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Why solid oxide fuel cells (SOFCs)?

The search for cleaner energy
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High specific energy, specific power and power
density — outperforms any other system currently
available
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What are SOFCs?

Electrochemical energy conversion devices Do not require combustion as an intermediate step —
higher fuel conversion efficiencies compared to

: i combustion-based processes — can produce a given
Converts chemical energy from a fuel (e.g. hydrogen, biomass, amount of energy using less fuel .. have lower CO,

methane and other hydrocarbons, natural gas and coal) directly emissions and is more environmentally friendly
into electrical energy (NO combustion)

Nissan e-Bio Fuel Nissan NV200
Cell: Combi:
< 5L/100 km 9.8 L/100km
(bioethanol) (petrol)

https://global.nissannews.com/en/releases/nissan-unveils-worlds-first-solid-

oxide-fuel-cell-vehicle?source=nng&lang=en-US

https://www.fueleconomy.gov/Feg/bymodel/2016 Nissan NV200.shtml

SN Hv

g ¢
r AN VA " ‘, .
WI# science & innovation O a T n School of
I S\ HEMISTRY &
W cience and Innovation %2 K
V REPUBLIC OF SOUTH AFRICA RF g\):q e‘\\r ' .
Ong mat

000
e T
o's’e


https://global.nissannews.com/en/releases/nissan-unveils-worlds-first-solid-oxide-fuel-cell-vehicle?source=nng&lang=en-US
https://www.fueleconomy.gov/Feg/bymodel/2016_Nissan_NV200.shtml

What are SOFCs?

Electrochemical energy conversion devices Do not require combustion as an intermediate step —
higher fuel conversion efficiencies compared to

: i combustion-based processes — can produce a given
Converts chemical energy from a fuel (e.g. hydrogen, biomass, amount of energy using less fuel .. have lower CO,

methane and other hydrocarbons, natural gas and coal) directly emissions and is more environmentally friendly
into electrical energy (NO combustion)

SOLID, because the electrolyte and electrodes are all composed
of solid-state materials

OXIDE, because the electrolyte is an oxide ion conductor
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Most individual cells are small so SOFCs are usually arranged in series in a fuel cell stack in order to produce larger quantities of power
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What are SOFCs?

« Electrochemical energy conversion devices

« Converts chemical energy from a fuel (e.g. hydrogen, biomass,
methane and other hydrocarbons, natural gas and coal) directly

into electrical energy (NO combustion)

« SOLID, because the electrolyte and electrodes are all composed

of solid-state materials

* OXIDE, because the electrolyte is an oxide ion conductor

How do SOFCs work?
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Most individual cell
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Do not require combustion as an intermediate step —
higher fuel conversion efficiencies compared to
combustion-based processes — can produce a given
amount of energy using less fuel ... have lower CO,

emissions and is more environmentally friendly
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Most common
electrolyte in SOFCs
— — IS yttria stabilised

zirconia (YSZ) but
S requires high
operating temperature
Electrolyte e (~ 1000 °C)

Most individual cell arranged in series in a fuel cell stack in order to produce larger quantities of power
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Most individual cell arranged in series in a fuel cell stack in order to produce larger quantities of power
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O- Bi,O4 has the highest ionic conductivity of all known solid oxide ion
conductors (Solid State lonics 1996, 89, 179.)
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O- Bi,O4 has the highest ionic conductivity of all known solid oxide ion
conductors (Solid State lonics 1996, 89, 179.)

Structure of 0-Bi1,0,
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O- Bi,O4 has the highest ionic conductivity of all known solid oxide ion
conductors (Solid State lonics 1996, 89, 179.)

Structure of 0-Bi1,0,

®
®-
defect fluorite (FCC) structure
CCP array of Bi** cations (blue) with oxide ions (red) in
tetrahedral holes (25% of normal anion sites are vacant
without any doping)
J. Mater. Sci. 1994, 29, 4135. wy w _ C X )
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O- Bi,O4 has the highest ionic conductivity of all known solid oxide ion
conductors (Solid State lonics 1996, 89, 179.)

