystals are affected by these variations. As the previous sections have 

shown, the frequency shift by temperature around 600 oC can be 

considered insignificant, therefore shifts in frequency caused by 

temperature change are considered to be <±5 ppm and only relevant if 

shifts are of this scale or smaller. 

Figure 49 shows that the redox properties of the gas (partial pressure of 

oxygen - pO2) do affect frequency, in this figure a series of three tests were 

carried out, for each test the temperature was raised to 600 oC, held and 

then the gas environment was changed. The first test (a) was raised in air 
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then after stabilizing was filled with nitrogen followed by hydrogen and 

then nitrogen again. Note that hydrogen could not be added to an air 

environment before purging with nitrogen first, for safety reasons. The 

GCM was then brought down to room temperature whilst remaining in a 

nitrogen environment ready to begin test (b). Whilst Figure 49 shows the 

entire process of each test as a function of temperature Figure 50 provides 

a more detailed view of the changes occurring when held at 600 oC (the 

maximum shift in temperature throughout the tests was 12 oC). Test (a) 

shows that once the sample reaches a stable 600 oC it continues to shift in 

a very slight negative frequency direction over a few hours. This drop then 

reaches a plateau, when N2 is introduced there is no change in frequency, 

but when H2 is introduced into the system an upward shift in frequency is 

observed, far larger than the drop seen in air. 

 

Figure 49: GCM gas shift test compared to temp (Test 1: air-N2-H2-N2, Test 2: N2-H2-N2, Test 3: N2-

H2-N2-air). 
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Figure 50: GCM gas shift tests only at 600 °C (Test 1: air-N2-H2-N2, Test 2: N2-H2-N2, Test 3: N2-H2-

N2-air) 

 

When the results of test (a) are compared to the results witnessed in test 

(b), with gas shifts of N2-H2-N2, no large shift in frequency is observed in 

either N2 or H2, this is illustrated in Figure 50 where any variance is small 

enough to be related to temperature change. The same can be said about 

test (c), with shifts N2-H2-N2-air, which continues with little shift in 

frequency from test (b) and where no large changes are experienced until 

air is introduced back into the system; the air causes a brief peak in 

frequency before slowly reducing and then plateauing out. 

These tests show the GCM’s (Pt electrode, Ti underlayer) natural response 

to varying changes to partial pressures. Nitrogen appears to produce the 

most stable response from the crystal and so offers the best prospect for 

reproducible and reliable investigations. However, the shift between the 

last reading of test (a) and the first of test (b) show an anomaly in 

frequency shift. When held at room temperature and in nitrogen overnight 

there is a loss in frequency witnessed in Figure 49. Originally a change in 

1552 Hz (0.015 mg) is seen at 600 oC but when comparing to room 
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temperature the gap is just 387.25 Hz (0.0038 mg) when taking this last 

sample of test (a) and the first of test (b). 

The presence of air within the system also appears fairly stable in 

frequency not just in this test but in the temperature tests mentioned 

earlier which were also carried out in air. Small reductions in frequency can 

be seen when holding in air for long periods of time but will plateau out 

over a period of around 3 hours; this is particularly true for test (c) where 

there is a reduction in frequency. It is difficult to rule out the test (a) drop 

as just stabilisation to the steady temperature, as hysteresis was not 

completely eliminated. However, it is interesting that the test (c) air drop 

plateaus out to almost the same frequency as before hydrogen is added in 

test (a), with a difference of -596.43 Hz or 18.77 ppm at 600 oC. This 

difference is even closer when you take the start of the first experiment 

and the end of the last, differing as little as 8.75Hz and therefore showing 

no signs of degradation throughout the three day experiment. However, 

this means cooling in air also shows an unexpected result in test (c), 

instead of holding the same shape as previous tests it converges back to its 

original frequency. 

During the tests at 600 °C the most significant effect on the GCM response 

is that caused by hydrogen. This shift is much more dominant at over 

double the size of that seen in air and far more rapid. It appears to go 

through three stages of frequency increase; an initial rapid increase, a slow 

linear increase and a final curved increase that then levels off with time. 

The cause of this is uncertain; the fact that there is a period over which one 

gas environment displaces another will affect the transition profile and 

make the absolute kinetics of the process difficult to determine. At the 

flow rate used, 100 cm3 min-1, it takes approximately 40 minutes for the 
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new gas to fill the 2737 cm3 reactor and displace the previous gas, 

assuming a perfectly efficient displacement process. 

The most important part of both the air and hydrogen drifts is their 

direction, as this represents a loss or gain in mass (or a change in crystal 

properties). As temperature shifts are compensated for it can be said that 

these changes are expected to be partial pressure related and thus most 

likely mass related or a reversible structure change to gallium phosphate or 

its electrodes. As stated in the literature, studies have shown that GaPO4 

holds one of the lowest electrical conductivities of any piezoelectric 

material and hence is minimally affected by the altering relationship 

between oxygen vacancies and electrical conductivity during oxidation / 

reduction changes.[55] However, this does not rule out GaPO4 as the 

culprit for these changes. Little information is available on this however; 

patents have shown methods of reducing gallium phosphate in high 

temperature hydrogen environments. This reaction would have to be fully 

reversible when returning to air environments to explain this.[129] 

The GaPO4 itself is not the only part of the device potentially affected by 

change in pO2. The electrode material could also explain these shifts, 

undergoing oxidation and reduction at the surface. The Pt electrode 

material is not expected to be an issue at IT-SOFC relevant temperatures 

since platinum oxides decompose at lower temperatures leaving pure Pt 

(PtO at 325 °C and PtO3 at 450 °C).[92] However, the titanium underlayer 

used to bond the platinum to the GaPO4 may be an issue.  Ti forms stable 

oxides at operational temperatures and it has been found that oxygen can 

diffuse through Pt to form TiO2. Titanium can also diffuse through Pt at 

temperatures above 600 °C. As a result, oxide precipitates can form at 

grain boundaries within the Pt, this affects the adhesion of the Pt layer and 
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the frequency response of the device.[91] The frequency changes observed 

are consistent with what would be expected for growth and removal of 

platinum oxides. Figure 50 Part (a) demonstrates the removal of oxides 

caused by the hydrogen which plateaus off as the surface becomes fully 

reduced. Parts (b) and (c) then show no loss of oxide as reduction has 

already occurred. Finally part (c) demonstrates oxide growth as air is 

returned into the system. 

 Furthermore, taking the frequency transition in hydrogen for a crystal 

previously exposed to air as shown in Figure 50 (part (a)) the shift 

corresponds to a mass change of 50 g. As stated above, the Ti underlayer 

may also play a role in this frequency change. In addition, the temperature 

at which the experiments were performed (600 C) Pt oxides are not 

expected to be stable on the surface.  

To further compare the pO2 shifts to the metal oxides that are available for 

reduction and growth, calculations were carried out as to the amount of 

oxide possibly available for each material. This is shown in Table 7. 

Assuming each metal to be completely its available oxide (for example 

considering the electrode to be PtO2 instead of Pt) it is possible to gain an 

understanding of the amount that would be available to be lost. This 

cannot be the case in practice but by doing this it is possible to see that 

there is simply not enough titanium available to be responsible for the loss 

in mass on its own. Therefore, according to these calculations, it would be 

much more likely to be a 75.34% platinum dioxide loss. However, it is 

unlikely that such a large percentage of available platinum is in fact 

platinum oxide. If this oxide loss were to be applied to the gallium 

phosphate it would make up just 0.12%. Using these calculations it appears 

the entire frequency shift is unlikely to be a result of exclusively oxide layer 
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reduction. This leads to the conclusion that either electrode oxide 

reduction has an additional effect to simple mass change such as electrical 

conductivity, or changes are governed by variations to the gallium 

phosphate itself such as hydrogen absorption. Without further 

investigation it is difficult to separate possible driving forces. 

 

Table 7: Oxide reduction calculation assuming all electrode is oxide layer 

 
Mass Loss 

(g)         

Pt 5.03E-05 
        

          

 
Thickness 

(nm) 
Area 
(cm2) 

Volume 
(cm3) 

Density 
(g/cm3) 

Mass (g) 
Molar 
mass 

(g/mol) 

Moles 
(mol) 

Moles of 
O2/oxide 

(mol) 
% loss 

TiO2 20 2.01 4.01E-06 4.23 1.70E-05 79.80 2.13E-07 2.13E-07 738.62 

TiO 20 2.01 4.01E-06 4.95 1.99E-05 63.80 3.11E-07 1.56E-07 1009.26 

PtO 200 2.01 4.01E-05 14.10 5.66E-04 211.08 2.68E-06 1.34E-06 117.22 

PtO2 200 2.01 4.01E-05 11.80 4.74E-04 227.08 2.09E-06 2.09E-06 75.34 

          
TiO2+ PtO 

       
1.55E-06 101.17 

TiO2+ PtO2 
       

2.30E-06 68.37 

TiO+ PtO 
       

1.50E-06 105.02 

TiO+ PtO2 
       

2.24E-06 70.11 

          
GaPO4 200000 1.53 0.03 3.57 0.11 164.70 6.64E-04 1.33E-03 0.12 

   

Carrying out redox tests at lower temperatures also discredits the theory 

that platinum oxides could be responsible for the shifts seen from pO2 

changes. Figure 51 shows the frequency shift witnessed during hydrogen 

reduction, unlike tests at 600 °C; however, it shows a decrease with the 

introduction of nitrogen. When comparing to temperature it becomes clear 

that this change is based solely on the thermal conductivity difference of 

the gases, this is because while the furnace temperature remains constant 
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the temperature inside the tube environment changes. This demonstrates 

the need for internal thermocouples as close to the GCM as possible. This 

temperature dependence means that the pO2 concentration at 300 °C has 

not affected the GCM response. However, at this temperature more oxides 

should be present according to literature.[91, 92] 

 

Figure 51: GCM gas shift tests at 300
o
C 

3.2.2.1 Repeatability 

Figure 52 shows the repeatability of the hydrogen input test. The scale of 

shift is different for every test as you would expect due to slight differences 

in a wide range of the GCM characteristics, such as surface morphology, 

different electrode masses, or varying defects. What is important is the 

trend of the curve always remains the same, undergoing the same three 

regions. Firstly, the brief rapid increase over the first couple of minutes 

followed by a slow increase lasting approximately 30 minutes (40 minutes 

for 50% H2) and finally a second rapid increase that levels out with time. 
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Test run with 50 cm3 min-1 hydrogen and 50 cm3 min-1 of nitrogen showed 

the same trends occurring at a slower rate. 

 

Figure 52: GCM gas shift in hydrogen repeated for 5 samples (samples 1-3 in 100 cm
3
 min

-1
 H2, 

samples 4-5 50 cm
3
 min

-1
 H2 50 cm

3
 min

-1
 N2) 

 

3.2.3 Operation in hydrocarbons 

Now that more is known about the frequency shifts due to temperature 

and gas atmosphere, the first methane test was carried out to examine if 

methane could induce carbon deposition on the platinum surface of the 

crystal. To do this a GCM was raised in temperature to 600 oC purged of air 

with nitrogen before a hydrogen environment was induced and followed 

by methane. Figure 53 shows the results of that test where the main graph 

shows frequency change verses time at 600 oC. 

The H2 environment produced an increase in frequency shift as seen before 

in Figure 50. The introduction of methane is shown in Figure 53 which does 

not provide the expected effect on the frequency of the curve; a more 
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likely response would be a sudden and linear drop in frequency that would 

denote the formation of carbon and thus added mass. Yet the graph 

exhibits an increase in frequency and therefore an effective loss in mass 

showing carbon deposition has not occurred. While the change in 

frequency would suggest alteration or loss to the crystal or its electrodes 

the change is relatively small. Indeed later testing using nickel plating 

samples show this variation is insignificant to the overall frequency shift 

experienced for carbon deposition. 

