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Intermediate temperature operation
- and fuelling of fuel cells
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PBI/PA Conductivity

H,PO,

Above 200°C

Protonates PBI

IR measurements indicate max
protonation at n=2 I|-I

Very low conductivity with n<2 N - O/}T)/OH
indicating little N-H to N-H proton ‘ @ OH
hopping @

N

H,PO, predominates over

concentration range (n=6) O-H H

Low activation volume measured HQ_ /

t,, measured ~.98 for n=6 /P\ HQ, /OH

Activation energy consistentwith  HO OH

Grotthuss mechanism H(§ \OH/\Q /OH
P

Acid condensation S
Acid evaporation _ HO OH
Polymer degradation



Refractory metal oxides
Vanadium, Niobium, Tantalum......

e High surface acidity
- Lewis acid sites Me=0O
- Brognsted acid sites Me-OH

e Solid acid catalysts for reactions such as
- esterification
- polycondensation
- dehydration

+ Significantly decreased acidity at elevated temperatures
(below 700 K)

Refractory metal phosphates

e Phosphoric acid treated oxides

e Further increased surface acidity
- both Me-OH and P-OH

e Acidity preserved at elevated temperatures
- due to formation of polyphosphates



Zhu & Huang, Inorg Chem 2009, 48, 10186
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Nb phosphates

and Vanadium phosphates
® up to 5 H,O molecules
® dehydration at HT

led to P-O-P/Nb-O-P bonds

e reversible hydr./dehydr.

Hydration | Dehydration

Both Nb-OH and P-OH

preserved at elevated temp.

——350°C
Nb phosphates, heat treated at 500°C
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Anhydrous Conductivity g ono dependence

- on heat treatment temperature
- on atmospheric humudity

and water vapor dependence

-1,5

o -® PNb=25
Heat treated at 650 C A PNb_3

20
25
-3,0-

-3,5-

Log (conductivity/ S cm™)

'410 T T T T T T T T 7 T 7 T
1,8 2,0 2,2 24 2,6 2,8 3,0

Anhydrous conductivity

with an activation energy of 16-24 kJ mol!

- typical for the Grotthuss mechanism of
proton migration in condensed phases
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Heat Treatment Temperature

Synthesis

Initial molar Heat treatment
- phosphate structures ratio P/Nb | temperature (°C)
NbrP ,0O
274¥15 P/Nb = 4.0 650
R T N N T IO
350
W I U ____NbP800 P/Nb = 3.0 500
650
e w I NbP 650 800
A M A\ N A
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Theoretic. Crystal parameters of unit cell Notes
density, g/cm? | a b C a B "
Monoclinic Nb:P-O,, 3,37 208 | 8,7 8,8 90 91.8 90 |[Favors atLT
Cubic Nb,P,0O, < 3.15 8,0 | 8,0 8,0 90 90 90 |[Favors at HT
Orthorhombic 3,31 12.1 | 8,7 8,7 90 90 90 | Minor phase
Nb, ¢,P, 0/, Favors at LT




o Pure orthorhombic
Crystalline forms Al A
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Anhydrous conductivity
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Monoclinic NbsP-O5, i sl & 8,8 90 91.8 90 |FavorsatLT
Cubic Nb,P,O5 il5 80 | 80 8,0 90 90 90 [Favorsat HT
Orthorhombic 35 1’1 s 87 90 90 90 | Minor phase
Nb, 9;P, 4,0, Favors at LT




0 Pure orthorhombic
Crystalline forms Nb.P..O
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® Cubic Nb,P,0O,. stronger dependence

- higher conductivity at higher Py,

T heoretlc. Crystal parameters of unit cell Notes
SO 0L S SRRSO . SO de'n'sity;“'g/cmz" ..... R — b c a B y
=Monoclinic NbzP705 3,37 29:8-| 8,7 8,8 90 91.8 90 |[Favorsat LT
Cubic Nb,P,0O, - 3.15 8,0 | 8,0 8,0 90 90 90 |Favorsat HT
Orthorhombic 3,31 12.1 | 8,7 8,7 90 90 90 | Minor phase
Nb, ¢,P,¢,0;, Favors at LT




P/Nb Ratios

XRD - heat treatment at 6500C:

® P/Nb = 2.0: Cubic
2.5: Cubic + monoclininc
3-4: monoclinic

Absorbance
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FTIR - heat treatment at 650°C

® P/Nb = 2.0: Low OH concentration
2.5-4.0: higher OH content

Theoretic. Crystal parameters of unit cell Notes
density, g/cm® | a b C a B Y
Monoclinic NbsP-0;, 3,37 298 | 8,7 8,8 90 | 91.8 | 90 |Favors atLT, high
Cubic Nb,P,O 5 3.15 8,0 8,0 8,0 | 90 90 90 |PA&Nbrs at HT, low P/Nb
Orthorhombic 3,31 12.1 | 8,7 8,7 90 90 90 |[Minor phase, 12
Nb; 9P, 4,01, Favors at LT




P/Nb Ratios XRD & FTIR
® P/Nb = 2.0: Cubic while low OH content

1,0— , , , , , 2.5: Cubinc + monoclininc

- 3-4: monoclinic but high OH content
1,5
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Anhydrous conductivity 1o (@)
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P/Nb=2: More - Cubic + Low OH
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Indium doping Nb__In__phosphate
0.85 015
N 118 YRS NN
» Nb, In phosphate
P/Nb = 3.0; 650°C A
b___In _ phosphate
o 0.95 005
Pristine NbP: AL
Indium doped NDbP:
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I | Lo e o NDPQ),
Il IL||I| .||| o |I| ST M Nb5P7030
10 20 30 40 50 60
20 (degree)
Theoretic. Crystal parameters of unit cell Notes
density, a b c | a B Y
Monoclinic ngrf’ 29.8 | 8,7 [ 8,8] 90 | 91.8 |90 | Favors at LT, high P/Nb; NbP
CubNONBCR0 5 3.15 8,0 | 8,0 (8,0]90 | 90 |90 |Favors at HT, low P/Nb; In-NbP
Orthorhombic 3,31 12.1 1 8,7 18,7190 | 90 |90 | Minor phase in both NbP & In-NbP
Nb; 9P 4,01, Favors at LT




Indium doping o
- anhydrous conductivity

Nb_ .In

0.85 0.15

- Cubic Nb,P,O favored
- OH groups enhanced/stabilized Ing
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Morphology effects - sol-gel method
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Heat Treatment Temperature
Under unhumidified atmosphere
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Heat treatment temperatures

- better stability for 650 °C

- improved stability

at 5% water vapor

- similar for other phosphates ?
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Under un-humidified
and humidified atmospheres 5 4
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OCV & EMF o,
T Nb-P, 10% PBI /;"—“‘”—”—”'”wm —
1.2 4 Pt/C electrodes, Viton/teflon sealing OCV/EMF -_WT_-
- — DR Hy /N
. 1.0+ N
F}r 1
= RT P
2 s- EMF = ——In| 22
—— 30C, OCV- 1.068 V 2F Py,
0.6 —— 70C, OCV-1.044V
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0.4 R — R - indicating the conductivity protonic
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