Structure of 0-Bi1,0,
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defect fluorite (FCC) structure
CCP array of Bi** cations (blue) with oxide ions (red) in
tetrahedral holes (25% of normal anion sites are vacant
without any doping)
oxide ions undergo thermal vibrations and
periodically hop to adjacent sites
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O- Bi,O4 has the highest ionic conductivity of all known solid oxide ion

conductors (Solid State lonics 1996, 89, 179.)

Structure of 0-Bi1,0,

®
®-
defect fluorite (FCC) structure
CCP array of Bi** cations (blue) with oxide ions (red) in
tetrahedral holes (25% of normal anion sites are vacant
without any doping)
oxide ions undergo thermal vibrations and
periodically hop to adjacent sites
neutron diffraction reveals an even more complicated
disorder of the oxide ion sub-lattice with oxide ions
occupying interstitial sites
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Problem with 6-Bi,0,

wooc | Liquid| Liquid | Liquid | Liquid [ O
825 °C = — A
800 °C - B
O ¢ o o 0 A
K O
730 °C= x o 'é l —
650 °C = W
639 °C = :
e 1
0._0 .vo Y E a
500 °C = N | S | e b
o ° L 3
-s:\:sr. ; o
i, | S 5 OR '
400 °C = ) ; "
" » o .
330 °C— o Ve
".“"-Ux’:‘j K
SR A
ey SN
a Y
may persist '
{0 room :
tcmpcralurci

(@) (b) (¢ (e)

School of Q_ 6 _e:s
Hfmlsnw& O,

®
@

(@%@E
g4
9
@'
=
3
@<
X



Problem with 6-Bi,0,

woec | Liquid| Liquid | Liquid | Liquid [ 9
- A
825 °C - &
800 °C - Dy L=l
O e o » S 7Y
i @ 0
730 °C = B N
4 A
650 °C = R J W
639 °C = y
]
2 :
W g v : o
500 °C = . —;0 ol o< 0%, b ———— :.
“l:\: "o R a o
Wl B || OR
400°C= |2 ; -
o » Q v
330 °C—- a A | P
RN o S o0
-] e ¥,
Faoi [ pe
a o AL 00‘ o
I e
may persist & 4
{0 room : 8
tcmpcralurc*

(@ ) () (@ ()

O- Bi,O5 can be stabilised to lower temperatures by
the substitution of Bi3* with isovalent or aliovalent
cations (i.e. doping), however, doping also lowers
the ionic conductivity relative to pure 06- Bi,O,
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Problem with 6-Bi1,0,

Temperature (°C)
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O- Bi,O5 can be stabilised to lower temperatures by
the substitution of Bi3* with isovalent or aliovalent
cations (i.e. doping), however, doping also lowers
the ionic conductivity relative to pure 06- Bi,O,

qoa‘.ms oF E*%((

e by ? \ v i “—‘%

%}l science & innovation ) H + e
@) 22N mouen AN -
ol REPUBLIC OF SOUTH AFRICA RF &, 7""

o o
Pong mate

@

%

School of @« O
Hfmlsmvg.

]

e
oo



Co-doping with 2 metal ions to stabilise 6-Bl1,0,

Y . O,
o

E O
Qa“w :E*o
L3
" N 4 / ‘
ki 3
science & innovation O 8 + School of
==\ Deparment . =
g@; Science and Innovation 2 'y
W REPUBLIC OF SOUTH AFRICA RF s \
Fong m““

¢

0
éo
'® ®



Co-doping with 2 metal ions to stabilise 6-Bl1,0,
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Generally results in more stable
materials and requires lower total dopant
concentrations than singly-doped
systems, therefore have higher ionic
conductivities
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Co-doping with 2 metal ions to stabilise 6-Bl1,0,
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Co-doping with 2 metal ions to stabilise 6-Bl1,0,
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Co-doping with 2 metal 1ons to stabilise 6-B1,0,
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The Y3*and Sc3* co-doped system
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The Y3*and Sc3* co-doped system
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Why does this happen?

