< CHEMISTRY

Chem Soc Rev

Challengs in developingdirect carbon fuel cells

Cairong Jianglianjun Ma Gael Corrand Sneh L. JaiandJohn T. S. Irvike

powerReceived 00th January2g A direct carborfuel cell (DCH@an produce electricity withoth superiorelectrical efficiency and fuel utilisatiamompared

Accepted 00th January 20 to all other types offuel celk. Although the first DCFC prototype wa®posedin 1896, there wasuntil the 1970slittle

DOI- 10.1039/X0xX00000x sustained effortto investigate furtherbecause of technology development issubgerest in DCFCisas recently been
reinvigorated as a possible methad replacingconventional coafired power plants to meet the demandsr lower CQ

www.rsc.org/ emissions and indeed for efficienttilisation of waste derived charsn this article, recent developments in direct carbon
conversion are reviewedvith the principalemphasis on the materialsvolved The developmenof electrolytes, anodes
and cathodes as well asuel sources, are examined The activity anathemical stability of the anodeaterials area critical
concernaddressedn the developnent of new materials Redx media of molten carbonate onolten metalfacilitatingthe
tranportation of iors offer promising possibilies for carbon oxidation The suitability of different carbon fuels in various
DCFC systems, in terms of crystal structure, surface properties, imparitgsrticle sizeare alsodiscussedWe explore
the influence of a varietpf parameters on the electchemical performance of DCE@sth regard to theiropen circuit
voltage,power output andife time. The challengefcedin developing DCFCs are summarjsetl potential prospects of
the system areputlined.

of available fuels, which include both fossil fuels, such as
1. Introduction petroleum coke ocoal (the mostlaundant fossil fuel on earth)
and renewble fuels, such as biomaasd its charge.g., wood,
nut shells switchgrass, corn stover, palm, rice ahghg or even
other soures of fuel(food wasteywoodwastg. This technology
enhanceghe biomass conversigiwhich is an imporantlong-
term consideration in producing electricity from resmble
biomasssources The dominant potential application is the
conversiorof coal,egpecially in China, wherthere issignificant

The demandfor energy has increasedpidly over the last 20
years due to the rapid development of ghabaleconomy.The
emission of greenhouse gas is, however, a major issue
associated with théemand for energys most otheCO2 comes
from the process of energgonversion fromfossil fuels. To
decrease Cgemissiongesearch hasypically, beenfocused on
exploring thetechnology ofincreasingenewableenergy . I
As a newly developed technologw Direct Carbon Fuel Cell new comm.erC|aI oppo'rturmas . . o
(DCFC)is a very promising means of converting carbon sourcesThe topicof DCFC s attractingan ever increasing interest,

to electricity asit offersa muchhigher efficiencythan other fuel evident inthe exponentially growing number of review articles.
cell systemsThe overall reaction of this system shown in In 2007,Cao et alsummarisedhe fundamental development of

equation (1). DCFC technology* In 200, areview article by Cooperand
Selmanexplainedthe possible reactiomechanisra of carbon
Cis1+O2()Y C Q) (1) oxidation in molten carbate fuel cells? In 2012, Giddey
summarised the recent progress and technical challenges of the
DCFC technologyand discussed the future of this technolégy.

meamng that th'_s process theoretlc.a.lly offers 1G4 Elehcy of After this paper Raly et al introduced different types of DCFC
convertingchemicalenergyto electricity, more than twice that o . - .
systems along witliscussion®f the reaction mechanisfihey

typically obtainedrom thermal conversionPractical efficiency focusedon the propertieand analytical techniques coal fuels
shouldbe as high a80%, which is anajor improvement othe

ois for this reaction is395 kJ mot and the ratiaps/giH = 1.003,

. . . ) for DCFC applicatiort Gur provided a mechanistic overview of
currentinefficient traditional coafired power plantg< 40%) different modes and vehiclas a variety of DCFGystems He

and onmolten carbonate fuetells or solid oxide fuel ced ; . .
. hvd | heoffici is 40 alsodemonstragd the carbon conversion mechanisina variety
running on hydrogen or natural gashere theefficiency is of DCFC systerson the fundamentdasis® Recently,Zhou et

0, 1 mﬁ
60_/0)' Moreover, D_CFC systgms are sca.la d thergfpre al. 7” summarised anode material for DCFCao0et al gave a
suitable for decdmnalised electricity productianOpportunities . .
for DCEC licat furth h d by the abund good review on the development of BC in recent years$.
or applications are further strengthened by the abun anC('F_)espiteall this considerable attention, the developraént

progresf this technologyhas been relatively slovas DCFCs
EaStCHEM, School of Chemistry, University of St Andrews, KYW8igsir face a number othallengesNot least of these must be the

Kingdom difficulty of implementingpractical systemsf this natureand
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also thechoice of materials.It should be notedthat the high

resistance of the cell and theoducts formed during the reaction
process with their structural and morphological changes
formidable challenges, resulting in unstable electrochemit

power output. Moreover, when the cealbntairs aggressive

components such asarbonateor hydroxide the aggressive @ Open circuit
charactercan causestructual changes in theell components, voltage
which tend to passivate both the electrodes, leading to
significant increase in cell resistance. These issukgsesult in Performance

poor utilisation of the carbon fuels, arl aninferior longterm @ Composition
durability and efficiency of the wholgystem.

Before this technology can be applied extensively, sor
important issueshouldbe addressed. These issues incltiae
optimisation ofthe operational system, the developmentefv
electrode and electrolytenaterials, and the processing of solid
carbon fuelsln this review, we discussome ofthe issues raised Figurel The.relationship ?etween the cell performance and materials, composition and

) structure being used in direct carbon fuel cell

by DCFCs and the challengfacedin the development cfuch
cells. Particular attentioris given to the materials involved in
DCFCs, electrolyts, anode, cathode and various fuels
Discussionfocuseson the anode catalystfor carbon oxidation,
and carbon fuelsegardinga variety ofthephysical and chemical
properties of carbonThe cell performanceincluding open
circuit voltage,power outputand life time, are alsodiscussed.
The overall challenge of the wholeevelopment of DCF€is
explored.

Figure 1 shows the relationship betweenataniak,

will give the smallest cell resistan¢liO65:GDC35 is generally
accepted as a good ratié)nd there is often an optimal amount
of catalystfort he el ectrochemi cal oxi d
have to bear in mind that t he
with a composition of Ck{x<1) as hydrogen exists in all sorts
of carbon sources (coal, chaipimass) The microstructure of
the cell (e.g. the porosity of the electrode, the thickness of the
catalyst layer, the density of the electrolyte) is deemed a vital
o - factor, determining the final power output of the cell. The sample
composition and structure and open circuit voltage power S . .

