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Supplementary Figure 1. Rietveld refinement of the X-ray diffraction pattern for

BZCYYDb4411 electrolyte. Refinement to a Pm3m cubic structure yielded a lattice constant
of 4.3060(1) A. (Rwp = 15.1 %, Rp = 9.94% »? = 2.249)
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Supplementary Figure 2. Total conductivity comparison of BZCYYb4411 and other proton

conducting electrolyte materials. (a) the comparison with BZY20 composition in bulk, grain
boundary (gb), and total conductivity. (b) total conductivities of 20 % Y, Yb, and Ho doped

barium zirconate-cerate oxide with both 60 % and 40 % Zr concentration.
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Supplementary Figure 3. Chemical stability of 20% Y, Yb, and Ho doped samples in CO..
X-ray diffraction patterns of (a) BaZrosCeo2Y0.203.s (BZCY622), (b) BaZro4Ceo.sY0.203.5
(BZCY442), (c) BaZrosCeo2Yho203.5 (BZCYb622), (d) BaZro4CeosYho203.s (BZCYb442),
(e) BaZro.sCeo.2H00.203-5 (BZCH0622), and (f) BaZro.4Ceo.4H00.203.5(BZCH0442) collected in
the as-sintered state and after exposure to 100 % CO; at 500 °C for 12h.
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Supplementary Figure 4. Chemical stability of BZCYYb1711 in COz. (a) Thermogravimetric
profile for exposure of BZCYYb1711 powder to 60 % CO: (balance N2) at 600 °C. The
observed weight gain of BZCYYb1711 reflects reaction with CO> to form carbonates. (b) X-
ray diffraction patterns of BZCYYb1711 before and after themogravimetric analysis in CO»-

containing atmospheres showing secondary peaks corresponding to barium carbonate.
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Supplementary Figure 5. Chemical compatibility between PBSCF cathode and BZCYYb
electrolyte. (a) X-ray diffraction patterns for sintered BZCYYb4411 and PBSCF pellets are
shown as references for the diffraction pattern of a mixture of the two materials annealed at
900 °C. No secondary peaks occur, indicating the absence of a reaction between these phases.
(b) X-ray diffraction patterns for the mixture annealed at 900, 1000, and 1100 °C also show no
secondary phases.
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Supplementary Figure 6. (a) Thermogravimetric profiles on step-wise cooling in dry and wet
air; and (b) comparison of proton concentrations obtained from continuous (0.5 °C min) and
step-wise (increments of 100 °C and 3 h hold) cooling. Moderate disagreement at low
temperature is tentatively assigned to surface hydration effects, which are sensitive to
differences in specific surface area (and are not of relevance to understanding bulk hydration
behavior). A van’t Hoff analysis of the data collected under step-wise cooling over the range
200 to 600 °C, yields enthalpy and entropy values of -23 + 2 kJ mol™? and -63 + 3 J mol* K,

respectively, identical to the values at 400 °C obtained from the analysis of the data collected
under continuous cooling.
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Supplementary Figure 7. Temperature dependence of oxygen concentration in PBSCF in dry

air. Oxygen non-stoichiometry data for PBSCF in dry air as determined by thermogravimetric
analysis. Initial oxygen content is 5.88 at 100 °C (ref. 30).
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Supplementary Figure 8. PBSCF defect concentrations as a funtion of temperature under both
dry and wet conditions, as determined from thermogravimetric analysis. Concentrations are

given in units of moles of species per mole of double-perovskite formula unit.
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Supplementary Figure 9. IV curves and corresponding power densities of a BZCYYb4411-
based cell with LSCF as the cathode. The peak power densities at 600 and 500 °C are only 519

and 201 mW cm, respectively.
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Supplementary Figure 10. IV curves and corresponding power densities of a BZCYYb4411-
based cell in which silver alone as the cathode. As with all other cells examined, the
configuration is an anode-supported thin electrolyte cell with Ni+BZCYYb4411 as the anode.
The peak power density when silver alone serves as the cathode is more than 15 times lower