 

Figure 53: Methane reaction on standard platinum electrode GCM 

 

3.3 Nickel electrodes 

 

3.3.1  Nickel electroplating 

The GCM crystals need to exhibit similar coke formation properties as the 

anode of the SOFC, or more, as discussed in the literature review, if they 

are to be used as advanced warning systems. The previous methane 

experiments have shown that at 600 oC a normal platinum electrode GCM 

will not show any sign of carbon formation. Thus development of the GCM 

is clearly needed to produce a surface as similar to the SOFC anodes 
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complex nickel/YSZ structure as possible; the first step of this is to produce 

a nickel surface. Supplies of nickel electrodes from the company source 

(Piezocryst) were prohibitively expensive. Therefore several processes 

were considered for carrying out the process of layering nickel 

(electroplating, sputtering, CVD; chemical vapour deposition, electric arc). 

Out of these, electroplating was chosen as the overall best suited due to its 

simplicity and cost effectiveness. 

The first step was to make sure the GCM materials could cope with the acid 

electrolysis solution, described in the methodology, without delaminating 

or undergoing material loss. A crystal was submerged in the solution for 

four days, much longer than the hour a crystal would normally be 

subjected to during the plating process. On inspection no damage was 

visible to the naked eye and no loss of mass was recorded. This meant the 

crystal could survive the acidic conditions whilst undergoing the plating 

process.  

To discover the necessary voltage to carry out the plating process, cyclic 

voltammetry was carried out between 1.6 V to -1.5 V on samples of GCM. 

Figure 54 shows the result of this process, the two main peaks at each end 

of the graph signify the two main reactions in the solution. The first viewed 

at 1.5 V shifting positively in current (Y-axis) is the result of chloride 

oxidation followed by oxygen evolution. 

The other major peak, labelled C1, seen reducing in current at the region of 

-1.5 V is caused by the deposition of nickel and is the region of interest. In 

this region, the more negative the voltage, and hence current, the more 

rapid the nickel layering will take place, yet rapid layering is likely to lead to 

an uneven coating as well as a layer too thick for the GCM to maintain 

passive oscillation (electrode overload). Therefore the desired voltage can 
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be taken from near the starting region of the cathodic current peak. This 

will allow for very thin layering to take place and the thickness of the nickel 

layer being dependent on the coating procedure duration. 

Note that there are several other peaks on the cyclic voltammogram that 

can be explained by other reactions taking place within the Watts solution 

bath, these reactions will not take place at the specific voltages used for 

the electroplating process and are hence considered to not be within the 

scope of this report. 

 

Figure 54: Cyclic voltammogram of GCM in Watts bath, potential varied between – 1.5 V and +1.6 

V with bath consisting of 0.22 M NiSO4.7H20, 0.33 M NiC12.6H20 and 0.13 M H3BO3
 
, Scan rate 24.4 

ms 

 

Using the results from the cyclic voltammetry, the desired voltage to 

produce nickel plating at a slow and hence steady rate was first decided to 

be approximately -1.3 V. Therefore chronoamperometric studies were 

conducted at -1.3 V for 1800 seconds. The results of this procedure showed 
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a weight difference of 0.017 g or a mass percentage change of 

approximately 15% was noted, proving nickel layering had indeed taken 

place. Unfortunately on remounting the GCM into the rig and monitoring 

with the Qpod the desired results were not obtained. Instead a reduction 

in frequency which would have been expected due to an increase in mass 

the frequency actually increased beyond its operating range. The stability 

of the crystal was dramatically reduced varying by hundreds of Hertz per 

second instead of the usual 0.1 Hz. This shift is greatly outside the 

frequency changes caused by simply removing and replacing the crystal. 

Therefore the crystal can be considered to have failed. 

It was thus decided that the voltage be reduced to -1.2 V for 1800 seconds 

to reduce the rate of layering, even though the GCM will not have passed 

its maximum mass change in the previous experiment the rate of layering 

may have had an adverse effect. It must also be considered that this could 

be a one-off fail. 

Therefore the experiment was carried out again at -1.2 V for 1800 seconds 

and the resulting graph of current against time can be seen in Figure 55. 

Stable regions show the normal current measurements during the plating 

process. Noise is created by bubbling the nitrogen to reduce hydrogen 

formed on the microbalances surface while the nickel reaction takes place.  
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Figure 55: Chronoamperometry of GCM in Watts bath held at a potential of -1.2 V with bath 

consisting of 0.22 M NiSO4.7H20, 0.33 M NiC12.6H20 and 0.13 M H3BO3 

Samples were then inspected with the naked eye and then by optical 

microscopy, Figure 56 shows the uncoated sample in part (a), compared to 

the nickel plated one in part (b). Even to the naked eye a change can be 

observed, a darkening in colour can be noticed but more importantly 

patches of uncoated areas can still be viewed. Further inspection during 

the plating process showed that this is caused by not ridding the GCM of all 

hydrogen bubbles formed upon the surface during the plating procedure; 

this can be seen in Figure 57 using the original simple setup. Thus it can be 

said that the layering did not take place evenly and results gathered in 

methane experiments will not be of a perfectly nickelised surface. This 

creates several problems such as an unknown catalytic surface area and a 

nonspecific catalytic region but more importantly a non-uniform rigid layer 

making it difficult to apply the Sauerbrey equation to with confidence. 
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 This led to the development of a nickel plating holder and bath system, 

details of which can be found in the methodology section, that could 

provide an even nickel layer. By doing this it was also possible to coat only 

a specific region of the crystal (the centre circle of the double anchor side) 

to allow the remaining metallic surface to function as standard electrodes 

without the effects caused by the additional nickel catalyst surface. This 

can be viewed in part (c) of Figure 56 where an even nickel layer can be 

seen at the centre circle. 

 Optical microscope examination confirmed these results showing a change 

in microstructure on the electrode surfaces without any visible change to 

the gallium orthophosphate. SEM and EDS was also carried out on the 

surface morphology of the GCM and these results can be viewed in the 

later sections. 

  

Figure 56: Nickel plated GCM comparison a) standard crystal before coating, b) crystal after nickel 

plating showing uneven coat, c) crystal after coating with plating holder to create even layer over 

just centre of anchor electrode 

Ni plated 

a) b) c) 

Ni plated using holder 
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Figure 57: GCM undergoing nickel electrolysis showing hydrogen formation at surface 

 

3.3.2 Ni sputtering 

Sputtering was also carried out as an alternative form of plating; samples 

were masked and then coated with a range of thicknesses by carrying out 

the same process multiple times for different crystals, a masked sample is 

shown in Figure 58. Details of the process can be found within the 

methodology on the equipment used. Five crystals were subjected to 120 

mA for 2 minutes. After this each crystal was exposed to an additional 

coating in stages of 30 seconds; therefore, nickel sputtered sample one 

was held for 2 minutes, sample 2 for 2.5 min, 3 for 3 min, 4 for 3.5 min and 

5 for 4 min. Samples examined after plating showed a surface very similar 

to that of electroplated samples in part (c) of Figure 56. The surface 

morphology of sputtered samples was also examined in the SEM and EDS 

section. 
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Figure 58: Image of nickel sputter sample in mask 

 

As for the electroplated samples, all sputtered crystals were weighed and 

the oscillating frequency measured before and after the process. For the 

sputtered samples the predicted thickness change at 120 mA is 25 nm min-

1 (Turbo-pumped chromium sputter coater; K575X). Applying the frequency 

change to the Sauerbrey equation presented values very similar to the 

predicted thickness, as seen in Table 8. 

 

Table 8: Nickel sputtered samples predicted change compared to Sauerbrey calculated change 

Sample Sputt time (min) Predicted change (nm) Δf (Hz) Calc change (nm) 

1 2.00 50.00 -723.10 49.66 
2 2.50 62.50 -897.86 61.67 
3 3.00 75.00 -1082.87 74.37 
4 3.50 87.50 -1264.26 86.83 

5 4.00 100.00 -1434.85 98.55 

 

After performing both electrodeposition and sputtering experiments the 

mass and frequency changes measured before and after plating were 

compared. This was done by plotting the changes next to the Sauerbrey 

and Z-match calculated lines. Figure 59 shows both the calculated lines 

where thickness is a product of a given frequency shift. Thickness values of 

the measured data are taken from mass balance scales, weighing the 
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crystal before and after testing. This therefore provides the error between 

the calculated Sauerbrey and Z match equations and weighed data.  

The first thing that becomes clear on viewing the graph is that the trend at 

high frequency shifts matches far more accurately with the Z-match 

method. This is expected as the complicated Z-match method has proven 

to be a more realistic representation of the mass change when monitoring 

shifts over 2% of the unloaded crystal.[90] The fact that the thickness 

measured by the scales is higher still than expected Z-match line may be 

due to the change of electrical conductivity produced by the new nickel 

layer acting as part of the electrode which is not accounted for in the 

equations. This is because the measurements at high frequency changes 

are from the early fully coated electrodeposition samples that were also 

provided with the heaviest coating. 

 Newer electrodeposited samples, as well as the sputtered samples were 

provided with a far thinner coating. This is because the higher the loading 

the less accurate the GCM becomes until failure. Note, however, at low 

mass changes the scales with an accuracy of 1 μg compared to the GCM 0.3 

ng/Hz could not provide accurate readings, often showing a zero mass 

change while a frequency shift could still be witnessed. 
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Figure 59: Film thickness determination of nickel plating 

 

3.4 Nickel GCM sensor operation 

 

3.4.1 Background testing 

Once nickel plating had been carried out it was essential to reassess the 

GCM capability to monitor deposition under temperature. Therefore the 

analysis techniques established for standard GCM were carried out for the 

developed crystals and compared. 

 

3.4.1.1 Stability testing 

Testing of the Ni-GCM was carried out on one of the highest nickel coated 

samples (13.6 μm of nickel) to show the capability of heavily coated 

crystals to operate without the data being lost in noise or distorted by drift. 
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As in the standard GCM tests, the Qpod sampled data at 10 scans per 

second over a period of 5 minutes, the results are compared in Figure 60. 

The graph clearly shows a marked increase in noise, this is due to the nickel 

loading increasing the dynamic resistance of the GCM (Rm from the 

Butterworth-van-Dyke equivalent circuit). This increased 

bandwidth/resistance leads to a lower Q factor, hence a lower quality 

crystal. Although this problem was expected, the results witnessed in 

Figure 60 are still considered to be within acceptable noise levels. The 1.6 

Hz jump making up the majority of the noise is equivalent to 0.042 μg. This 

shift can be considered as the new quantization effect of the limitation in 

resolution of the data acquisition system, thus it can be said the Ni-GCM 

noise within the rig is negligible and actual mass changed will still not be 

masked. 

 

Figure 60: Ni-GCM compared to GCM noise over 5 min with 10 scans/sec 
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3.4.1.2 Drift 

As with the original GCM, the Ni-GCM drift was monitored over a period of 

5 hours at a sampling rate of once a second. As before, a slight change in 

temperature governed the frequency trend during the five hours. Figure 61 

shows the Ni-GCM response showed a higher noise level than the standard 

crystal in Figure 40, as explained in the previous stability results this is to be 

expected. Importantly, the calculated curve remains similar in trend to that 

of the crystal. The measured change over this period was 35.10 Hz 

compared to 35.16 Hz calculated (relating to a 2x10-3 μg change), the 

maximum difference between the real and calculated data at any point is 

5.38 Hz, excluding the large anomaly single spike peak; 8.18 Hz. This 5.83 

Hz relates to a maximum mass change of 0.141 μg due to drift at any point 

during operation. The noise drift over time between the original GCM and 

Ni-GCM is best compared in Figure 62 where calculated change in 

frequency from time zero is removed from actual change in frequency from 

time zero. This allows the noise seen in the stability section to be 

monitored over longer periods, whist removing environmental 

temperature changes.  
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Figure 61: Ni-GCM drift stability over 5 hrs at room temperature, compared to predicted 

frequency-temperature 

 

Figure 62: Ni-GCM compared to GCM drift stability over 5hrs at room temperature with 

temperature effects removed 
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3.4.1.3 Temperature effect 

Temperature ramps at the standard 5 °C/min to the operating temperature 

of 600 °C on electroplated Ni-GCM showed similar characteristics to the 

standard Pt-GCM when carried out in air. As Figure 63 shows, no 

abnormalities to the original curve are present in terms of shape, 

suggesting that no additional chemical processes are occurring. The change 

in frequency from room temperature to 600 °C is similar in scale, making it 

unlikely the nickel layer was affecting the GCM performance or undergoing 

degradation during the heating process. With the Ni-GCM frequency shown 

to operate normally (as for Pt) under standard operating conditions, 

changing gas environments were next investigated. 