. - fabrication process, theintering temperature of thelectrode
outputand life time. The broadcell performance includes cell .
life time, power output, and open circuit voltage, which i%tc. thereforg have to m®nsideredn the whole process of the
determined by the materials, composition and structure of t%eeII preparation.
cell. In a DCFC, the materials used includa electrolyte,a
cathode,an anode anda fuel It should be notedthat the o Electrolyte
materials chosen determine the operating temperature of the cell
as the conductivity of the electrolyte is temperature dependemCFCs areclassified intothreetypes by the electrolyte used:
The catalytic propeyt of the materials determines the molten hydroxide DCFCs, molten carbonate DCR@d solid
polarisation resistacg this in turn, resuls in different oxide DCFCs. Accordingly, the electrolyte of DCFCs is
electrochemical performangeFor the electrolyte, the most hydroxide,carbonateandsolid oxideg respectively Reactions in
important propertys its conductivity, and for the electrode, theeach cell are different depending on the electrolyte used. Figure
catalytic propertyis critical. The type of the fuel isanother 2 displays these three types of cells with a variety of reactions at
important haracteristicas carlbn has different structures ¢e. the anode side and the cathode siflee anode reactions are
amorphous or graphitic).The @mpostion of the cell strongly dependent on system design and the mechanism of
components raa significant effect on the electrochemicakarbon oxidation is discussedrossdiffering configurations of
performanceas well For example, the electrode of the cell IDCFC through this review articlén previous review articlethe
usually a compositecomponent therefore the ratio of the technology development dfydroxideDCFCs and carbonate
electrode materiab the electolyte material mattersespecially DFCs hasbeen described in detat ® The presentation of this
when the composite electrode is composeah@flectronic metal work gives a brief introduction of these two types of DCFCSs
andanion conductor oamixed ionic andelectronic conductor 2.1 and 2.2 Focusis givento DCFCs with solid oxide as the
Here for electrode, electrode madds provide electronic electrolyte.
conductivity, while electrolyte materials provide ionic
conductivity. For instance, inthe NiO-GDC electrode, NiO 2-1. Hydroxide
yields metalic Ni for conduction whilst GDC is a mixed ionic The first hydroxideDCFCs dates back to 1896, which is the
and electronic conductor. An optimal ratio of N&DC earliest prototypearbon fuel celf. The hydroxideDCFCs offers
some advantages over other types of DCHG3&lroxides have
low melting points and high ionic conductivifyroperties so
they allow the cell to use less expensive materialsafrmburse
to operate at relatively low temperaturEgyure 2a
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theseDCFCs generated 5025 mA cn¥ current density at a cell
voltage of 0.8V at 800 C.** A high power density of 187 mW

Anode Electrolyte Cathode

C+40H >C0,+2H,0+de" h

(e ZSH +CO;—)C;12+H:O o 0,42H,0+4e >40H cm? was reported from coke fuel by Chenal usingaternary
C+BOH >CO,™+3H,0+4e eutectic mixture of LICOs-K2COs-Al20s3 (1.05:1.2:1 mass

(b) | Cr2c0,> >3C0, e ratio) }> Researchers have made effaadseducehe operational
nggg?fggg?{ze- cox 0,42C0 +ae 320, temperature of the DCFC&ouchachvili developed a ternary

: eutectic carbonate with a composition of 43.4 mol%&I0s and

@ C+2073C0,+de 31.2 mol% NaCOz and 25.4mol% K2COs added by 20 wt%
E:cgijccg*ze' o> 0,446 320" CSzCO_3 and thisperformed wellat an operating temperature of
0407 3CO2e 700 "C16 Vutetakis employed a ternary carbonate of

32.1LiC0s/34.5KC03/33.4NaC0z in coalfuelled DCFCG” and
Figure 2 Schematic diagram of a DCFC with different electrolytes. (a) Hydbixiie; was able toperate the cell as low as 500.
(b) carbonateDCFC; (c) solid oxiRCFC Figure 2b presents the possible reactioraimonateDCFC,
thereaction of theanode hakcell is as follows
shows main reactions at the anode and the cathode in hygroxid
DCECs. C+2CQ#*- 3COxt+de (6)

The carbon is oxidised at the anode: CO canalsobe producedy the following reactions:

C+40HY C Q+H:0+4€e 2 C+CQ%- CO+CO+2e (7
Hydroxide is produced at the cathode: 2C+CQ?- 3CO+2e ®)
02+2H0+4eY 4 OH 3)

Carbonate is generated at the cathode bydmebination of

As one of the earliest developed DCFCs, hydroxides hay&2z With oxygen
received little attention in the last few decades because the 024+2COp+de- 2COs* 9
deterioration of the hydroxide electrolyte into a carbonate
becomes a major technical problem. The carbonate can bdhe overall cell reaction ishown in equation (1).
produced eitherypa chemical pelectrochemical reaction: Cooperet al.proposed thathe carbon oxidatioat the anode
is complex and it constitutes a set of independdamentary
reactions. However, this prposal needs to be verified by
C+60HY C G*+3H.0+4€ (5) experiments.

20H+CO:Y C G¥+H.0 (4)

A successful exampleof hydroxideDCFC has been 2.3.Solid oxide

demor?strated by Scien.tific Appl.ications antﬂ?esegrch A fast diffusion rate can be obtainedimtiermediate andigh
Associates Inc (SARA) using a humid atmosph€réhe high operating temperatuseand thisis desirable for DCFC#Hence,
concentration of water is believed to shift the chemicghjig oxygen ion conductors, commonly used in SOFCs, have

equilibrium in equatios (4) and (5) towards¢he left. Despite @ peen proposd as the electrolysein DCFCswith a view to
renewal of the research into hydroxidased DCFC&" ?it is

still necessaryo improve the stability of the hydroxider the
practical application.

achieving enhanced reaction rates with a higher operating
temperature.The requirements for a solid electrolyte are

mechanical and chemical stability, high ionic conductivity and

low electronic conductivity abperating temperatusein both

_ ) ~ reducing and oxidising atmosphsrand low ohmic resistance.
Molten carbonates, which are commonly used in conventioRfe first attempt to directly convert solid carbon into electricity

Molten Carbonate Fuel CeIIMCF_Cs), have received attentiong; 5 high temperature using a soliceetrolyte was reported by
in DCFCs Compared to hydroxides, atien carbonates offer gayris Other researcheisclude Nakagva and Ishida, 1988,
higher conductivity, a suitable melting temperatusnge(the Giy and Huggins, 19922 Horita et al, 19951 A 8 mol%
working temperature ranggnd a goodjt_egree ofstability in yitrium stabilised zirconia(Sz) is aconventional electrolyte for
atmosphergcontainingCO,. The composition of the carbonateygjiq oxide fuel cels, and ha been adopted fobCFCs This
electrolyte is an important factdvecause it determ&s the materialis one of themain electrolytesfor DCFCs due to its good
melting temperaturesAmong all carbona}& binary or ternary jon conductivity, stle structure and compatibility with cathode
cfalrbonate mixtures allow _bwer operating temperaturtha}n and anode materialdt is suitable for intermediatand high
single carbonate compositions. Of the binary mixturesC Q- temperatue operational conditions, gendyain the range of
K2CQOs is commonly used atheelectrolyte for DCFCshecause 700.1000 C22  Sr and Mg doped LaGaO
its melting temperatures below 550 C. For example, Peelex (LaosSr0.1Ga0 sMgo. 20352 24 and ScSZ ((S03)0.1(ZrO2)0.92
al.**and Qherepyet al'* useda 62/38 mol% lithium/potassium pa/e peen considered used as the electrolyte in DCFCs as they
or a 32/68 mol% lithium/potassium binary carbonastectic fferspetter conductivity than théSZ electrolytelt is expeced

mixture in their studiesA variety of carbon derived from oil, {5 have less contributiomdm ohmic loss from tase two kinds
methane, coal, biochar, and petroleum coke were tested, and

2.2. Carbonate
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of electrolytes, and therefore slightly higher cell performanc (a) (b)

could be obtaineé® 2’ More attention hato be L
paid on the selection of suitable electrode materials and thin f [Singlcatayst] [V catabes]
electrolyte manufacture.