We don’t know!
Insufficient structural
Investigation to determine a
mechanism for lattice
expansion
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The Y3*and Sc3* co-doped system
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Sc2* DOES NOT EXIST

Why does this happen?

We don’t know!
Insufficient structural
Investigation to determine a
mechanism for lattice
expansion
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The Y3*and Sc3* co-doped system
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Why does this happen?

We don’t know!
Insufficient structural
Investigation to determine a
mechanism for lattice
expansion
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L[Y]) Lattice parameter and ionic conductivity

INCREASES

Suggested that the lattice

expansion might be caused by

Sc3t —» Sc2t
Sc2* DOES NOT EXIST

Used a high total dopant
concentration (24 mol%)
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Aims and objectives

Co-dope Bi,O; with Y3* and Sc3* at a lower total dopant concentration (20 mol%)
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Aims and objectives

Co-dope Bi,O; with Y3* and Sc3* at a lower total dopant concentration (20 mol%)

Provide more in-depth structural characterisation to determine the mechanism of lattice
expansion
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Experimental

20 mol% total dopant
concentration
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Experimental

2.5 mol% Sc(lll)
5 mol% Sc(lIl)

7.5 mol% Sc(lll)
10 mol% Sc(lIl)

20 mol% total dopant
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Experimental

2.5 mol% Sc(lll)
5 mol% Sc(lIl)

7.5 mol% Sc(lll)
10 mol% Sc(lIl)

20 mol% total dopant
concentration

Citrate-gel synthesis

@ bismuth(lll) nitrate

@ yttrium(lll) nitrate

@ scandium(lll) nitrate

» @ citric acid monohydrate

acetic acid
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Experimental

2.5 mol% Sc(lll)
5 mol% Sc(lIl)

7.5 mol% Sc(lll)
10 mol% Sc(lIl)

20 mol% total dopant
concentration

Citrate-gel synthesis

@ bismuth(lll) nitrate

@ yttrium(lll) nitrate gel
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Experimental

2.5 mol% Sc(lll)
5 mol% Sc(lIl)

7.5 mol% Sc(lll)
10 mol% Sc(lIl)

20 mol% total dopant
concentration

Citrate-gel synthesis
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@ yttrium(lll) nitrate gel
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Experimental

20 mol% total dopant
concentration

Citrate-gel synthesis

@ bismuth(lll) nitrate

@ yttrium(lll) nitrate gel
@ scandium(lll) nitrate :>

» @ citric acid monohydrate

acetic acid
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Rietveld refinements of laboratory powder X-ray
diffraction data

observed
—— calculated
—— difference
Rwp = 10.039
Rexp = 5.063
gof = 1.983

Intensity (a.u.)

20 40 60 80 100 120
20 (degrees) [Co (Kg1/Kq2) A = 1.78900/1.79283 A]
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Rietveld refinements of laboratory powder X-ray
diffraction data

observed
—— calculated
—— difference
Rwp = 10.039
Rexp = 5.063
gof = 1.983
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Intensity (a.u.)
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Rietveld refinements of laboratory powder X-ray
diffraction data

::’ observed
—— calculated
—— difference
Rwp = 10.039
Rexp = 5.063
gof = 1.983
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Rietveld refinements of laboratory powder X-ray

ensity (a.u.)

diffraction data
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Synchrotron powder X-ray diffraction

L? Brookhaven

National Laboratory

Beamline 28-ID-1

ARE OF &
4(“7'“ *C'Q(
u science & innovation O 8 + E) Sthﬁl)l of A‘ ] ‘
(@) = wem P\ o HE““S‘"“I ‘
Ry  REPUBLIC OF SOUTH AFRICA RF 6‘"’9 & v
NG MAT




Synchrotron powder X-ray diffraction

Intensity (a.u.)