 

Figure 63: Comparison of Pt-GCM to Ni-GCM frequency response due to temperature ramps at 5 °C 

min
-1
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3.4.2 Gas environment 

On testing the Ni-GCM in hydrogen environments at 600 °C the same 

process that had been observed on the standard GCM took place. 

Introduction of hydrogen resulted in an increase in frequency, the key 

difference demonstrated in Figure 64 was the scale of change. The three 

zones of changes discussed in the GCM partial pressure change section still 

seem to dominate the frequency gain viewed with the addition of a final 

peak before levelling out. The first rapid step up jump is far greater than 

before at almost 20 times the scale of the standard platinum crystal. After 

this, both frequency responses follow very similar shifts as they move 

through the second and third changes with the additional peak on the Ni 

being the only major difference. 

The differences in the shape of the frequency curve suggests that the first 

initial shift and the final additional shift are primarily governed by the 

nickel layer with the middle section of response dictated by the original 

GCM response, recall that only a section of the electrode area is nickel 

plated leaving a large proportion of the platinum surface still exposed. 

Whilst a complete understanding of the cause for changes observed by 

standard GCM is difficult due to the wide range of variables, the difference 

between the curves can be concluded as a direct effect of the nickel layer. 

The most likely way that nickel can cause a frequency increase is in three 

ways, firstly and most likely is through oxide loss as NiO is present above 

the 600 °C operating temperature (NiO is lost at its melting temperature of 

1955 °C) and will undergo reduction in hydrogen environments. [130] The 

second cause is due to loss of the nickel layer itself and the third is any 

effect the nickel may have on its substrate layers, this would be considered 

another form of degradation. What can be ruled out is the effect of nickel 

on contact resistance changes as it is only coated in the centre circle and 
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kept apart from the electrical connection points situated on the anchor 

arms. 

 

Figure 64: Frequency response of Ni-GCM compared to standard GCM due to H2 introduction held 

at 600 °C in 100 cm
3
 min

-1
. 

 

At 600 °C, oxide removal by nickel surfaces from hydrogen is rapid and 

increasingly so in high pH2 content.[130] Therefore it is most likely that the 

first rapid jump in the graph is dominated by the removal of surface nickel 

oxides. Figure 65 focuses on this region of the frequency shift showing two 

Ni-GCM samples undergoing similar shifts, the first demonstrates the same 

100% hydrogen environment seen in Figure 64 and the second a lower 20% 

H2 – 80 % N2. The lower pH2 environment produces a slower reduction time 

in both initiation and gradient that would be expected for oxide loss. Note 

the difference observed in the total frequency change could be due to 

slightly different nickel masses added during the plating procedure. 
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Figure 65: Initial frequency shift of Ni-GCM from hydrogen introduction at 600 °C with 100% H2 and 

20% H2-80% N2. 

 

By assuming this first frequency shift is due to oxide removal it is possible 

to calculate the amount of oxygen removed and hence the thickness of the 

oxide layer itself. This can be seen in Table 9, where 5 different tests show 

the different amounts of thicknesses of oxide layer predicted. The 

differences between these results are a result of using a constant area. The 

area assumed in these results is the GCM centre circle; however, slight 

differences in electroplating conditions along with variances in surface 

morphology of the platinum substrate will lead to different active areas of 

nickel and hence different amounts of NiO to be reduced. While it would 

be possible to get a much more accurate value of active surface area using 

cyclic voltammetry of each sample tested, these calculations were merely 

used to see if these frequency responses showed a reasonable nickel oxide 

layer. Although the thickness calculated is relatively small compared to the 

average nickel layer surface at less than 1% change, the depth of nickel 

oxide on the surface of a nickel structure tends to be much smaller 
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according to data found in literature.[131] However, the globular surface 

witnessed from SEM images seen in the relevant later section suggests the 

actual surface area may be significantly higher than the generic surface 

area which would then lead to a much smaller thickness. 

 

Table 9: Calculated thickness of NiO available for reduction during initial shift from hydrogen 

introduction at 600 °C. 

 
Test 1 Test 2 Test 3 Test 4 Test 5 Units 

Mass loss 25.62 31.32 33.92 52.39 55.72 Μg 
Amount of O2 8.01E-04 9.79E-04 1.06E-03 1.64E-03 1.74E-03 Mmol 

Amount of NiO 4.00E-04 4.89E-04 5.30E-04 8.19E-04 8.71E-04 Mmol 
Molar mass NiO 74.71 74.71 74.71 74.71 74.71 g/mol 

Mass of NiO 29.91 36.56 39.59 61.16 65.04 Mg 
Density of NiO 6.72 6.72 6.72 6.72 6.72 g/cm3 
Volume of NiO 4.45E-06 5.44E-06 5.89E-06 9.10E-06 9.68E-06 cm3 

Area available 0.28 0.28 0.28 0.28 0.28 cm2 

Thickness 157.43 192.40 208.39 321.87 342.33 Nm 

 

Using the same principle to the standard GCM and only taking the mass 

change of the initial shift the thickness of platinum oxide is as shown in 

Table 10. This is a much more reasonable shift at a maximum of 3% of the 

overall thickness but more importantly only a few nanometres in depth, 

similar to that found in literature.[132] A similar depth for the titanium 

oxide can also be calculated and hence could instead be responsible for the 

small scale frequency shift. 
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Table 10: Calculated thickness of PtO2 available for reduction during initial shift from hydrogen 

introduction at 600 °C. 

 
Test 1 Test 2 Test 3 Test 4 Test 5 Units 

Mass loss 1.13 1.26 1.53 1.71 2.09 Μg 
Amount of O2 3.52E-05 3.95E-05 4.77E-05 5.34E-05 6.53E-05 Mmol 

Amount of PtO2 3.52E-05 3.95E-05 4.77E-05 5.34E-05 6.53E-05 Mmol 
Molar mass PtO2 227.08 227.08 227.08 227.08 227.08 g/mol 

Mass of PtO2 7.98 8.96 10.84 12.12 14.83 Mg 
Density of PtO2 11.80 11.80 11.80 11.80 11.80 g/cm3 
Volume of PtO2 6.77E-07 7.59E-07 9.18E-07 1.03E-06 1.26E-06 cm3 

Area available 2.01 2.01 2.01 2.01 2.01 cm2 

Thickness 3.37 3.78 4.58 5.12 6.26 Nm 

  

While oxide reduction can explain the initial shift, the additional trend 

curve at around 75 minutes, shown in Figure 64 is still left unaccounted for. 

Though as stated before, if not oxide reduction this is most likely a form of 

degradation.  Information on degradation signs of nickel from these 

reduction experiments can be found in the SEM/EDS section 2.7 where 

topography analysis shows the state of the surface post experiment. As the 

Ni-GCM reaches a similar reduction state to the standard GCM after 60 

minutes and it is only past this point the degradation appears to take place, 

it is considered that Ni-GCM reduction be kept as brief as possible but 

certainly not be reduced for longer than this point. Fortunately SOFC 

reduction is often only carried out for this amount of time and hence in 

combined Ni-GCM and SOFC testing reduction before methane testing will 

be kept to 60 minutes until more is understood about GCM operation in 

harsh pH2 environments. 

While there are a lot of questions raised by hydrogen environment testing 

and a great deal of further research required into the effects that these 

environments have on both the GCM and the new nickel layer it was 
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important to not lose sight of the overall project and move onto the more 

important effects caused by hydrocarbon gases. It is recommended that 

further investigation be carried out using crystal impedance analysis into 

these effects in the future. 

 

3.4.3 Exposure of nickeled-GCM to methane 

Ni-GCM samples for hydrocarbon testing were carried out using the same 

method as standard GCM experiment in the previous chapter. Samples 

were heated to 600 °C, reduced in hydrogen for 1 hour, held in nitrogen to 

stabilize and then introduced to methane. Figure 66 shows a typical 

response for the nickel sputtered samples compared to the original 

platinum electrode GCM. As before the expected effect would be a 

decrease in frequency relating to an increase in mass caused by the 

deposition of carbon upon the nickel catalyst surface. Unfortunately as 

Figure 66 shows, the nickel sputtered samples fared no better than the Pt 

coated crystals showing even worse trends of mass loss instead of the 

expected gain. The sputtering results would suggest that not only is carbon 

deposition not taking place but additional degradation of the nickel layer is 

leading to a further mass loss when compared to standard GCM. This 

agrees with data gathered by SEM / EDS results and demonstrated in 

Section 2.7. Studies such as that by Annika Utz et al. have shown that thin 

films of nickel sputtered samples (under 200 μm) can undergo degradation 

from exposure to high temperatures similar to IT-SOFC conditions.[94] 

Degradation rates were particularly dependent on thickness, temperature 

and water content. To prevent hysteresis of the response under 

temperature activity, the samples were raised slowly in temperature 

therefore hopefully minimizing degradation from grain growth during 
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ramping. No steam content was added to the system so that in the absence 

of steam carbon formation would be promoted. Therefore, degradation 

from unwanted reactions with the water to form species such as NiOH, 

Ni(OH)2, NiH, Ni(CO)4 was eliminated.[94] However, this problem must be 

addressed when applying the Ni-GCMs to future experiments in more 

realistic anode conditions. For now, this leaves the nickel’s thickness as the 

most restrictive variable with the thinner sputtered samples showing 

complete loss of nickel.[94] 

 

Figure 66: Frequency response of nickel sputtered GCM sample compared to standard GCM when 

introduced to CH4. 

 

Further confirmation of degradation was found when the platinum mesh 

electrode connection to the GCM surface was visually inspected. The 

original mesh designs did not have the centre area removed where the 

nickel catalyst was present. Figure 67 clearly shows a colour change at the 

centre where the nickel was present. Note that the arm sections of the 

anchor design electrode are not present, thus the platinum electrode 

surface has not been affected. This demonstrates the sputtered nickel 

degradation and its migration to the platinum mesh surface. It was this 
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problem that drew attention to the need for the centres of Pt meshes to be 

removed, hence preventing migration effects of Ni and unnecessary 

complications to the frequency. It should be noted that sputtered samples 

continued to show degradation problems after the centre mesh removal. It 

should also be noted that electroplated samples did not show signs of 

nickel migration to the old mesh design. 

 

Figure 67: Photograph of used Pt mesh design with the presence of Ni migration issues. 

 

The electroplated samples showed a much more promising result when 

tested under the same conditions. The downward trend in frequency 

represents a mass gain that would be expected from coking. Also shown is 

the expected curved shape caused by induction periods, major deposition 

region and a slowing trend as deposition consumes the available surface 

(discussed in detail in Section 3.6 Nickel GCM and SOFC). 

The nature of the carbon deposition trend witnessed in the electroplated 

sample is further discussed in the SOFC & GCM section where responses 

are compared to those of the SOFC. Note that the signal noise from earlier 

in the section, 0.042 μg, relative to that from carbon deposition, 

approximately 11 μg, makes up 0.38% and can hence be considered 

negligible. 

Standard Pt mesh 

Ni affected region 
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Figure 68: Frequency response of nickel electroplated GCM sample compared to standard GCM 

when introduced to CH4. 

 

While the success of the electroplated samples over those sputtered has 

led to their application to the remaining tests in this work, it should be 

noted that this is most likely caused by the nickel layer being too thin to 

withstand the harsh environments rather than the technique used. 

  

3.5 Solid Oxide Fuel Cell Electrochemical Characteristics 

An introduction into electrochemical characteristics using EIS techniques 

can be found in Section 1.7 of the literature review. 