Dopd ceria (GDC) is another electrolyte often used in lo l—‘—L
and intermediate temperature ranges and has been used ¢ el e
electrolyte in DCFC%¥:2° In comparison with YSZjoped ceria Nickal Mixed ionic
has higher conductivity, especially at low temperatéfes. ::aromc ‘_‘7
By tailoring the electrode componenwith a special structure conductor o gole
and/or morphology, excellent eleathemical performancdsas | Nickeland || Nickel and mixed Polsie
beenachievedon the cell with GDC electrolyte using hydroge | cwérion | oncsnde seone ]}
fuel at low temperature®. More effortshave to be made for |N-¥s2) GDC) 1] ‘.:,
carbon to be efficiently oxidised at low temperatur@arbon
oxidation isassumed to bthe main reaction at the anode in

solid oxideDCFC the anode, as shown in Figure 2c. Some ott

reactions become more dominant when catalystsadded.

More details about the anode materials and reactions will figire3 Configurations of anode materials and catalysts for DCFCS

introduced in section &nd 4
combination of catalyst particles in the carbon and a solid oxide
cell. The former is discussed in section-3.2 and the latter is

3. Anodeand catalyst discussed in section 3&5. Otherepresentativeonfigurations

In a DCFC with a solid oxide electrolyte, SOFC technology y4th a redox mediator, e. g. molten carbonate or molten metal is
adopted for converting the chemical energy of carbon irffiScussed in section 4 separately as the redox mediator is unique
electricity ina fuel cellin which carbon is oxidised by oxygen@nd plays an important role in DCFCs.

ions from the cathode atrelatively high temperatur&he total 3.1. Nickelnickel oxide anode

reaction is as shown in equation (1) and the reactions in the anode . . ) o
and cathode as shown in equation (10) and (11). When dealing with a variety of fuels inding hydrogen and
hydrocarbon, itkel is one of the extensively studied anodes for

Oz+4eY 2 & Cathode (10) DCFCs becausef its excellent catalytic activitiesver a wide
C+20F- COptde Anode (11) rgnge of temperaturesiere nickel re.fers .to nickgl oxide or
nickel metal as most of the raw materials dokel oxide for the
The basic requirements for the anode materials of DCFCs@venience of fabrication procedure. Sometimes nickel oxide is
similar to that for solid oxide fuel cells, which include higiprereduced in hydrogen and then used in DCFCs. In other cases,
electronic and ionic conductivity, excellent catalytic activity nickel oxide can be hsitu reduced by hydrogen or carbon
towardselectreoxidation offuel which is asolid carbon, suitable monoxide released from the pyrolysis of carbbhe electronic
porosity to allowmass transporchemical stability and thermal conductivity of nickel is very high, but the ionic conductivity is
compatibility with other cell components during cell fabricatiolow. The electronic conductivity of nickel is 2x4& cm' at
and operation, robust mechanical and thermal stability, ea3900 C.The thermal expansion coefficientritkelis 13.3340
fabrication, and low co$8 Among thee characteristics, the® cm cm® K1, which ishigher than that o YSZ electrolyte
most critical one is good ionic conductivity to allow the activEl0.5<10®% cm cm?® K%). Taking into account ofhe themal
sites to extend beyond the anealectrolyte interfaces, sinceexpansion and compatibility ofhe nickel anode withthe
there is little reaction between the solid carbon and the sddigctrolyte, a ionic conductoror a mixed ionic and electronic
oxide. conductoiis generally addetb nickel oxideto formacomposite
Due to the requirements obperating in a reducing electrodé®. The DCFC with aranodeof nickel meal or nickel
environment and one of high electronic conductivity, puexide gives an excellent performangewide range of maximum
porous metallic materials can, in principle, be used as anodesver densities from 100 mW chup to 900 mW cnd at 700
Nickel and platinum are the common anodes for DCFC3)0°C have been obtaineBome representative examples have
Carbides have also been investigated. Vanadium carbide Weaen given in the literatureThese hugely different power
found to be a good catalyst, showing more stability in carbdansities are caused by many parameters and it will be
than other carbides, such as ZrC, WC, #iMany efforts were introducedin the following sectiondt is worth mentioning that
devoted to reducing sluggish reaction kinetics, and to improvititg addition of catalyst into ¢hcarbon/coal fuel and a redox
any chance direct contact between the electrodettamcolid mediator significantly improve the electrochemical performance
fuel. Some approaches focused on the design of novel @IDCFCs. Detailsvill be givenin section 8.2
configurations with trapping interlayers, and efficient anodel.1. Nickelnickel oxideand oxygen ion conductofOIC)
catalysts.Two kinds of anode configurations are presented RprousNi/NiO-YSZ or Ni/NiO-ScSZis the commonly used
Figure 3, one iasolid oxide celland the other is a anode for DCFCs. It exhibits good compatibility withe
electrolyte(YSZ or ScSZ)and good catalytic activitin carbon
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oxidation.It is chemically stable iareducing atmosphere aigd Carbon oxidation usingiao.eSro.4Coo.2Fen.¢0s.u as the anode
compatible with the electrolyte during the opation and wasconsidered iDCFCs.The idea camfom the good catalytic
fabrication processeshe intrinsic charge transfer resistancperformance of thimaterial in gaseous hydrocarbon fuel célls.
associated with the electrocatalytic activity at the boundary ‘8fThe phase and microstruotigtability and conductivity of this
Ni/OIC is low, since nckel serves as an excellentatecatalyst material in the operating conditionsof DCFCs were

for the electrochemical oxidation of a wide vasieof carbon investigated® Onedrawbackof usinga LSCF MIEC anode is
fuels. The OIC forms a framework for the dispersion of nickeits low electronic conductivity in reducing atmospheXaother
particles and acts as an inhibitor for the coarseninbefickel issue involveds the erratic stability of the phase structure in
during boththe consolidation and operatioprocessesThe reducing condition. Even though the rhombohedral LSCF phase
oxygen ion conductoplaysa most significant parin theionic remairs the most dominant phase after heat treatmerat @O
conductivity, and the nickel providesthe major electronic atmosphere at 80QC for 50 hours, the major perovskite phase
conductivity for the anodeA few parameters have beercompletely decomposén hydrogerover thisperiod oftimeand
optimised in order to get good electrode, such as the porositsit this temperaturé® In a practical DCFC system, the anode
of the anodéeingaround 2630 vol% to facilitate the transportatmospheres, in fact, a mixtureof a variety of gases, such as
of reactant and product gasd@$enickel concentration falls into hydrogen, carbon monoxide, carbon dioxide, methane and other
the range of @45 vol% in order to achieve the minimum gases. It is inevitable that hydrogen exist in the anode chamber
overpotential over a widenge ofcurrent densityA significant therefore the mstable phase structuoétheLSCF islikely to be
number of references are available dhis topic343¢ In this amajor concerrior long-term operation

particular research areastensive investigatiomvascarried out GDC has been widely used @i anoddor solid oxide fuel

onthis type ofelectrods for use withDCFCs®” cellsbecauséts excellent catalytic activity toward the oxidation
3.1.2. Nickel/nickel oxideand mixed ionic and electronic of different fuels including hydrogen and hydrocarbon fdels.
conductor(MIEC) GDC and alsgttria-doped ceria (YDC) were investigated as the