® observed
‘3
—— calculated
—— difference

Rexp = 7.270
gof = 1.339
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lattice parameter (A)

Synchrotron powder X-ray diffraction

tensity (a.u.)
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lattice parameter (A)

Synchrotron powder X-ray diffraction

tensity (a.u.)
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Synchrotron powder X-ray diffraction
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Synchrotron powder X-ray diffraction
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Rietveld refinement of laboratory powder X-ray
diffraction data after 7 months of aging
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Rietveld refinement of laboratory powder X-ray
diffraction data after 7 months of aging

observed
—— calculated
—— difference
Rwp = 10.031
Rexp = 5.560
gof = 1.804

Intensity (a.u.)

20 40 60 80 100 120
20 (degrees) [Co (Kg1/Kg2) A = 1.78900/1.79283 A]
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Rietveld refinement of laboratory powder X-ray
diffraction data after 7 months of aging
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Intensity (a.u.)
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Rietveld refinement of laboratory powder X-ray
diffraction data after 7 months of aging
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Intensity (a.u.)
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Variable temperature laboratory powder X-ray
diffraction (not aged)
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Variable temperature laboratory powder X-ray

diffraction (not aged)
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Simultaneous Thermal Analysis (STA) [DTA+TGA] of
7/ months aged materials
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Simultaneous Thermal Analysis (STA) [DTA+TGA] of
7/ months aged materials
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Simultaneous Thermal Analysis (STA) [DTA+TGA] of
7/ months aged materials
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Simultaneous Thermal Analysis (STA) [DTA+TGA] of
7/ months aged materials
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Simultaneous Thermal Analysis (STA) [DTA+TGA] of
7/ months aged materials
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Conclusions

Co-doping Bi,O, with Y3* and Sc3* at the 20 mol% total dopant concentration can stabilize the 8-Bi,O
2~3 2~3
structure down to room temperature
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Conclusions

Co-doping Bi,O5 with Y3* and Sc3* at the 20 mol% total dopant concentration can stabilize the 8-Bi,O4
structure down to room temperature

Increasing the concentration of Sc3* (at the expense of Y3*) results in an anomalous expansion of the
lattice, which may be related to increased strain within the material
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Conclusions

Co-doping Bi,O5 with Y3* and Sc3* at the 20 mol% total dopant concentration can stabilize the 8-Bi,O4
structure down to room temperature

Increasing the concentration of Sc3* (at the expense of Y3*) results in an anomalous expansion of the

lattice, which may be related to increased strain within the material
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Conclusions

Co-doping Bi,O5 with Y3* and Sc3* at the 20 mol% total dopant concentration can stabilize the 8-Bi,O4
structure down to room temperature

Increasing the concentration of Sc3* (at the expense of Y3*) results in an anomalous expansion of the
lattice, which may be related to increased strain within the material
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Atmospheric CO, reacts with the material to form Bi,(CO;)O, over time

Bi,(CO;)O, phase is not persistent as CO, can be removed by heating to ~450 °C
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Conclusions

Co-doping Bi,O5 with Y3* and Sc3* at the 20 mol% total dopant concentration can stabilize the 8-Bi,O4
structure down to room temperature

Increasing the concentration of Sc3* (at the expense of Y3*) results in an anomalous expansion of the
lattice, which may be related to increased strain within the material
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Atmospheric CO, reacts with the material to form Bi,(CO;)O, over time
Bi,(CO;)O, phase is not persistent as CO, can be removed by heating to ~450 °C

STA suggested a reversible order-disorder transition of the oxide ion sublattice
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Future work

National Laboratory

k? Brookhaven

X-ray absorption spectroscopy (NSLS-Il beamline 6-BM)

Ambient and variable temperature synchrotron powder X-ray diffraction and pair distribution function (NSLS-II
beamline 28-1D-1)
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Future work

X-ray absorption spectroscopy (NSLS-Il beamline 6-BM)

k? Brookhaven

National Laboratory

Ambient and variable temperature synchrotron powder X-ray diffraction and pair distribution function (NSLS-II

beamline 28-1D-1)

Ambient and variable temperature Raman spectroscopy
Variable temperature electrochemical impedance spectroscopy

Variable temperature powder X-ray diffraction of aged materials
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