3.5.1 Eliminating bulk resistance 

By measuring the potential of the rig setup without the cell in place it is 

possible to remove the bulk resistance caused by wires. When taken into 

account it is therefore possible to provide an Rs value related solely to the 

electrolyte resistance. The Rs values should have 2.5 ohms subtracted to 

reveal the true value with no effect of the bulk resistance caused by wires. 
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3.5.2 Interpreting impedance results 

As stated before, impedance scans can provide insight into the resistance 

changes to the individual electrolyte and anode components of a 

symmetrical cell, when examined over time it is then possible to compare 

these resistance changes to carbon deposition as it occurs. This will help 

provide real-time data to that gathered by the Ni-GCM. The following 

section is an insight into the procedure required in applying impedance 

data to provide resistance changes over time, Figure 69 shows these steps. 

Part (a) is the typical scan of one of the symmetrical cells produced and 

tested in the projects system and holder, described in the methodology. 

Impedance measurements were performed in potentiostatic mode using 

sinusoidal signal amplitude of 10 mVrms over the frequency range of 10 kHz 

to 10 mHz, divided into 61 points. These frequency points are then shown 

on the Nyquist plot in terms of the real and imaginary parts of the 

impedance. Data points at log decade increments have been highlighted to 

show how the scan moves from high frequency to low in the single arc 

shape. 

Part (b) shows the fitting of the equivalent circuit to the impedance scan 

using the non-linear least squares fit performed with the Iviumsoft 

software. Components discussed in Section 1.7.1.1 were applied as a 

resister (Rs) in series with a resistor (Rct) and constant phase element (CPE) 

in parallel. Assuming these to be the ohmic resistance of the electrolyte 

and the anode’s charge transfer components (Rct, CPE) the resistance of 

the individual SOFC components can be inferred. Note that these 

components are confirmed correct in the partial pressure and temperature 

dependency section (3.5.3) by examining changes caused by varying the 

environment. By multiplying the resistance by the SOFC area (Ø 2.00 cm) 
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the resistance of the entire component is revealed, Figure 69 part (b) is 

represented in Ωcm2 rather than Ω. This allows the experiments to be 

better compared to other research. The resistances of both electrolyte and 

anode witnessed in these tests are very high and hence considered poor in 

comparison to other research. This is a result of the optimised 

manufacturing facilities of cells; however, high quality cells are not 

considered essential providing carbon deposition data can still be acquired 

during testing. 

Part (c) demonstrates how the resistance of each component changes over 

time, due to normal degradation. The resistance values calculated from the 

equivalent circuit model of each scan can then be plotted in terms of time 

as shown in part (d). 

Part (d) shows the resistance change over time of both the electrolyte (Rs) 

and anodes (Rct). Scans are taken every 15 mins and illustrate the effect of 

degradation during the first five hours of cell operation. The values taken 

from the arcs witnessed in part (c) are highlighted to indicate the transition 

from one graph to the next. As symmetrical cells are used the Rct value can 

be halved to provide the resistance of a single electrode as seen in the 

graph. Most EIS results presented in this work are time dependent and 

hence demonstrated in Figure 69 part d.  
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Figure 69: Steps used in gathering impedance data of symmetrical Ni-CGO anode on YSZ pellet at 

600 °C, a) Nyquist plot, b) equivalent circuit, c) batch data with fitting, d) resistance change over 

time 
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3.5.3 Partial pressure and temperature dependency 

Although temperature is maintained at a steady 600 °C and composition of 

flow rates are kept constant (100 sccm, unless stated otherwise) during 

standard testing, it was important to understand how variables such as 

these affect the different equivalent circuit elements. This will help show 

what governs the scan as well as to confirm if any additional arcs are 

‘hidden’ within the overall response that would otherwise be impossible to 

identify in steady state conditions. For example by reducing hydrogen 

content a mass transport arc hidden within a charge transfer arc will 

become more dominant and obvious to spot. This would be viewed as a 

separation or growth of what may first appear to be a single curve into two 

curved regions. Figure 70 shows the effects of these environmental 

changes. For these tests symmetrical cells were raised in temperature to 

600 °C and then purged with nitrogen for one hour at 100 cm3 min-1. 

Hydrogen was then introduced to the nitrogen stream at 10% of the 

constantly held 100 cm3 min-1. Impedance scans were then taken every 15 

minutes, with the scans themselves taking 10 minutes followed by a hold 

time of 5 minutes before starting the next scan. The first test focused on 

the effect of hydrogen, raising the H2 rate in stages from 10 to 30, 50, 70 

and 95 cm3 min-1 over a period of 4 hours. After allowing the cell to 

stabilise, the second part of the test was done by first raising the 

temperature to 630 °C and then 640 °C, followed by reducing to 560 °C, 

550 °C and 540 °C and finally raising back to 600 °C. 

The high frequency intercept resistance associated with the electrolyte 

increased with the increasing hydrogen composition showing flatter 

regions between periods with no hydrogen increment. This shows that the 

cell’s ohmic response, driven by the ionic transfer of the YSZ electrolyte, 

has a slight dependence on the hydrogen content of the fuel stream. 



139 

 

Between 4-5 hours there is an anomaly that cannot be explained, where 

the Rs drops dramatically and then recovers again. This problem also 

causes a spike in the anode response and so it is difficult to confirm cause 

of the feature. 

 It was expected that the electrolyte’s response to temperature would be 

more dominant than the dependence on H2 composition, based on 

published work. [126] A possible cause of this unmatched trend is due to 

degradation of the cell during the course of the experiment, best seen by 

examining the resistance response from 10 hours onwards. During this 

period the resistance continues to rise while the environment is held 

steady. The effect of degradation on impedance analysis is further 

discussed in the next section. While the Rs electrolyte does not completely 

exhibit the expected response, the problems caused can be considered 

minor as the Rs component can be considered the simple EIS component of 

ohmic resistance, not reflecting the charge transfer and mass transport 

relationship. More importantly, the focus of this study is the anode and the 

effect of carbon deposition upon it; therefore, it is the anode components 

that are most important in terms of EIS response. 

The anode response during the Figure 70 test is as expected. The low 

frequency intercept showed no change with respect to hydrogen content 

but did show a direct link to operating temperature. As stated in the 

literature, mass transport limitations are governed by hydrogen 

concentration, whereas charge transfer losses are affected by 

temperature. Thus confirming that the arc witnessed is charge transfer 

related and not governed by mass transport even in low hydrogen flow 

rates (10 sccm H2/80 sccm N2). 
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Figure 70: Symmetrical SOFC pellet cell dependency to temperature and pH2
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3.5.4 Degradation 

By understanding the effects of temperature and partial pressure it is 

possible to determine that the high frequency intercept is associated with 

the series resistance of the system, hence with changes governed by the 

electrolyte. This also showed that low frequency response was governed by 

the charge transfer resistance associated with the anode. Therefore, 

changes in these resistances could now be confidently attributed to the 

correct fuel cell component. 

All samples showed signs of degradation during testing in standard 

operating conditions (100% hydrogen). This is to be expected as all SOFCs 

show signs of degradation during prolonged testing. These cells were 

produced using basic methods to create a simplistic pellet SOFC response 

that could be used for comparison rather than high-quality performance / 

endurance so showed relatively high levels of degradation. Large amounts 

of research have been carried out into the degradation of SOFCs.[133, 134] 

Degradation at the anode is often caused by a reduction in porosity and 

TPB conduction paths as a result of nickel agglomeration. Another cause of 

degradation is the presence of impurities particularly in the nickel oxide, 

Liu et al. showed high levels of degradation can be caused by impurities, 

especially when present at the electrode / electrolyte interface.[135] The 

cycling of nickel oxidation/reduction can often be another cause of 

degradation via volume instability but can be ruled out for these 

experiments as conditions were kept constant in non-humidified fuel 

streams; thereby not causing the nickel cermet to undergo redox 

process.[136] The CGO material used will also govern degradation response 

because grain size will affect the rate of nickel agglomeration, with coarse 

CGO adhering better to nickel and reducing degradation rates. The 
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electrolyte substrate is not expected to show the same rates of 

degradation since it has been manufactured to a higher quality. Also the 

electrolyte is less complex in nature compared to the TPB, and it is held at 

a steady temperature removing thermal expansion linked 

degradation.[137] 

The degradation observed caused by un-optimised manufacture makes it 

difficult to predict the degradation rate of each individual pellet cell. 

However, it is possible to understand the expected trend produced from 

the electrolyte and electrodes. Figure 71 shows the initial change in 

resistance for both the electrolyte and anode due to degradation for four 

separate cells. Although similar in trend the Rs has a large difference in 

gradient, from 0.08 Ω cm2 min-1 to 0.24 Ω cm2 min-1. This makes it difficult 

to predicted the rate of degradation between cells, therefore it is essential 

to hold each cell in a stable hydrogen environment long enough to 

calculate its degradation rate before switching to the hydrocarbon 

environment. The same problem can be said for Rct values, with a range of 

0.01 Ω cm2 min-1 to 0.06 Ω cm2 min-1. 

Figure 72 shows the degradation of a single cell over a much longer period 

of 60 hours. The cell was kept at a constant 600 °C and 100 % hydrogen at 

100 cm3 min-1. EIS was taken once every 5 hours. The graph highlights how 

degradation is dominated by the electrolyte ohmic resistance. Long term 

testing of the cell also showed the Rs value to level off with time whereas 

the Rct remained reasonably constant, but as before at a far smaller 

gradient (4 × 10-3 Ω cm2 min-1). This is beneficial to gathering carbon 

deposition results as not only should anode resistance change remain 

constant from degradation, the constant gradient makes it is easy to 

compensate for. Providing the Rct degradation is calculated from the first 
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few hours of standard operation in hydrogen it can be removed from the 

resistance changes caused by carbon deposition.  

 

Figure 71: Impedance analysis of resistance change from degradation of symmetrical SOFC pellet. 

Scan taken every 15 mins, symmetrical Ni-CGO anode on YSZ pellet at 100 cm
3
 min

-1
 and held at 

600 °C 

 

 

Figure 72: Impedance analysis of long term degradation of symmetrical SOFC pellet. Scan taken 

every 5 hours, symmetrical Ni-CGO anode on YSZ pellet at 100 cm
3
 min

-1
 and held at 600 °C 
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3.5.5  Performance of SOFC symmetrical cell in methane fuel 

As with the GCM, once background operation was fully understood and 

anticipated it was possible to begin experimentation in the coking 

environments. Just as with the GCM, methane was introduced after the 

GCM had been reduced in a hydrogen environment. For the first 

experiment a scan was taken just before the introduction of CH4 and then 

again 40 minutes later, after its introduction. This is because purging of the 

2737 cm3 volume system occurs over a period of 40 minutes. The result 

showed relatively little change to the high frequency Rs value (0.72 Ω cm2) 

but a large jump to the anodic Rct value (17.30 Ω cm2). After comparing to 

the cell’s degradation rates, (Rs: 0.08 Ω cm2 min-1 and Rct: 0.06 Ω cm2 min-1) 

the Rs value slowed in degradation showing -2.48 Ω cm2 to the expected 

change. It is likely for CH4 to show slower degradation due to its less 

reactive nature. The Rct is much larger for CH4 than H2, showing a 14.90 Ω 

cm2 jump with degradation compensated for. This is due to methane being 

less reactive in heterogeneous oxidation and reduction with the charge 

transfer being much more complex, hence causing a slower step and a 

larger Rct value. This effectively causes an initial jump when switching from 

H2 to CH4.[10, 138] 
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Figure 73: Impedance analysis of resistance jump of symmetrical SOFC pellet when switching from 

H2 to CH4. Scan taken after 40 min of CH4 operation. Symmetrical Ni-CGO anode on YSZ pellet used 

at 100 cm
3
 min

-1
 and held at 600 °C 

 

The prolonged testing in methane can be witnessed in Figure 74, where 

methane is introduced into the hydrogen environment at 600 °C and 100 

cm3 min-1 and impedance scans are taken every 15 min. The figure shows 

the Rs to initially hold a very stable level until it begins to increasing 

exponential as the Rct begins its increase. The more important anode Rct 

value goes through several stages of transition. The first is the accelerated 

resistance change associated with the jump when switching between 

hydrogen and methane as stated before for the 30-40 minutes. The curve 

then follows a resistance trend between this point and hour 2, similar to 

that of the natural degradation of the anode. Between 2 and 6 hours there 

is an increase in resistance that would be expected with the deposition of 

carbon occurring. During this period Rs begins its increase, this may be due 

to the contact resistance that makes up the bulk resistance between the 

anode and platinum mesh current collectors. After 6 hours the Rct begins 

levelling off suggesting the nickel catalyst is fully coked. Around this point 

the Rs undergoes its rapid increase after which it stops providing standard 

EIS results. 
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Note the expected change in resistance of both the Rs and Rct due to 

degradation are plotted in the same figure. The degradation results being 

an extension of the EIS results gathered from the same SOFC symmetrical 

cell during its standard hydrogen operation. These help show the 

difference in trend caused by methane operation compared to just 

degradation. The perforated lines show the resistance trend with the 

degradation removed. This helps to emphasise the small effect degradation 

has on the trends caused by carbon deposition. The Rs perforated line 

shows an initial negative trend, this is because, as discussed earlier, the 

electrolyte shows slower degradation effects in CH4. 