Efforts have been made operate DCFCat intermediate or low anodematerias for DCFCs. In reducing atmosphere (typical
temperaturesas high temperatuseausean increase in cosAs anode environmenthoththese two candidate materials exhibit
described in the electrolyte sectionG®C/SDCelectrolyte is a the characteristis of mixed ionicandelectronic conduétity .44
good choicgand therefore aNi-GDC/SDC was developed for Since YDC shows greater electronic conductivity t&&rC, and

the anode om ceriaelectrolytebased DCFCIt became clear, comparable ionic conductivity with YSZ, the anode reaction can
that acell with suchanelectrolyte operatingt 650 C generated be appreciably enhanced. It is, therefore, concluded that high
reasonablepower output NiO-GDC was also selected as the electronic conductivity in the MIEC anode is beneficial in
anode material for DCFAssinga YSZ electrolyte®® In order to reducing anodic polarizatiorgspeciallyin reducingactivation
increase the compatiliiy with the YSZ electrolyte15 wt% YSZ polarization.YDC does not always work well alone as the anode
was addedd the mixture of 60 wt% NiO and 40 wt% offor DCFCs and in most cases metal phase is needed to
Gdo:CengO1.05 Although some efforts have been made tinpregnate into the electrod20 mol% YDCinfiltrated witha2
develop a DCFC that can operate at low temperstmeideal Wt% Nianode, sprayed on a 0.45 mm thick YSZ electrolytes

cell performace are achieved. A range 40-250 mW cm? testedusingpureactivated coconut charcoal carbon as a fuel and
maximum power output has been generatedeems that the 33 mW cnm? maximum power density asobtained at 800C 4°
performance with this type of electrode is astgood as thatith Titanates demonstrate excellent stability in reducing
Ni/YSZ operating at high temperatsrét can be seen from the environments angresent good resisteato sulphur and coking
literature that a redox mediator has totaken irto account for They alschave gooctompatibility with YSZ electrolyts,*® and

the DCFC operating at low temperatute achieve this SO, theywerechosen as the ancglfor the DCFCs One of the
reasonable performanée 3° It is well known that the examples isiatlao.sSr.7TiOs(LST) andLao.sSro.7Tio.93C00.0703
electrochemical reaction rate is law low tempearturesvhich (LSCT) investigated for the carbon oxidatiort! lonic

is more seerefor carbon oxidation.The microstructure of the conductivity is an important characterist€ the electrolyte of
anode and the configurations of the DCFC system have effectlcell as far aperformance is concernethe cell generated

the cell performancand need to be further investigated. low maximum power density of 6 mW ctrand 25 mW cn#
_ o _ when using LST and LSCTrespectively This might be
3.2. Mixed ionic and electronic conductor(MIEC) attributed to the lowerionic conductivity of LSTas compared to

The aim of usingnixed ionic and electronic conductoMIECs) LSCTas the testing condition is tsame The power output with

is to extend the reaction zone carbon oxidation fromthe this type of electrodis not comparable with nickel/nickel oxide

anode/electrolyte interface that ofthe anode/solid fuelSome based anodenotto mention that above power is produced with

MIECs are excellent sulfur tolerant materials, which offer grean addition o wt% Ruinto the titanate electrode

promise for coal oxidation as sulfur often exists in ¢8ah

preliminary evaluation of such a catalyistlicated promising

performance in DCFCs. Although extensive Wwhas been done It seems that only limitedell performance can be obtained with

on MIEGs, little has been reported on fuel cell performance usiggsingle solid oxide anodeecause¢he active sites for

such catalysts in DCFCs. electrochemical reactions amet enoughto contactsolid carbon
and solid oxide. Additiveécatalysts) as shown in Figure 3are

3.3.Metal oxides
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often added into the solid carbon fuel in order to extend t
electrochemical reactions from thrpbase boundary at the
interface of solid electrode/electrolyte to the whole zone
carbon fuelAmong oxide catalyst (additives), metal oxides ha
recaved considerable attention in the application of DCFC
because of their high electrical conductivity. This criterion
essential for simultaneously accommodating the active mate Q2002 QAW +Q20?*
and enhancing the anode conductivity. Catalysts tend to incre
both paver density and open circuit voltage values. The additi
of CeGx and 8YSZ taacommercial carbon black was also foun: b Tc O, CO
to enhance the electrochemical performance. The degree 2
improvement of the current densitiedso depends on the
conductivity of the oike materials. These oxygen ionic
conductors provide additional sites for oxygen ions, there
creating more opportunity for thexidation of carbon or carbon
monoxide. A diagram of thisystem is shown in Figuré.?®
Different amounts of these oxygen ion conductors we
investigated. 10 wt% of oxide content in the fuel wastbto be
an optimal amount to obtain the highest power dersifhe
addtion of GDC into thecarbon fuel allows for a higher
maX|_mum power den_5|t¥ than does.the .ad(_:iltlon o_f _8YSZ' ThISFllgure4 Demonstration of the interface of the electrode and solid carb@) in the
possibly because, with its good oxide ionic mobibty well as absence of oxygen ionic conductor in the sdlidl (b) in the presence of oxygen ionic
some redox activityGDC not only reduces the cell resistancesonductor Reprinted from ref26.

but also plag a critical role as a catalyst for the CO oxidation or

even the electrochemical oxidation of the carbon directly. 3.4. Metal powder

FexOs is well known as excellent gasification catalgst is .
s - 9 N Metal Fe powder enhanced the electrochemical performance
similarly an efficient catalyst for carbon oxidation in DCFC

g . . . when a hypercoal was used as a fuel for DCFCs. The maximum
systems.The catalyst loading methodas investigated in two o } — 37
) . . ; rpower density increased from 55 to 80 mW-at 700 C.
ways:one impregnating 6z into the carbon fuel, and the othe Metal Ni and Ag verealso investigated as catalssdded to the
impregnating Fgs into the electrode. When &3 is 9 9 y

. carbon fuef® Ag gave a much better performance than thiel

impregnated into the anode,-fithes less amount of catalyst 'SNi additive, which was possibly due to the formation as
consumed than with aimpregnationinto the carbonfuel for .’
ﬁg undesirable produéi.

similar cell performance is to be obtained. It is believed that t
introduction of FeOs into the anode improves the 35 Mixed catalysts

electrochemical CO oxidation process by increasing the . -
. . P . . y 9 Pn DCFCs, there arseveral alternative reaotis,directcarbon
availability of electrochemical reaction &¢ and also by . . o e .
. . - . . oxjdaion, CO oxidation, gasification arateam reforming, are
increasing the oxidation rate of the CO. This could be achiev . S .
. L all possible. When considering the catalysts for those reaction
in the real system by an optimisation of the anode chamber. . .

a single catalysthas its limitatios, therefore a mixture of two
catalystscan be consideredA typical example of the mixed

geometry or byan optimised amount of cataly$t Direct
metal oxide with metal i&d-doped ceria (GDC) mixed withg.

oxidation of solid carbon should be enhanced,mhoite ctailed
experimental datare requiredbefore we canmw a conclusion. ) L
P d It was usedo catalyse thelectrochemicabxidation of CQ an

A representative example is thetmaximum power density of . .
b _ P . P . .y iron-based catalystvasloaded with the carbon fuel to enhance
424 mW cn? at 850 C was obtained on eone desigrell with ) ) : .
. the Boudouard reaction, which produced CO via a reaction of C
a NiO(50wt%)}YSZ(50wt%) anode, &dao.sSr..MnOs cathode, . . . L
- ) . with COz.2t It is believed that CO oxidation is enhanced as well.
and a thin film YSZ electrolytaising activatd carbon fuel . . . . .
) 49 A mixture oftransitionmetal oxide and alkathetaloxide has
loaded with5% FexOa.