The EIS results shown during methane operation are further discussed in 

the Section 3.6 where there are compared to the nature of carbon 

deposition and to the Ni-GCM operation in simultaneous mode (SOFC and 

GCM). 

 

Figure 74: Impedance analysis of SOFC pellet in CH4. Scan taken every 15 min , symmetrical Ni-CGO 

anode on YSZ pellet at 100 cm
3
 min

-1
 and held at 600 °C 
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3.6 Nickel GCM and SOFC combined operation 

In order to relate the results gathered using the Ni-GCM to fuel cell coking, 

a symmetrical pellet SOFC was operated simultaneously, experiencing the 

same gas / temperature environments. The SOFC was subjected to EIS 

measurements every 15 minutes whilst the GCM frequency was measured 

every 10 seconds continuously. The systems were operated at 600 oC, 

temperature changes of ±10 oC caused by altering gas between N2, H2 and 

CH4 lead to a frequency change of ±7 Hz, which corresponds to a mass 

change of ±0.03 µg and so this mass change was considered negligible. 

Figure 75 shows five examples of measured EIS results (Nyquist plots). The 

graph shows a typical electrode / electrolyte response associated with 

symmetrical SOFCs composed of a single depressed semicircle, in accord 

with the equivalent circuit shown in the SOFC section.[126] The location at 

which the high frequency impedance intercepts the real impedance axis 

provides the series resistance, Rs (Z’HF). This is associated with the 

combined Ohmic resistance associated with the electrolyte, electrodes, 

contact resistance between electrode and current collector and the 

uncompensated lead resistance. Since these measurements were 

performed at constant temperature, the resistance of the electrolyte is not 

expected to change, nor is the uncompensated lead resistance. Therefore, 

any change in this parameter can be reasonably associated with the 

resistance of the anodes and electrode / current collector interface. 
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Figure 75: Fitted EIS scans of the symmetrical pellet cell at 600 °C in 100 cm
3
 min

-1
 CH4 evolving 

with time (1 hour between scans) 

 

The low frequency intercept with the real axis (Z’LF) represents the 

combination of series and charge transfer resistance, Rs+Rct. In Figure 75, 

the ‘4 hour’ plot has been labelled to illustrate these intersections. As 

operation is carried out on a symmetrical cell, Rct represents a combination 

of both Ni-CGO anodes and must therefore be halved to give a true reading 

for a single anode. All Rct values that follow are given for a single electrode. 

By plotting both the Rs and Rct values over time it is possible to see the 

increase in resistance of the electrodes caused by carbon deposition. 

 

The resistance change over time during operation in a methane 

environment is shown in Figure 76 with the frequency response of the Ni-

GCM operating simultaneously. The GCM demonstrates a decrease in 

frequency (gain in mass) associated with exposure to dry methane that 

correlates with the change in charge transfer resistance, Rct. 
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Figure 76: Comparison of GCM frequency (left axis) and resistances of symmetrical pellet SOFC 

(right axis) at 600 °C when introduced to 100 cm
3
 min

-1
 CH4, GCM scanned continually and EIS of 

SOFC at 15 minute intervals 

 

The EIS and GCM profile can be notionally segmented into three regions: (i) 

purge and induction, (ii) deposition, and (iii) bulk deposition. During the 

first region of 0 to 2 hours there is an initial small increase in Rct whilst Rs 

remains relatively level, this is associated with switching hydrogen feed to 

methane.[10, 68, 138] The Rct is increased due to the more sluggish CH4 

decomposition / oxidation compared to hydrogen. There will also be a 

lower partial pressure of hydrogen in the reactor.  With a flow rate of 100 
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cm3 min-1, purging of the 2737 cm3 system is associated with the initial 

increase in Rct that occurs over a period of 40 mins. 

From a thermodynamic perspective, carbon deposition becomes more 

likely as the fraction of methane increases. For the Boudouard reaction, it 

has been reported that a certain excess of CH4 is required to initiate the 

reaction.[41] During region (i) the limited increase in Rct and the slight 

frequency decrease of the GCM implies that there is no sign of significant 

carbon deposition. Reports have described an induction period prior to 

multilayer carbon deposition for various carbonaceous gas environments 

onto nickel.[40-43]  In previous studies using thermogravametric analysis 

(TGA), it has been proposed that during the induction period carbon is 

‘dissolved’ into the metal before it can begin to grow from the surface at 

facets and step sites.[38, 44-46] Gardener et al. reported a similar transient 

to that in Figure 76 from a CO containing gas mixture onto Ni.[139] 

 

Measured in pure, dry hydrogen prior to the introduction of the methane, 

the symmetrical cell has an inherent Rct degradation rate of 0.02  cm2 

min-1 or 1.13  cm2 hr-1, this is higher than previous studies using the same 

anode material [126]; however, degradation has been shown to be higher 

in dry than ‘wet’ hydrogen.[37] The inherent degradation can be attributed 

to sintering of the cermet microstructure with loss of three phase 

boundary reaction sites. The series resistance, Rs, shows no discernible 

change during operation on pure hydrogen, which suggests the interface 

(contact resistance) between the Pt current collector and the electrodes is 

stable in this experiment. 
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When assuming a linear fit for Figure 76 from 40 min to 2 hours an Rct 

degradation rate of 6.48  cm2 hr-1 is observed.  This is higher than the 

pure hydrogen degradation rate and associated with the effect on the 

anode due to ‘induction period’ processes. During this period there is no 

significant change in either the Rs or GCM response. 

The second region, (ii), occurs between 2 to 6 hours and shows the period 

in which carbon deposition occurs. This is referred to in the literature for 

carbon deposition onto Ni catalysts as the steady state phase.[42] 

Linearising this period gives an Rct increase of 49.48  cm2 hr-1 per anode. 

There is an increase in Rs during this period at a rate of 12.19  cm2 hr-1, 

which is assumed to be due to a decrease in contact resistance between 

the electrode and current collector due to carbon deposition or change in 

the DC conductivity of the electrode. The GCM during this period 

demonstrates a frequency shift of 2990 Hz; which, using the Sauerbrey 

equation, relates to a 2.39 µg hr-1 mass change, assuming a linear increase.  

Region (iii) is associated with a rapid increase in Rs and at 7.32 hours the 

SOFC fails. This suggests that carbon deposition either leads to detachment 

/ blockage of the current collector from the electrode or delamination of 

the anode material away from the electrolyte, the prelude to each of these 

catastrophic failures is likely to be associated with a rapid increase in series 

resistance as observed.  

The Sauerbrey equation offers a quantitative relationship between a GCM’s 

frequency shift and mass deposition. While this equation is known to be 

accurate for mass measurements of many systems (the Ni 

electrodeposition used to coat the Pt electrodes in this study, for example), 

it is subject to a number of constraints.  These are primarily that the 

deposition layer must be homogeneous and rigid. The nature of carbon 
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deposition onto the GCM electrodeposited Ni layer means that the 

Sauerbrey equation is subject to debate and therefore any mass changes 

implied cannot be quantitatively relied upon until further evidence is 

gathered. Analysis into the accuracy of the predicted mass change is a must 

for further research in developing this system.  However, for now the 

qualitative relative change and transition dynamics are reliable and 

considered valuable diagnostics. Figure 76 (inset) shows the correlation of 

Rct with the GCM response in terms of both frequency and calculated mass 

change. The two show excellent correlation, with a linear gradient of -

13.78 Hz -1 cm-2 during the 7.32 hours of methane operation. 

If we assume for now that the Ni-GCM conversion to mass is correct, 

during the 7.32 hour experiment the calculated GCM mass change (using 

the Sauerbrey equation) is 10.41 µg. This can then be compared to a 

measured mass change experienced by the SOFC of 478 µg hr-1 which was 

weighed ex-situ pre and post-test taking into account mass change from 

oxide loss during the hydrogen reduction test. Using the SOFC measured 

weight, a mass resistance relationship of 0.06  cm2 µg-1 results (when the 

anode natural degradation of 1.13  cm2 hr-1 is removed) giving the 

resistance increase caused by carbon deposition. This mass relationship 

between the SOFC and Ni-GCM can be seen in Figure 77 where the Ni-GCM 

frequency is converted to mass and then scaled alongside the SOFC mass 

change. This takes the Sauerbrey equation assumption one stage further, 

saying that as Ni-GCM frequency response follows the same trend as 

resistance change the deposition on the SOFC according to the measured 

478 µg hr-1 occurs to the same rate as the GCM change. However, there is a 

great deal more research required before these assumptions can be 

confirmed. 
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Figure 77: Comparison of GCM and SOFC assumed mass gain (left axis) and resistances of 

symmetrical pellet SOFC (right axis) at 600 °C when introduced to 100 cm
3
 min

-1
 CH4 

 

3.7 Topography and chemical analysis 

SEM was used along with EDS to provide topography and chemical 

information on both the tested crystals and fuel cells used as post-test 

examination throughout the project. 

 

3.7.1 Platinum electrode analysis 

Standard GCMs were first examined to provide a comparable surface for 

post-test examination; Figure 78 shows a region of the platinum electrode 

surface created during manufacture. Examination showed a uniform 

surface with no visible damage and relatively smooth surface. This is ideal 

for electrode and expected to conform well to the Sauerbrey equation. EDS 

scans of the area are shown in Figure 79 imply a completely platinum 

surface throughout the electrode (most likely PtO2 at the surface). The 



154 

 

gallium phosphate surface was not investigated with SEM / EDS as it is a 

nonconductive surface and not the principal concern with regards to 

carbon deposition. Note that SEM/EDS requires an electrically conductive 

surface to work, this can be overcome by gold coating the sample but again 

as the crystal material was not the surface under investigation this was not 

done. 

 

Figure 78: SEM image of GCM’s platinum electrode surface 

 

Figure 79: EDS scan of standard platinum electrode surface 

Element Weight% Atomic% 
Pt M 100.00 100.00 
Totals 100.00  
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3.7.2 Nickel electroplated electrode analysis 

After carrying out nickel plating for the first time, crystals were inspected 

to ensure full deposition had occurred. Figure 80 demonstrates the 

complete and uniform covering of nickel over the platinum surface. The 

surface geometry of the electroplated sample can be viewed as more 

globular in nature than the plate like platinum; this is due to the way the 

nickel forms on the platinum electrode during the plating process. Though 

there is a difference in surface morphology it remains relatively smooth. 

While this allows accurate readings of mass change according to the 

assumptions used when using the Sauerbrey equation, it is far removed 

from the nickel surface environments in the SOFC anode as previously 

discussed. However, this serves as a model surface and crude mimetic of 

the SOFC anode. As with the platinum surface, EDS scans over the image 

area show a complete nickel layer (Figure 81). 

 

Figure 80: SEM image of nickel electroplated electrode surface 
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Figure 81: EDS scan of nickel electropl
1
ated electrode surface 

Analysis of nickel electroplated samples after testing, in 100 cm3 min-1 H2 at 

600 °C for 5 hours, showed some degradation to the surface. The SEM 

images show that although the globular nature of the nickel surface still 

remains the plate like surface viewed in standard platinum samples has 

become more dominant. EDS scans show that some nickel degradation has 

occurred with platinum making up part of the new scan. This confirms with 

the earlier GCM tests that prolonged exposure to hydrogen environments 

at high temperatures has detrimental effect to the coating layer. As stated 

before, this leads to shorter reduction times. The process of nickel removal 

during testing will require further study with the goal to provide a catalytic 

layer for carbon formation with long lifespans as desired by SOFC 

operation. 

                                                      
1
  

Element Weight% Atomic% 
Ni K 100.00 100.00 
Totals 100.00  
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Figure 82: SEM image of nickel electroplated electrode surface after testing in 100 cm
3
 min

-1
 H2 for 

5 hours 

 
 

Figure 83: EDS scan of GCM’s developed, nickel electroplated electrode surface after testing 100 

cm
3
 min

-1
 H2 for 5 hours 

 

A backscattered image of an electroplated sample, Figure 84, shows 

platinum as the lighter shaded region and nickel as the darker. The image is 

used to demonstrate the success of the plating process. It allows for an 

Element Weight% Atomic% 
 

Ni K 62.20 84.54 
 

Pt M 37.80 15.46 
 

Totals 100.00 
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even nickel coating over the centre of the double anchor design electrode 

whilst leaving the arms unaffected. 

 

Figure 84: SEM backscatter image of the GCMs showing nickel electroplated electrode surface at 

the edge of the platting region 

 

3.7.3 Nickel sputtered electrode analysis 

Nickel sputtered samples showed a much more sparse nickel layer than 

that witnessed from the electrode plated samples. SEM in Figure 85 

showed surface morphology of the sputtered samples remained similar to 

the original platinum plate like structure seen in Figure 78. In comparison, 

electroplated samples demonstrated a globular surface geometry. This is 

most likely due to the sputtering samples having a thinner layer allowing 

the EDS scans, shown in Figure 86, to penetrate through the nickel coating 

and pick up the platinum substrate. EDS mapping of the area, 

demonstrated in Figure 87, did show regions with higher platinum content 

suggesting a non-uniform coating. The low levels of nickel present along 

with the different surface morphology would suggest why the nickel 

sputtered samples were unsuccessful in allowing carbon deposition. If 
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nickel sputtered samples were to be further investigated a thicker nickel 

layer would be needed. 

  

 

Figure 85: SEM image of nickel sputtered electrode surface 

 

Figure 86: EDS scan of nickel sputtered electrode surface 

 

Element Weight% Atomic% 
 

Ni K 20.44 46.05 
 

Pt M 79.56 53.95 
 

Totals 100.00 
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Figure 87: EDS mapping of nickel sputtered electrode surface 

 

The sputtered samples showed further problems when examined after 

operated in 100 cm3 min-1 H2 at 600 °C for 5 hours. Much higher levels of 

degradation were observed when compared to electroplated samples. SEM 

images showed needle-like crystal structures had formed at the surface 

(Figure 88). EDS scans in Figure 89 showed that virtually all nickel had been 

removed from the surface as well as further substrate layers such as the 

titanium bonding layer and gallium phosphate crystal were now present. 

The large removal of nickel from the surface agrees with the mass loss 

witnessed from the frequency response in Section 3.4.3 (Figure 66). The 

presence of titanium and gallium phosphate would suggest that the 

process of losing the nickel layer has a detrimental effect on the platinum 

underlayer, causing a breakdown in the platinum electrode surface. 

= Platinum  = Nickel 
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Figure 88: SEM image of nickel sputtered electrode surface after testing in 100 cm
3
 min

-1
 H2 for 5 

hours 

 

Figure 89: EDS scan of GCM with nickel sputtered electrode surface after testing in 100 cm
3
 min

-1
 

H2 for 5 hours 

 

3.7.4 Cross-sections, anomalies and degradation 

Additional analysis using SEM and EDS was carried out on the GCM samples 

by snapping them in half and examining the cross section. This allowed for 

the interface of each layer to be examined. Figure 90 shows a standard 

Element Weight% Atomic% 
 

Ti K 1.11 3.90 
 

Ni K 1.02 2.91 
 

Ga L 5.81 13.98 
 

Pt M 92.06 79.21 
 

Totals 100.00 
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GCM crystal at which the gallium phosphate meets the titanium bonding 

layer followed by the platinum surface. The image shows small spherical 

objects at the crystal / titanium bonding layer. EDS scans, shown in Figure 

90, have shown these to contain calcium, this can be better highlighted in 

Figure 91 showing EDS mapping of the area. As samples were broken (not 

cut) and immediately scanned, it is unlikely that the calcium observed is as 

a result of contamination. Piezocryst have said they are unaware of this 

occurrence but it may be a result of one of the cleaning steps. It should 

also be noted that electrode coatings were measured to be much thicker 

than described by Piezocryst. 

 

Figure 90: SEM image of GCM cross section at electrode, showing calcium anomalies at GaPO4/Ti 

boundary layer (values next to circles are of its diameter). 

Calcium EDS 

scan 
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Figure 91: EDS scan of calcium anomaly at GaPO4 / Ti boundary layer of the GCM electrode cross 

section. 

  
 

Figure 92: EDS map of calcium anomaly at GaPO4 / Ti boundary layer of the GCM electrode cross 

section. SEM image shown on left and EDS scan overlaid on right where; Red = Pt, Blue = Ga, Green 

= Ca 

 Figure 93 shows a full cross-section of a nickel coated GCM that had 

previously undergone hydrogen environment testing. The large thickness 

of the added nickel layer to the platinum is easily visible. The figure shows 

the original back-scatter image along with several problems for the coating. 

The first is delamination, where large regions of the titanium bonding layer 

have come away from the crystal. With time this would lead to complete 

failure of the crystal. Images taken of nickel coated samples before testing 

showed no sign of delamination. EDS scans struggled to show a separate 

titanium region making it likely the bonding layer had dispersed during 

Element Weight% Atomic% 

O K 45.39 75.18 

Ca K 27.92 18.46 

Ti K 1.16 0.64 

Ga L 9.20 3.50 

Pt M 16.34 2.22 

Totals 100.00 
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testing. This greater emphasizes the need for future crystals to use 

alternative bonding layers such as tantalum and zirconium as proposed by 

T. Aubert et al. [91] In the paper it is explained that titanium forms stable 

oxides at operational temperatures and it has been found that oxygen can 

diffuse through Pt to form TiO2. Titanium can also diffuse through Pt at 

temperatures around 600 °C and as a result, oxide precipitates can form at 

grain boundaries within the Pt, this affects the adhesion of the Pt layer and 

the frequency response of the device. It is likely that this process is 

occurring to these samples to cause delamination and diffusion of Ti. The 

calcium deposits found in the standard crystal may also play a part in the 

destruction of the Ti layer; no calcium could be detected in EDS scans of 

the nickel plated samples after testing. 

Cracking of the nickel surface can also be seen, raising questioning about 

its ability to withstand the environment for extended periods of time. 

However, the GCM’s frequency during the induction period of operation in 

methane at high temperatures is stable, making it unlikely that nickel 

degradation is significant during the carbon deposition process. 

A much more concerning sign of degradation can be witnessed when 

comparing the SEM image to EDS scan lines taken across the different 

regions. When passing across the darker patched regions in the nickel layer 

seen in Figure 94, high levels of gallium phosphate and oxygen are 

recorded at the same levels found in the substrate (note phosphorous is 

difficult to distinguish from platinum and is hence not included in the scan). 

The figure highlights both the substrate and dark patches in grey to show 

the high levels of gallium phosphate and oxygen, at these points the metals 

that make up the electrode are at their lowest. The presence of gallium 
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phosphate away from the substrate would suggest that the GaPO4 has 

migrated though the electrode layers. 

 

Figure 93: SEM back scatter image of Ni-GCM tested in ranging pO2 environments (values next to 

circles are of its diameter). 
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Figure 94: Edited SEM image to include EDS line scan and suggested material break down of Ni-

GCM elements. 
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The different forms of degradation occurring throughout the electrode 

pose some questions for the longevity of the developed Ni-GCMs. While it 

has been possible to gain a wide variety of relatively short term results (a 

few days) it is unlikely that these crystals will be able to last the life times 

demanded by the fuel cell. Further analysis and development will be 

essential into electrode development before the crystal can be trusted in 

accurately identifying carbon deposition and considered commercially 

viable. 

 

3.7.5 Detection of carbon on the electrode surface 

The small formation size carbon whiskers combined with the small 

amounts produced in methane environments, less than 15 μg, compared to 

those created by higher hydrocarbons, made visually inspecting the 

electrode surfaces for its presence difficult. Despite this, carbon whiskers 

were observed but they were at a low surface density and dispersed across 

a wide area of the surface. Figure 95 shows carbon whiskers from Ni-GCM 

methane testing of similar size and shape to those found on SOFC anode 

surfaces under similar conditions in previous studies.[54, 140] EDS scans of 

these areas showed increased levels of carbon throughout the electrode 

surface. However, due to the unreliability of the type of EDS used with 

consideration to quantifying light elements, alternative methods must be 

used to confirm the presence of coking.[141] 
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Figure 95: SEM image of carbon whiskers located on Ni-GCM surface 
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3.7.6 SOFC anode topography and chemical analysis 

Optical visual inspection of the fuel cells was first carried out as an 

indication of successful fabrication process, demonstrated in Figure 96. 

This was then followed by more detailed analysis using SEM and EDS 

techniques. 

 

Figure 96: Photographs of pellet SOFC at different stages of testing. From left to right; anode 

painted (Ni-CGO hand-painted), sintered (ramped at 5 °C min
-1

 to 1200 °C and held for 2 hours), 

reduced in H2 (100 cm
3
 min

-1
, held at 600 °C for 5 hours), EIS tested in CH4 (100 cm

3
 min

-1
, held at 

600 °C for 48 hours) 

There is a large amount of research carried out into the structure and 

dispersion on SOFC anode materials using SEM and EDS analysis. For the 

purpose of this project SEM / EDS data was used for the verification of 

expected nickel and CGO cermet microstructure and coke formation. This 

was to ensure the GCM data was being compared to realistic SOFC 

responses when undergoing the same experimental conditions. Figure 97 

demonstrates the surface of a sintered SOFC ready for experimentation 

showing normal grain size and dispersion. Although SEM images are 

considered a good indicator as to performance, the EIS response shows the 

actual electrochemical behaviour of the system and is represented in 

earlier sections of the report.  

Anode painted Sintered H2 reduced 

 

Post CH4 testing 
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Figure 97: SEM image of TPB surface of SOFC produced for comparative testing to GCM 

 

EDS mapping was used to indicate the formation of carbon deposition 

post-test, though visual inspection was enough to witness carbon 

deposition on the fuel cell by colour change. Figure 98 shows carbon in red 

forming primarily on the nickel surfaces, shown in blue, after four hours. 

The green CGO remains relatively uncoated visually demonstrating the 

nickel surface acting as the catalyst necessary for carbon deposition.  
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Figure 98: EDS mapping of carbon deposition on nickel at the TPB surface of SOFC, where the 

colours represent each material component; Green: CGO, Blue: nickel, Red: carbon. 