. the great advantage of acting both as a catalystaanedox
CaO and MgQwere reported to hawe catalytic effect on the - o . .
9 P Y mediator via its carbwmte. Iron oxide together with MD,

electrochemical oxidation of carbon, which might be related 1o . . .
the promoting effect of carbon gasification in the presence xO was a mixture of LD, Kz0) wasused as a catalyst in
P 9 9 P CFCs. The reaction rate accelerated dramatically in the

50
CO2. presence of the catalysDxidation of carbon and coal are
enhanced by the addition ofFenOn-alkali metal oxide
catalyss.?” 52A maximum power density dfo0 mw cn? at 850
°C wasobtained with pure coal char, whi'emaximum power
density 0f204 mW c? wasobtained withHFenOn-alkaline metal
oxide catalystmpregnated coal ch&f.The

. carbon fuel O oxide ionic conductor (8YSZ) or 20GDC
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Figure5 Different contact modes of solid carbon with the anode in direct carbon fue
cells using solid oxide electrolytédapted and eprinted from ref. 3.

» ) . Figure6 Demonstration of a hybrid direct carbon fuel cell with carbonate as a redox
gasification effect of these additives has been subsequeidator. Acpted and reprinted from re 6L.

confirmed by the high intensityf CO products.

Hybrid carbonate and oxide has been developed with a
. configuration as shown in Figur&.5' This system is a
4. Redox media combination of a molten carbonate fuel cell and a solid oxide fuel
Solid-oxide DCFCs can be categorised by the way solid carbaell, andboth reactions at the anode of a carboxfF-Cand a
contacts with the surface of the anode, as shown in Figtire solid axide-DCFC take place, as shown in Figure 2b and Figure
Figure 5a shows the narontact mode and it is shown here foRc.
completion, comparing to c, as it is very dficult for carbon At the cathode, oxygen is reduced to oxygen (egsation
oxidation in this desigh Some direct methodsrea used to (10). Oxygen ions are transported across the solid oxide
increase the contact area by pressingpiius carbon pellets electrolyte membrane to the anode compartment, where the
against the YSZ electrolyte, as shown in Figbte®* Some carbon is oxidisedo C(.52 63 At the anode, direct carbon
indirect methods are applied to increase the changes of carbarxidation is possible with either complete oxidation of the carbon
contact with the solid electrode. Two physical approaches &wecarbon dioxide, as shown in equationl)(lor a partial
applied, including a fluidised bed (Figube)®>® and some in oxidation of the carbon to carbomonoxide, as shown in
situ/external gasification (Figurgd)®® %0 Solid carbon is used equation (2).
directly as the anode (shown in Fig&&). Some other methods
such as assistance by tfeglox mediator, are also investigated.
The concept of mixing solid carbon and oxygen ion conductive polten carbonate plays an important role in carbon
oxides, shown in Figursf, is to extend the contact zobetween gxidations+ 65 Although carbonate eutectic melts about 500
the solid carbon and the oxygen ions, which coulddsétionally  the performance of HDCFC does not increase greatly until a
supplied from dispersed nanoparticles of the oxide  electrolyi@gnperature neare’00 C is reached, when, it is believed, the
Because of the sluggish kinetics of the electemolval yiscosity decreases and the wetting ability increases
oxidation of carbon, efforts have been made to improve thgnificantlyS! Enhancement of the anode reaction with molten
catalyst reaction rate by elevating the operational temperaturg ffhonate as an electrochemical mediator is also expected to
addingaredox meditor. The redox medtar is generally mixed occur, as recorded in equati¢6), (7) and g).5 4
with carbon feedstock, and sometirigsncorporated into th CO is oxidised into carbon dioxide by an oxygen ion 06O
anode. A good medtorin DCFCs is an effective gasification, The chemicaénergy of the CO can still be converted to electric

catalystas there is little reaction between solid and satiedking power via the electrochemical oxidation of CO at the anode of
gasification one of the possible reactions in the anode chamlpgs pcFcsesss

It promoes the formation of CO when employed the inert .

anodeatmospheren DCFCs. It delivers suitable ions to the CO+C"Y C Q+2e (13)
carbon at the three phase boundary, whelextrochemical CO+CQ*Y 2 C@®2¢ (14)
reaction takes place. Some media have been investigated in

various DCFC configurationgviolten carbonatemolten metal The reaction mechanism with carbonatediumis illustrated

C+*Y CO + 2e (12)

or composite components are being used in DCFCs. in Figure?. Three different cells, both with and without physical
4.1 Molten carbonate contact with the anode, are prepared using a carbon fuel, both
4.1.1 Hybrid carbonate solid oxide with and without molten carbonate; and thenfiguration is

shown in Figur&a. In cell I, as there is no meft carbonate and
the carbon is physically in contact with the anode, the overall
reaction is via the direct carbon oxidation mode. In cell II, carbon
is mixed with the carbonate, but they
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Figure7 (a) Schematics of the fuel chamber configurations ugsdl | with only carbon Carbonate Composition of the Anodic Mixture

as a fuel and carbon in contact with the anode; Cell Il with a mixture of carbon ana ) . . ) -
. ) FlgureB Maximum power density of the cells using the different carbonate compositions
molten carbonate physically separated from the anode by a porous layer of glass fibel

) ) ) L+K, LNa, LiNaK, LiBa, NaK). Th | test i DCI
Cell Il with a mixture of carbon and molten carbonate contaith the anode (b) steady (L 3, LiNaK, LiBa, NaK). These cells were tested using dense/porous GDC layers

. ) . ) as the anode structure and @arbonate composition of 6 vol% in the anode mixture.

state current densities of the cell measured at 8@with the application of various cell .
. — . S Reprinted from ref. I.
voltages, and (c) relative contributions of various oxidation modes to the total current
density. The ratio of each reaction mode idccdated as iy, infiy, (i -irin)/iy for the
direct carbon oxidation mode, CO oxidation mode, and carbonageliated oxidation and 720 C. The melting temperature for four eutectic carbonates
mode, resgctively. Reprinted from re69. of Li, Na, K and Ba is 498, 398, 609, and 700.”% In the
presence of the carbonate with the required meténgperature,

are not physically in contact with the anode. The CO oxidatigifle viscosity of the solution can be reduced, leading to the

mode sbuld make a major contribution to the overall reaction @ahancement of sdlidiffusion throughout the medium. Even

seen in equation @) and (¥). In cell lll, the reactioninvolve though the liquid phase is not huge, the presence of this
direct carbon oxidation, CO oxidation, and molten carbenaifiscontinuous liquid phase is beneficial to therovement of
mediated oxidation. the diffusion. LiK exhibits the best catalytic activity for solid

Due to the current of Cells | and Il being mainly generated Byidation among all the eutéic carbonates (Figui®. Na is not
direct carbon oxidation and CO oxidation, the curaensities deemed to have a positive enough effectcarbon oxidation,
of these cells are lower than that of Cell lll at a giveltage as andtherefore the cell performance of DCFCs withNa or Li-
shown in Figur&’b.5° Direct carbon oxidation and CO oxidationNa-K is not as good as that of one withKi Li-Ba is similarto
has less effect than GBmediatel oxidation, ashown in Figure Lij-Na. The weakest catalytieeffea is found with NakK
7c. All these reactions should be followed by a regeneration @frbonate, whicmight be due to its higher melting temperatur
COs* ions so that the electric charge of the molten carbonate qaie enhanced power densityattributed to the acceleration of
be kept neutral. carbon gasification by the catalytic effect of potassium salt,
CO+ Y Co (15) which results in a sigﬁfic_ant reduction in. the operational
temperature of the gasification. The conversion rate at @25
The carbon carbe converted via a neslectrochemical with a K2COs catalyst is much higér than that at 900C without
reacti on k nown as the r eve nscatalysfB dJernay ucarbahater @GOeNaiCOKeCOs) whi c
increases dtigher temperaturés eutectics have a lower melting temperature than binary carbonate
(Li2COs/K2COs  or Li2COs/N&CQOs), and the melting
temperature can be further decreased by adding the right amount
As we mentioned above, carbon has a composition Qfother carbonates or some oxides.
CHx(x<1). The species inhe carbon fuels participate in the An optimal carbonate concentration should be used in DCFCs
reactions in the process of cell operation. Hydrogen and €¥stem to achieve the best ceérformance. 230 wt% of

released from the pyrolysis of carbon/coal can be oxidised. Carbonate seemed to be a suitable amount. Adding 25 wt%
carbonate into the carbon, markedly improved performahas,

Ho+ Q> Y #D+2e (17)  verifying the need for a carbonafeSince a higlconcentration

of carbonatecause extra diffusion difficulty from the solid
carbon fuel to the electrode, the electrochenogélation of the
carbon must be limited. Thissiconfirmed by a significan
H2+CO2 Y #D+COx+2e (18) increase in the polarisation resistance of the DCFCs when the
carbonate content in the mixture oérbon and carbonats i
increased from 50 mol% to 80 mol%.Except for binary
carbonate, ternary carbonate has been investigated in hybrid
carbonate and oxide based DCFC system. It displaw

c+cay 2co (16)

The electrochemical oxidation okldan also b promoted by the
carbonatg?

There are some advantages that DCFCs can ragrtyonate
when a molten carbonate is addedhto the carbon, most
importantly, a low melting temperature between 4@
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operational temperature compared to binary carbonate hylBidmuth exhibits low melting point and its oxiddgi{Os) have
DCFCs’* goad ionic conductivity3 S/cm at 825C) .8 It allowstheBi20s

It is also found that mixing carbonate with carbon extendedtransfer from the electrolyte tine bismuth metal, even &
the active reaction zone from a twimensioral Ni-YSZ anode bismuth oxide is formed during the electrochemical reaction
to a threedimensional zone, brought about lkie mixed processThe akygen diffusion coefficient is also important when
electronic and ionicconductivity in the carbon/carbonatea molten metal is chosen for DCFCs. Metals such as bismuth,
slurry.”® The mixing method has an influence on the catalytsilver ard lead which have good oxygen diffusion coefficients
behaviour of the carbonate. Jainal 7® investigated different 5.3x10° cn?/s, 1.510° cmd/s and 1.2910° cn¥/s,
methods of introducinga carbonate into pyrolysed mediumrespectively?? 83
density fiberboard (PMDF), using stickhaped originals: Y It is reported that the opesircuit voltages (OCVs) of cells
sticks of PMDF were immersed in a molten carbonate mixtueee close to thexpectedpotential, based on the edbiium
(I1) sticks of PMDF were immersed in molten carbonate and thestween metals and thexides, as shown in Equatio() and
put under pressure to degas poréis) Carbonate powder was(20)84
mixed with milled PMDF powder. Thexperimentalresults
showed that powdered PMDF mixed with carbonate gave the
lowest cell resistance at testing temperatures of &€&6o 800 (n/2)C(M)+ MOh- (n/2)CO+M 20
“C, which is due to welmixed PMDF with carbonate.

Excellent cell performance is obtained in this designd’ example,the electromotive forcef a molten tin anodés
systenf® 77 An representative exampigthe remarkable power generated as a result it oxidation totin oxide. The tin oxide
density of 878 mW crd obtained at 750C on a DCFC with a €an be reduced back to metaltlwcarbonaceous fuel. This
composite NiGYSZ anodeand a mixture of laCOs and K.CO;  System produces a low open circuit voltage (0.7 V at &0O
using pyrolysed medium density fibreboard (PMDF) as the fuiecently, a molten Sb anode was tested as the anode for the

This is the highest power output as yet reported @FD direct utilisation of carbon fuels at 70C. 8 The open circuit
systems! voltage of the cellis 0.75 V, which is the value of the equilibrium

4.1.2 Hybrid carbonate/solid oxide with additives between Sb and 203 (equation (®)). The electrochemical

A significant improvement with additives into the solid carboRotential of the metal oxidation and the ability of the metal to be
has been discussed in Section-3.8. Some researchers hav@Xidised into metal oxides have major impacts on cell
investigated aell with acombination of carbonate and additiveg®®rformane  through their contribution to polarisation
Ag20 was added inta mixture of carbonate and carbon. Thgesistancéf‘ The robustness of the molten tin oxide was prov
satisfactory electrochemical performance of the DCFC wi¥ the use of a high sulphur concentration fuel

attributed to the enhanced activity and stability of nickel in the

presence of AgD.”® By adding a variety of catalysts to thé Carbon Parides

carbon fuel, Deleebeeck found a direct correlation between (G0l Fus)) i e
enhancement of the power density and the high OCV vaItElemmmmmmam

when the cells were operating at 785in a mixture of nitrogen  onyatthe Three-phase boundary .
and carbon dioxidé®® Some metal oxides have multiple

M+nO%Y M Qv+2ne (19)

Ni catalyst ®
oxidation states and can both store and release oxygen. | (Electonic conductor)
believed that the formation of metal oxides at a loweepiial vz : ’
can transform CO, or other carbonaceous species on the sur (tonic conductor) )2- 5k

of metal to CQ, thereby releasing active sites on an electrode 1
further reactionManganese oxide, M®4, Mn203, MnOz, MnO,
showed different catalytic activity in the process ofbcar b
oxidation. The cell with a Mi©Os additive produced the best
maximum power density, which might be due to the differe
oxidation state of mangane%e.