 

3.8 Raman spectroscopy as a probe for coke deposition 

Raman spectroscopy is a powerful and convenient method for the 

detection and characterisation of carbon on a wide variety of surfaces.[62-

64] Graphitic materials produce a distinctive Raman fingerprint which 

usually includes the D and G peaks located at approximately 1350 cm-1 and 

1590 cm-1 respectively. The D peak is related to defects within the graphitic 

structure such as grain boundaries and point defects while the G peak is 

directly related to the graphitic structure.  The relative intensity of these 

two peaks as well as their widths and positions allows for detailed 

information regarding the physical nature of the probed carbon deposits to 

be ascertained.  For example, the presence of an intense D peak coupled 

with broad features is indicative of amorphous carbon where the defect 

density is relatively high.  On the other hand, more graphitic carbon would 

be characterised by a small D to G peak intensity and much sharper 
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features.  This has been demonstrated in a number of publications.[24, 57] 

Figure 99 shows the Raman spectra for the GCM before and after exposure 

to a CH4 environment, taken at random points on the electrode. The GCM 

surface shows these same characteristic features and is considered clear 

evidence of carbon deposition. The carbon deposits upon the Ni-GCM 

surface can be said to be amorphous in nature due to the broad features 

observed and intense D peak relative to the G peak. The large difference in 

intensity between scans indicates a significant distribution of carbon on the 

surface and the non-uniform D/G intensity ratio suggests a slight variation 

in the type of carbon that is produced. The amorphous nature agrees with 

the type of carbon that should be formed at these temperatures on 

SOFCs.[13] 

 

Figure 99: Raman spectroscopy of Ni-GCM before and after CH4 environment taken at random 

points on electrode. 
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3.9 Chemical analysis using XRD 

X-Ray diffraction (XRD) was used as another form of analysis providing 

chemical composition and crystallographic structure information. While it 

is possible to use this technique to provide exact d spacing data, describing 

the exact crystal lattice structure, the technique was primarily used to 

study differences in GCM samples after subjection to environmental 

changes. The first example of this is shown in Figure 100 where a standard 

GCM crystal is scanned, heated to 1100 °C and then scanned again. The 

large difference in response is due to the crystal undergoing its phase 

transition upon heating above approximately 970 °C. In the standard scan 

very few peaks are visible; this is due to the crystal being grown to its 

precise angle of cut thus creating a very specific crystallographic structure. 

Upon passing through the phase transition the heated line on the graph 

presents a much more standard gallium phosphate structure that matches 

with the software’s database of GaPO4. The same trace can be witnessed 

upon crushing a standard sample without subjecting it to a heating 

process. 

With this difference in mind non electrode coated crystals were operated 

at a range of temperatures and tested to examine the GaPO4 for changes 

to its structure. This was to determine if operating at temperature or 

hydrogen environments was having degradation related effects on the 

GCM. No electrodes were used to insure changes were GaPO4 related. The 

hydrogen reduction environment test, held in H2 for 10 hours, was of 

particular interest as earlier results have shown there are many unknowns 

to the cause of frequency shifts under these conditions. As Figure 101 

shows, no differences in response can be witnessed suggesting no 

degradation to the GaPO4 has occurred. However, it can be argued that the 

static analysis of the GCM does not present a true picture of degradation 
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compared to a resonating crystal. Yet a resonating sample requires 

electrodes, hence for the H2 reduced sample this will present the same 

problem as before, understanding which component drives the frequency 

shift. It can also be said that although being reduced back down to room 

temperature in a nitrogen environment, exposure to air in transition from 

the rig to the XRD machine can result in the re-oxidation of the GaPO4. In 

any case it can be said that as far as static testing is concerned no 

permanent damage is observed. 

Another comparison performed by the XRD is the addition of nickel 

electrodes before and after hydrocarbon testing to a non-electrode crystal. 

As expected, the additional nickel peaks can be observed in Figure 102 

when compared to the standard GCM. After hydrocarbon testing changes 

can be viewed to these peaks; however, it is difficult to tell whether this is 

due to coking or changes to the nickel layer, possibly agglomeration or 

degradation although it should be noted that nickel is evidently still present 

confirming the SEM and EDS analysis. The thin nature of the carbon layer 

makes identifying the coking in this manner problematic, as a comparison 

SOFC samples were also scanned with XRD before and after hydrocarbon 

testing. Although possessing a much thicker carbon deposited layer 

confirming the presence of carbon is still considered inconclusive using this 

method. 
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Figure 100: XRD scan of standard Pt electrode GCM before and after heating to 1100 °C 

 

Figure 101: XRD scan of no electrode GCM before and after heating to 300 °C, 600 °C and 900 °C as 

well as 600 °C in hydrogen. 

 

Figure 102: XRD scan of no electrode GCM compared to Ni-GCM before and after CH4 testing. 
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Figure 103: XRD scan of SOFC before and after CH4 testing 
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4 Conclusions 

Literature gathered on piezoelectric materials has shown that several high 

temperature microbalances hold potential to serve as carbon deposition 

monitors. Out of these, gallium orthophosphate has presented itself as the 

most stable within the operating region of intermediate temperature solid 

oxide fuel cells. 

Experiments have proven the designs of the rig developed for holding the 

microbalances provide low frequency noise and drift, allowing mass change 

examination to a high quality. The final design, Mark 5, allows for the first 

time for both microbalance and GCM to be held simultaneously. The rig 

provides both systems with the same environment and allows for the 

monitoring of temperature, frequency and EIS measurements all together. 

Tests carried out upon the microbalance confirm with the literature that 

gallium orthophosphate crystals perform well up to at least 900 oC and are 

most stable between 500-700 oC. The same tests proved that common 

quartz was inadequate for temperatures over 450 oC. Both crystals showed 

hysteresis in monitoring frequency under rapid heating / cooling but with 

no actual damage to the crystal. 

Transition between air and H2 environments showed a frequency change 

consistent with the oxidation and reduction of the surface, which was 

originally believed to be a direct result of the electrode Pt or Ti underlayer 

oxide mass change. Further examination showed that this frequency shift 

was unlikely to be exclusively electrode mass related. 

Test of the Ni-GCM (Ni added electrodes) showed 3 stages of frequency 

shift compared to 2 stages demonstrated by the standard GCM (Pt 

electrode). Analysis suggested that the first stage of both GCM and Ni-GCM 



178 

 

was dictated by the oxide layer. The Ni-GCM third shift was likely to be 

degradation related, leaving the second shift of both crystals as an 

unknown. There is still a large amount of research needed into this area of 

the work to fully understand the processes governing GCM pO2 frequency 

change. For now it has served as a guide to predicted shifts during SOFC 

reduction testing before the methane testing is initiated. 

When exposed to pure methane, a frequency response indicating a mass 

increase is observed. This is associated with coke formation on the surface 

of the electrodeposited nickel developed GCM and does not occur on the 

standard GCM.  

While the electrodeposited nickel samples produced successful carbon 

formation readings, sputtered samples performed poorly indicating mass 

losses. It is likely that this is not due to the technique but the thickness of 

the layer deposited, with thinner layers undergoing much higher levels of 

degradation. Therefore the thickness of the catalytic layer used produces a 

trade-off between degradation and a lower Q-factor (as well as the 

possibility of overloading). 

Symmetrical SOFC pellet cells were produced and operated in a range of 

temperature and gas environments alongside durability test to provide 

background electrochemical impedance spectroscopy data in preparation 

for GCM comparison. 

Operation of the GCM alongside a symmetrical SOFC pellet cell during 

exposure to dry CH4 at 600 °C shows a close correlation between the 

frequency shift and resistance to charge transfer of the SOFC determined 

using electrochemical impedance spectroscopy. With further study, the Rct 

/ f relationship may prove to be a useful diagnostic to help improve our 
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understanding of carbon formation and other surface processes that occur 

at high temperature.  However, it is clear from this study that the GCM is a 

promising sensor for use in technological SOFCs and fuel processors to 

incorporate into control systems to monitor carbon deposition. 

An induction period of several hours is identified for coke formation on 

SOFCs, this is in accord with the known phenomenon on nickel based 

catalysts.  The fact that there is a significant period between exposure to 

methane and the onset of the coking may have implications for SOFC 

operation so as to avoid this degradation process. 

Topographic techniques including SEM, EDS and Raman provided evidence 

of carbon deposition. However, evidence of degradation was also 

witnessed. XRD examination showed no degradation occurring to the 

gallium phosphate. 

The results gathered in this work have accomplished the project’s overall 

goal, showing that the GCM has promise as a highly sensitive, low cost 

sensor for not just the study of carbon deposition but a range of 

heterogeneous catalytic process at high temperatures, as well as a practical 

in-situ device for incorporation into reactors for control and monitoring 

purposes. 
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5 Future work 

Many milestones have been achieved in the project so far. However, there 

are still a large range of experiments, data and development that need to 

be accomplished in the journey to creating a working product and 

established analytical technique. 

A wider range of experimentation into carbon deposition is required by 

introducing a wider range of hydrocarbons other than methane at varying 

temperatures of nickel developed GCMs. Steam ratios should also be 

varied to establish carbon formation regions as well as if high steam 

cleaning techniques can remove the carbon; this is likely to bring further 

complication in frequency response. 

A deeper understanding of the effect of ranging hydrogen environments 

and pO2 on both the crystal and its electrodes, including the applied 

catalyst layer, is needed to ensure the longevity of the crystal. These tests 

along with the ranging hydrocarbons / temperatures / steam ratios should 

all be investigated using electrochemical impedance spectroscopy 

techniques to provide greater insight into the effects on the individual 

components of the Butterworth Van Dyke equivalent circuit. 

The nickel catalyst layer must undergo further investigation in order to 

ameliorate carbon deposition. First the degradation of thin layers must be 

addressed to provide an optimum layer with minimum impact to the Q-

factor. From here the catalytic layer can be developed in two ways. First 

method would be to become similar to the three phase boundary with the 

complex, non-uniform, geometry understood and calibrated for when 

relating frequency response to mass deposition. The second method would 

be to find a catalytic layer not necessarily similar in geometry or even 
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material but that would provide similar or more rapid deposition response 

times than the SOFC to provide an early warning system. 

It is important to build the operation of the fuel cell in which the GCM 

resides to create more realistic conditions. The first step for this will be to 

use standard pellet cells including cathode rather than the symmetrical 

cells currently used. From here the GCM can then be applied to a full SOFC 

stack. This will bring with it a wide range of new investigation, by applying 

the GCM to a number of locations within a stack a much better picture can 

be made of the carbon deposition effects as fuel content changes within 

the stack. Further holder development will be required to make this 

possible. 

The final step in the course of creating a product will be to apply the 

knowledge from this project work and the future suggestions to link the 

GCM in with current SOFC control systems, using the frequency response 

to dictate the best operating conditions, varying inputs like temperature 

and steam ratio. The system would then need to prove it prolongs the life 

span of the SOFC by more than the cost of implementing the system as a 

minimum. 

The success of the system so far gives warrant to increasing the range of 

investigation. There is a much broader variety of high temperature catalytic 

reactions that could benefit from this type of system with only small 

developments made to the surface. For instance in SOFC environments 

sulphur can deposit and cause degradation in a similar fashion to carbon, 

this could be investigated with the same nickel catalyst layer developed in 

this project. Moving wider afield, processes or systems in the oil and gas 

industry suffer from similar degradation problems in high temperature 

liquids. This would require a much better understanding about the 
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damping effects of the high temperature liquid environment and a much 

larger amount of development than that of sulphur poisoning in SOFC. 

6 Nomenclature 

Z Acoustic impedance ratio 

µg Shear modulus of GaPO4, (g cm-1 s-2) 

µq  Shear modulus of quartz, (g/cm s2) 

A Piezo-electrically active area, (cm2) 

A Area of added film, cm2 

A Constant: 0.00831 ppm/oC 

AFC Alkali Fuel Cell 

B Constant: -0.00186 ppm/oC2 

BSE Back Scatter Electrons 

C Constant: 8.5x10-6 ppm/oC3 

CE Counter Electrode 

cg Elastic Constant of GaPO4 crystal 

CHP Combined Heat and Power 

CPEct Constant Phase Element Charge Transfer 

CPEmt Constant Phase Element Mass Transport 

CVD Chemical Vapour Deposition 

DLD Drive Level Dependence 

EDS Energy dispersive X-ray spectroscopy 

EIS Electrochemical Impedance Spectroscopy 

f(T) Frequency dependent on temperature (T) 

f0 Resonant frequency of the fundamental mode of the crystal, (Hz) 

f0(T) Initial frequency dependent on initial temperature (when T=T0) 

FTIR Fourier transform infrared spectroscopy 

GC Gas Chromatograph 
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GCM Gallium phosphate Crystal Microbalance 

Hi-K GaPO4 rotation angle with zero temperature coefficient (High) 

Hi-Q GaPO4 rotation angle with zero temperature coefficient (Low) 

HT-SOFC High temperature Solid Oxide Fuel Cell 

IT-SOFC Intermediate temperature Solid Oxide Fuel Cell 

k2 Coupling coefficient 

LGS Langasite 

MCFC Molten Carbonate Fuel Cell 

PAFC Phosphoric Acid Fuel Cell 

PEM Polymer Electrolyte Membrane 

pO2 Partial pressure Oxygen 

ppm Parts per million 

R Resistance 

Rct Charge Transfer Resistance (high frequency intersect) 

RE Reference Electrode 

Rmt Mass Transport Resistance (low frequency intersect) 

RS Raman Spectroscopy 

S mass sensitivity 

S/C Steam-to-carbon ratio 

SEM Scanning Electron Microscope 

SOFC Solid Oxide Fuel Cell 

t Thickness of added film, cm 

T Temperature (◦C) 

T0 Designed stabilized temperature (505 oC) 

Tc Curie transition temperature 

TCF Temperature Coefficient Frequency  

TEM Transmission Electron Microscope 

TGA Thermogravametric Analysis 
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TI Thermal Imaging 

TPB Triple phase boundary 

TPO Temperature Programmed Oxidation 

TPR Temperature Programmed Reduction 

V Volume of added film, cm3 

WE Working Electrode 

XPS X-ray photoelectric spectroscopy 

XRD X-ray diffraction 

YSZ Yttria-stabilized zirconia 

Zg Acoustic impedance of resonator unit 

Zl Acoustic impedance of layering material unit 

Δf Measured frequency shift, (Hz) 

Δm Mass change per unit area, (g cm-2) 

ρg Density of GaPO4, (g cm-3) 

ρl  Density of added film, (g cm-3) 

ρq  Density of quartz, (g cm-3) 
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8 Appendix A 

 

 

Figure 104: Front panel of LabView program 1 

Furnace program 

Thermocouples 

Flow controllers 

Q-pod, frequency response 
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Figure 105: Block diagram of LabView program 1 

Furnace program 

Thermocouples 

Flow controllers 

Q-pod, frequency response 

Write to table 
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Figure 106: Front panel of LabView program 2 
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Figure 107: Block diagram of LabView program 2 

Furnace & thermocouple sub VI 

Flow controllers sub VI 

Q-pod sub VI 

Program break down 

Saving 

Creating Graphs 

Temperature feedback loop 

Q-pod feedback loop 

Program initiation 

 Feedback to next program step 
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Temp 200 240 280 320 360 400 440 480 520 560 600 640 680 720 760 800 840 880 920 960 1000 

9
0

/1
0 

H2(g) 0.01 0.02 0.05 0.09 0.15 0.24 0.36 0.51 0.70 0.90 1.11 1.30 1.46 1.58 1.67 1.74 1.78 1.82 1.84 1.85 1.86 

CH4(g) 0.90 0.89 0.88 0.86 0.83 0.78 0.72 0.65 0.56 0.46 0.36 0.28 0.20 0.15 0.11 0.08 0.05 0.04 0.03 0.02 0.02 

C 0.00 0.01 0.02 0.04 0.07 0.11 0.17 0.25 0.33 0.43 0.51 0.58 0.64 0.68 0.71 0.74 0.75 0.76 0.77 0.78 0.78 

CO(g) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.02 0.04 0.05 0.07 0.08 0.09 0.09 0.10 0.10 0.10 0.10 

H2O(g) 0.10 0.10 0.10 0.10 0.10 0.10 0.09 0.09 0.09 0.08 0.07 0.06 0.04 0.03 0.02 0.01 0.01 0.00 0.00 0.00 0.00 

CO2(g) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

8
0

/2
0 

H2(g) 0.01 0.02 0.05 0.08 0.14 0.22 0.34 0.48 0.65 0.84 1.03 1.21 1.37 1.49 1.58 1.64 1.69 1.72 1.74 1.76 1.77 

CH4(g) 0.80 0.79 0.78 0.77 0.74 0.70 0.64 0.57 0.49 0.41 0.32 0.24 0.18 0.13 0.09 0.07 0.05 0.04 0.03 0.02 0.02 

C 0.00 0.00 0.01 0.03 0.06 0.09 0.15 0.21 0.28 0.36 0.42 0.47 0.51 0.53 0.54 0.56 0.57 0.57 0.58 0.58 0.59 

CO(g) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.02 0.04 0.07 0.11 0.14 0.16 0.18 0.19 0.19 0.19 0.20 0.20 

H2O(g) 0.20 0.19 0.19 0.19 0.19 0.18 0.18 0.17 0.16 0.15 0.13 0.10 0.07 0.05 0.03 0.02 0.01 0.01 0.00 0.00 0.00 

CO2(g) 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

7
0

/3
0 

H2(g) 0.01 0.02 0.04 0.08 0.13 0.21 0.31 0.45 0.61 0.78 0.96 1.13 1.28 1.40 1.49 1.55 1.60 1.62 1.65 1.66 1.67 

CH4(g) 0.70 0.69 0.69 0.68 0.65 0.62 0.57 0.51 0.43 0.36 0.28 0.22 0.16 0.12 0.08 0.06 0.04 0.03 0.02 0.02 0.01 

C 0.00 0.00 0.00 0.01 0.03 0.06 0.11 0.16 0.22 0.28 0.32 0.35 0.37 0.37 0.37 0.37 0.38 0.38 0.38 0.39 0.39 

CO(g) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.02 0.03 0.06 0.11 0.15 0.20 0.24 0.26 0.28 0.29 0.29 0.29 0.30 

H2O(g) 0.29 0.29 0.28 0.27 0.27 0.26 0.25 0.24 0.23 0.20 0.18 0.14 0.10 0.07 0.05 0.03 0.02 0.01 0.01 0.00 0.00 

CO2(g) 0.00 0.01 0.01 0.01 0.02 0.02 0.02 0.03 0.03 0.03 0.03 0.03 0.02 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.00 

6
0

/4
0 

H2(g) 0.01 0.03 0.05 0.08 0.12 0.20 0.29 0.42 0.56 0.72 0.89 1.05 1.19 1.31 1.40 1.46 1.50 1.53 1.55 1.56 1.57 

CH4(g) 0.60 0.59 0.59 0.58 0.57 0.54 0.50 0.44 0.38 0.31 0.25 0.19 0.14 0.10 0.07 0.05 0.04 0.03 0.02 0.02 0.01 

CO(g) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.02 0.05 0.08 0.14 0.20 0.26 0.31 0.35 0.37 0.38 0.39 0.39 0.40 

H2O(g) 0.39 0.39 0.38 0.36 0.34 0.33 0.32 0.30 0.28 0.25 0.21 0.17 0.13 0.09 0.06 0.04 0.02 0.01 0.01 0.01 0.00 

C 0.00 0.00 0.00 0.00 0.00 0.03 0.06 0.10 0.15 0.19 0.22 0.23 0.22 0.21 0.20 0.19 0.19 0.19 0.19 0.19 0.19 

CO2(g) 0.00 0.01 0.01 0.02 0.03 0.03 0.04 0.04 0.05 0.05 0.05 0.05 0.04 0.03 0.02 0.01 0.00 0.00 0.00 0.00 0.00 

 

HSC results: Carbon formation parameters over ranging CH4/H2O ratios 
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Temp 200 240 280 320 360 400 440 480 520 560 600 640 680 720 760 800 840 880 920 960 1000 

5
0

/5
0 

H2(g) 0.01 0.03 0.05 0.08 0.13 0.19 0.27 0.39 0.52 0.67 0.83 0.98 1.11 1.22 1.30 1.37 1.41 1.44 1.46 1.47 1.48 

CH4(g) 0.50 0.49 0.49 0.48 0.47 0.45 0.43 0.38 0.33 0.27 0.22 0.17 0.12 0.09 0.06 0.05 0.03 0.02 0.02 0.01 0.01 

H2O(g) 0.49 0.49 0.48 0.46 0.44 0.41 0.37 0.35 0.32 0.29 0.24 0.20 0.15 0.10 0.07 0.04 0.03 0.02 0.01 0.01 0.01 

CO(g) 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.03 0.06 0.10 0.17 0.24 0.32 0.39 0.43 0.46 0.47 0.48 0.49 0.49 

C 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.04 0.07 0.09 0.11 0.10 0.08 0.05 0.02 0.01 0.00 0.00 0.00 0.00 0.00 

CO2(g) 0.00 0.01 0.01 0.02 0.03 0.05 0.06 0.07 0.08 0.08 0.08 0.07 0.06 0.04 0.02 0.01 0.01 0.00 0.00 0.00 0.00 

4
5

/5
5 

H2(g) 0.01 0.03 0.05 0.09 0.13 0.20 0.28 0.37 0.50 0.64 0.79 0.94 1.07 1.19 1.27 1.32 1.35 1.36 1.36 1.36 1.36 

H2O(g) 0.54 0.54 0.52 0.51 0.48 0.45 0.42 0.37 0.34 0.30 0.26 0.21 0.15 0.12 0.10 0.09 0.08 0.08 0.08 0.08 0.08 

CH4(g) 0.45 0.44 0.44 0.43 0.42 0.40 0.38 0.35 0.31 0.25 0.20 0.15 0.12 0.07 0.04 0.02 0.01 0.00 0.00 0.00 0.00 

CO(g) 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.03 0.06 0.11 0.18 0.27 0.33 0.38 0.40 0.42 0.43 0.43 0.43 0.43 

CO2(g) 0.00 0.01 0.01 0.02 0.03 0.05 0.06 0.08 0.09 0.09 0.09 0.08 0.07 0.05 0.04 0.03 0.02 0.02 0.02 0.02 0.02 

C 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.04 0.05 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

4
0

/6
0 

H2(g) 0.01 0.03 0.05 0.09 0.14 0.20 0.28 0.38 0.49 0.62 0.77 0.91 1.05 1.14 1.20 1.22 1.23 1.23 1.23 1.23 1.23 

H2O(g) 0.59 0.59 0.57 0.56 0.53 0.50 0.46 0.42 0.37 0.32 0.27 0.23 0.20 0.18 0.16 0.16 0.16 0.16 0.17 0.17 0.17 

CH4(g) 0.40 0.39 0.39 0.38 0.37 0.35 0.33 0.30 0.27 0.23 0.18 0.13 0.08 0.04 0.02 0.01 0.00 0.00 0.00 0.00 0.00 

CO(g) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.03 0.06 0.11 0.18 0.24 0.29 0.33 0.34 0.35 0.36 0.36 0.37 0.37 

CO2(g) 0.00 0.01 0.01 0.02 0.03 0.05 0.07 0.08 0.10 0.11 0.11 0.10 0.08 0.07 0.05 0.05 0.04 0.04 0.04 0.03 0.03 

C 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

2
0

/8
0 

H2O(g) 0.79 0.79 0.78 0.76 0.74 0.71 0.67 0.63 0.58 0.54 0.51 0.50 0.50 0.50 0.51 0.51 0.52 0.52 0.53 0.53 0.54 

H2(g) 0.01 0.03 0.05 0.08 0.13 0.19 0.27 0.36 0.45 0.55 0.63 0.68 0.69 0.70 0.69 0.69 0.68 0.68 0.67 0.67 0.66 

CH4(g) 0.20 0.19 0.19 0.18 0.17 0.15 0.13 0.11 0.08 0.05 0.03 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

CO(g) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.02 0.03 0.05 0.07 0.09 0.10 0.11 0.11 0.12 0.12 0.13 0.13 0.14 

CO2(g) 0.00 0.01 0.01 0.02 0.03 0.05 0.06 0.08 0.10 0.11 0.12 0.11 0.11 0.10 0.09 0.09 0.08 0.08 0.07 0.07 0.06 

C 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
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Te
m

p
e

ra
tu

re
 

Temp 25.00 65.46 105.92 146.39 186.85 227.31 267.77 308.23 348.70 389.16 429.62 470.08 510.54 551.00 591.47 631.93 672.39 712.85 756.43 800.00 
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