- Electrochemical oxidation of Carbon
at the enhanced
liquid Sn interface
4.2 Molten metal

Fuels
(Carbon particles, CO gas)

Molten metas was firstused to promote carbon gasification
rather than carbon direct oxidation. The first theoretic
investigationusingmolten metal electrodes for coal gasificatiol
was done by Yeekakiset al®® The molten metahas tobe a
good electronic conductor, stable in oxygen environmehts
oxidised, the resulting metal oxide must be a good ion Condud'_tig_\"e_g Schematic representation showing—NSZ anode ih DCFCs. .Electrochemical.
for oxide ion transportation from the electrolyte to the molte%ldanon of solid fuels can occur at the TPE with oxygen ions emerging fr-on? the solid
electrolyte and to produce G@nd CO. (a) typical NMiSZ anoddb) enhanced liquid Sn
anode layer(Figure 5f). Another important parameter is th€ngde interfaceRepritted from ref. 87
meltingpoint It isdesiedto use metals wittow melting points

Molten In, Pb, ShBi and Sn are common anodes for DCFCs.
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(1350 ppm sulphur). No significant cell performance degradati

was observed after 200 hours operation of testing; the sulp g = e m-g b .

was oxidised into S@and escagd as a waste g&%. _“ ey § 0 gl
Juet al developed a N¥SZ anode supported cellwithaYSz £ mE N J

electrolyte and a LSM cathode. The loading of Sn int@é#nbon : ' § £ oy !

fuel plays a critical role both in building a favourable bridg * : § A ——

between theolid fuel and the solid anodad infacilitating the e AN—
Current Density (Alcm’)

electrochemical oxidatio of carbon to CO, a maximum powel
density of 105 mW cridat 900 C was achievef. In the DCFC

. o % of Sb oxidized
based on a YSZ electrolyte (Figu®} it is generally accepted

0% 50%  100%  150%  200%  250% -
that solid carbon fuels ahé TPB react electrochemically with 1.00 T T S o vy o
the oxygen ions emerging from the solid electrolyte (YSZ) ai < | — :g+c fuel| 1500 ?;
produce CQand CO via simultaneoushoth 4 and 2 electron g ; 1490 =
transfer reactions, as shown in equatiah) @nd (2). When CO E 0.50 1300 'E‘
is produced by reaction 2}, it can befurther electrochemically = il 1= E
oxidised to CQ, as a gaseous fuel in the DCFC, as seen 1100 2
equation (B) and (14) 0M——2""4 & 8 10 12 14 16 1 o

A maximum power density of 350 mW chat 700 C was
obtained on the DCFC with a molten me® anode/ScSZ(100
uM)/LSFScSZ as shown in Figur&0as® In their study, a Sc  Figure10Voltage vs current density { polarisation and power density curves for the
stabilised zirconia electrolytsupported cell was used Whichfuel cell with a 100 pm thick SRtabilised zirconia electrolyte, a Sb anode and a
was considered to kae major factor Contributing) the ohmic La,_ssb_zFeQ—ScSZ.cathode, testgd at 700. The power density is calculated from the

2 . . . V-1 aurve. (b) Nyquist Plot of the impedance spectrum for the fuel cell at @@c) long
I o _S s of QFJgQ_rélQb)( The _functlongf Carbon_ Was o performance plots for the cases of Sb anode with without sugar char Fuel at
confirmed by the study in FigurBOc with possible reaction asconstant current of 0.6 A ci Adapted and reprinted from ref. &

shown in equation @. The cell with sugar char remained stable

at 0.6 A cn for 12 hours and the performandeopped down carbonate ions, ashown in equationd]. ¢ This reaction at the
after that until all of thduel had been consumed @ire 10c). interface tose to the cathode is said to be presumably
However, the cell without carbon fuel only lasted for 1 hour apgsponsible for the enhancement of the oxygen conduction and
the cell performance deteriorated after that. This was due to ¢h§;> conduction in the composite electrolyte, as A& is
accumulation of the insulating 8D in the anode. supplied in the cathod®.

Time (hours)

One typical example of this system is that of élial. who
employed a composite electrolyte containing a Li/Na carbonate
A composite component with solid oxide acafbonate is used eutectic and a doped ceria oxide. The cedide with a silver
in DCFC systems. The solid oxide is generally a mixed ionic aggwder/Lithiated ~ NiGelectrolyte/electrolyte/silver powder

electronic oxide of doped ceria. A composite electrolyte Wilenerated a power output of 100 mW-&at 700 C .t
solid oxide and carbonate has the advantages of both. Among the

composite electrolyte of doped ceria and carben&DC or
GDC mixed with carbonate exhibits good conductifftyrthe 5. Fuel
conductvity of SDC-(Li/K) 2COz is dependent on the carbonat%

cs;t(eng a S|gn|ft|)cant |3crt_eiseb|n tgg CCI)(;\deCtIVI'[t))/ rg; Sb uch as graphite, carbon black, PMDF, biomass, coal, andcoke.
(Li7K) 2COs was observed with about 30 vol% of carboridte. 14, 17, 25, 5o, 5, 7207 Graphite is dsirable in molten carbonate

The overall conductivity of a composite electrolyte compos%ch due to its high conductivity, but is not suitable for solid
of an G" conductive porous phase and a€Gonductive molten oxideDCFGCs as it is relatively unreactiveKnowledge of the

carbonate phase is much higher than eitvaen operating chemical and physical properties of carbon, such as surface area,

|ndI|V|du§1IIy. In the anode chamber, the cfalrbOn contacting the .. | size, the concentratiofithe surface functional groups,
solid oxide electrolyte reacts with oxygen ions to produce C@

T - rystal structure and impurities, are essential for understanding
and releases electrons; the reaction is shown in equatipn (1

. ) ] ) ) important factors that determines the electrochemical
Meanwhile the carbon particles dispersing in the molten

b directl ith the GO ducing Co performance Sometimes the cell performanisedependenbn
carbonate pase directly react with the GOion, producing several properties of carbon and sometilmely one parameter

and electrons simultaneously; this is the same as in Carbon%‘?ninates the electrochemistyFor example, Cooper found
gased DC;FCs; thg reactll_?(n is shoyvn n eguaﬁi))n _( that less crystalline carbonsuch as chars, werreactivein
ome other reactions, like equatior) @nd equationd), are carbonateDCFCsdue to a high concentration of edge atoms, but

possible as well. their electrical conductivitywas low.* On the other hand,

dln thde_cathode chgmber, ;hel oxygen a‘_tohrzns can be d're%t}(yiphite is a useful fuel if the carbon is also used for current
reduced into oxygen ions, and also react with, GXyenerate collection. It was observed that volatile matter, porosity and

structure disorder correlate perfectly with the achieved power

4.3 Composite

ifferent types of carbon have been successfully used in DCFCs,
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output.In contrast, high ash content and sulphur content nota Time (min)

inhibit the electrochemical performancé&he latest research 40 ) 6.0 ) 8.0 . 1?0 . 1.20 ) 1.40
shoyu-?-d that. th.e_DCFCs.with different coal sgmples as the fue Modified Char

exhibited significant different electrochemical performance

Among the

w
o
1

properties, crystal structure, volatile matter, carbon content
sulfur content have an influence on the power output
durability.””> 98 In sections 5.55.4, the influences of crystal
structure, surface properties, impurities and particle size on
DCFC performance are discussed.

D A

CO relative concentration (%)
N
o
1

Catalyst-loaded Char

5.1. Crystal structure

—_
o
1

Carbon exists in many structural forms, including diamon
graphite, carbon black, coke, activated carbbhbers, and
nanotubes. In DCFCs, graphite and carbon black are often u
as model fuels, but other carbons such as biomass derived cl
coal and coke are also being investigated. Researchers t
found that the crystal structure of the carbon mighniyeoirtant
in some DCFC systems. Nurnbergfeand Kulkarnt® reported Figure 1 CQ-temperature-programmed oxidation profiles of char, modified char and
that amorphous carbon black was more reactive than grapHi#@lystioaded char. Reprinted from ref02.

carbon in DCFCs using a solid oxide electrolyte, due to many

types of reaction sites (edge, step, or other suifagerfection). DCFCincreased after acid and base treatments, indicating that
A better cell performance was obtained with Vulcan XRTi2an the initial formation of the solid carbon/liquid molten carbonate
with graphite* A si mi | ar phenomen on reagtipginteffagamigiat beaffected bydchanges in the surface
research by using a NiSZ electrode and carbon black Withchemistry. The different adsorption and desorption of these
disordered structures, a betadectrochemical performanceas surface species mlght result in the different open circuit voItages.
obtained at 70800 "C with carbon black than with graphiteNaOH increased the number of hydroxyl groupsidising acids
because of the disordered structure of the carbon Blake such as HINDs, increased the number of surface carbonyl,
higher activity of amorphous carbon has also been reportec@iboxyl and nitrate groups, while the roxidising acid, HF,
molten carbonat®CFCs!4 Cherepy reported that in moltenProduced phenols, ethers and lactones. They found that surface
carbonateDCFCs, the properties of carbon fuels, Crystarea and micropore volume increased after acid and base
structure and electrical conductivityontrol their rate of treatments, and this mighe responsible for thenhancement of
discharge in the molten electrolyteA low crystallisation index the electrochemical oxidation performari€®.it was also

is more reactive both chemically and electrochemic@litigh ©observed that wdified char using KOH and HCI along with heat
electrical conductivity is desirable as the conductive particuldfeatment could change the volumes of carbon microcrystals,
carbons themselves are the current collectors and providieropore surface areas and oxygemtaining functional
adequate reastk surface sites for mass transportatishich has groups. A modified char fuelledell with a NiO-YSZ anode

0 Y T J T v T g
400 600 800 1000 —————— 1000

Temperature (C)

been proved in carbonaBCFCs4 generated 220 mW cfmat 850 C, compared with the otherwise
expected 62 mW crhat the same temperature. The structural
5.2. Surface properties changes and physicochemical properties were considered

Carbon oxidation is promoted when the carbon is washed negponsible for the improvement in the Boudouard reactivity of
acid, leading to a change in the surface properties of the carB@ modified char and these both led to an enhanced
Up till now, HF, HCI, HNQ and NaOH have served as thé&lectochemical performance (Figurd)1'®?

catalyst adilives in carbon fuel. The surface modification o

carbon was found to have a positive effect oreteetrochemical
oxidation in the order of HN® a i r p | ans weabaridte | Electrochemical coal oxidation has attracted significant attention

DCFC.93 to replaing the traditional coafired power plant. If this
Acid or base treatment of the carbon increases the amounf€ghnology is to develop on a large scale, a-&sh coal or

chemicallybonded oxygen on its surface, which enhances t#aned coal will be necessary to guarantee a reasonable cell

carbonateDCFC performancé& 1% The content of hydroxyl lifetime.

groups is increased by NaOH greatment due to the changes The electrochemical reaction was enhanced by adding CaO,

from carbonyl or carbxyl groups to phenol or lactone grougs. MgO and FeOs, whereas AOs and SiQ reduced
Caoet all% pretreated activated carbon with NaOH, HNoperformancé® The aldition of coal ash into the DCFC also

or HF and found that the open circuit voltagfea carbonate verified this. The cell performance with the additiof ash from
Blackwatercoal s better than two other two ash additions from

Germancreek and Newland, the fact that main inorganic contents
in Blackwater coal are E@3, Na&O, K20, MgO and CaO, which

E.3. Impurities
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could be catalysts for DCFC reactions, could account for these
results.Some datils have been shown in Section 3.3 and 3.5.

In addition to the ash impurities in coal, roarbon species,
such as sulphur, hydrogen, nitrogen and oxygen elemengsor
can also be preseHE These species might improve, or degrade,
the cell performane and activation. Sulphur isndesirable in
DCFCs. DCFCs using cokes containing -8.5vt% sulphur
displayed a deterioration in performanoeer time, and the
overall cell resistance increased from 6.1 to\@.8m? over a
two-day testing* Sulphur in coal would limit the cell power
output whennickel is used as the catalysecause nickel is
sensitive to the presence of sulpktr.105 Other chemical
elements present in coal, such as hydrogen or oxygen, may also
be involved in the electrochemical process. Hydrogen and
methane could form during the higlkemperature pyrolysis in
impure carbon. These gases can be oxidised, generating
electricity. A limited amount of oxygemight be beneficial to
the hightemperature oxidation,ub too much oxygen can cause
carbon loss, lowering the fuel utilisation.

Raw coal generates roughly double the power output of ash
free coall® The volatile organic compounds in raw coal seem to
be accelerators for the electrochemical performance. This has
beenattributed to the additional release of gaseous fuel from the
raw coal in the form of pyrolysis gases.

The removal of impurities by nitric acid wash was applied to
remove impurities in coal samples. The ash content decreased
from 3 wt% to 0.4 wt % byhe purification process using nitric
acid. A better performance was achieved on the coal samples
after purification with nitric acid than on the raw coal sampiés.

Thermal treatment process can significantly change the
properties of coal, which definitely have an effect on the cell
performance when coal is used the fuel for DCFCs. Coal is
classified as lignite, bituminous and anthracite by the rank. The
carbon content and conductivity and crystal structure are
different for lignite, bituminous and anthraciiRecent research
on the coafuelled hybridDCFCs ndicated the electrochemical
reaction zone varied with the temperature highly depending on
the type of coal for the fuel. Bituminous undergoes a plastic stage
in the anode chamber when the cell is heated, while anthracite
has not been the same (Figure 12)The fluidity of the
bituminous coal is a beneficial property for DCFCs operating in
a batch mode as it creates more chance for the contact of coal
with electrode. Extra caution should be given when using
bituminous coal as a fuel in hybflACFC. From another point
of view, volatile matter decreases during the process of thermal
treatment, which is deemed a beneficial for the increase of
electrochemical performanée?
5.4. Particle size Figure 12 Schematic illustration of anode chamber depicting the possible active reaction
I'n Vutetakisds initial exp e fFohiehyi¢DCrERCHDgerategwihgogls i fgcliorpféhedempgyajure and 1y ¢

. . . f coal: (a) initial situation in HDCFC at room temperature for all type of coals, (b)
nsity on the particle size was foun eduion the molten YP¢ °
dens ty on the particle size was fou dtob the molte situation of HDCFC with raw anthracite (or lignite) and carbonised coal samples at

carbonateDCFC system. Three types of carbon samples \_Nwarking temperature (750°C), (c) situation at intermediate temperature when the
200-325 mesh, 5000 mesh and 280 mesh were tested iNpituminous coal and the carbonates mixture reach the fluid point and (d) situation at 750

100% CQ at 700 C.17 The current density of the cell increasedC with the raw bituminous coal. The oxidised bituminous coal could be in an
intermediatesituation between raw and carbonised bituminous coals depending on how
much its plasticity is reduced during the oxidationreatment. Repinted from ref. 0
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