than that of analogous cells with a PBSCF cathode.
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Supplementary Figure 11. IV curves and corresponding power densities of BZCYYhb4411-
based cells at 650 °C. As with all other cells examined, the configuration is an anode-supported
thin electrolyte cell with Ni+BZCY'Yb4411 as the anode, air is supplied to the cathode and
humidified hydrogen to the anode. (a) cells without a PLD layer and (b) with a PLD layer. In

both cases, curves noted as 1% and 2" cell are from samples used to obtain results in the main

text shown in Figure 4.
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Supplementary Figure 12. Temporal evolution of fuel cell OCV at 500 °C with humidified
(3% H20) 10% CO, and 90% H. supplied to the anode and air to the cathode using cells of two
different electrolytes: (a) BZCYYb4411 and (b) BZCYYDb1711l. The OCV from the
BZCY'Yb4411-based cell is extremely stable for a 100 h period of measurement, deviating
from the initial value by no more than 1 %. In contrast, the OCV of the BZCYYb1711-based
falls by 86% OCV in just 20 h, clearly reflecting the chemical instability of BZCYYb1711.
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Supplementary Figure 13. Scanning electron microsopy images before and after stability
measurement for 700 h. Interface between PBSCF cathode and BZCYYb4411 electolyte (a)
before stability measurement. (b) after stability measurement. High-magnification of
microstructure of cathode. (c) before stability measurement. (d) after stability measurement. (e)

EDS line scan at the cathode and electrolyte interface after stability measurement.
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Supplementary Figure 14. Characterization of PBSCF microdot electrodes. (a) Diffraction
patterns for BZCY'Yb1711 (substrate), BZY20 (buffer layer), and PBSCF cathode. (b) Atomic

force micrographs of microdot electrode with a root-mean-squared roughness of 43.8 nm.
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Supplementary Figure 15. Layout of a library of PBSCF thin film microelectrodes. (a)
Schematic image showing microdots varying in diameter from 30 pm to 500 pm with roughly

logarithmic spacing. (b) Optical microscope image.
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Supplementary Table 1. PCFCs for which peak power density approaches or exceeds 90 mWcem at
500 °C with air supplied to the cathode and humidified hydrogen to the anode. PPD = peak power
density; OCV = open circuit voltage; Ro = area-specific ohmic resistance (measured / expected based
on electrolyte thickness, assuming a conductivity at 500 °C of 1.5 x 102 Q*cm™ for all electrolyte
compositions); Re = area-specific polarization resistance.

PPD ocv Ro Rp
Electrolyt A th
ectrolyte node Cathode (MWem2) v) (Qecm?) (Qem?) Source
100 nm BZY20 Pt Pt >140° 105 n/a/67x102 n/a  Shim,2009 (1)
35 um BaZr4CedY2 Ni+elyte  BagsSrosCoosFeo 2035 115 1.07 1.5/0.23 0.4 Guo, 2009 (2)
20 um BZY10 Ni-BZY20 PrBaCo;0s.5 + BZPY10 92 1.01 1.53/0.13 1.18 Bi, 2011 (3)
20 pm BaZr1Ce7Y2 Ni + elyte Bao.sSrosFe0s.5 + SDC 95 1.08 0.6/0.13 3.7 Sun, 2010 (4)
15 um Ni+elyte  BagsSrosFeo.sCuo.20s-5 121 1.07 0.58/0.10 2.62 Ling, 2011 (5)
BaZriCe7Y1Yb1l +SDC
12 pm BaZr1Ce7Y2 Ni + elyte Lap.7Sro.3Fe03.5 + SDC 175 1.09 0.76/0.080 1.5 Sun, 2011 (6)
18 um BazriCe7Y2 Ni +elyte  SSC(dry O, as oxidant) 587 1.12 0.45/0.12 0.2 Nien, 2011 (7)
40 um BaZr1Ce7Y2 Ni+elyte® BaCogsFeo;Ndo103:5 130 1.07 n/a /0.27 1.8 Lin, 2012 (8)
20 um BaZr4CedY2 Ni + elyte BSCFT + elyte 95 1.07 1.4/0.13 1.7 Bi, 2012 (9)
20 um BaZr1Ce7Y2 Ni+elyte  GBSC +elyte 120 1.07 0.75/0.13 1.6 Zhang,
2013 (10)

10 pm Ni + elyte LSCF 230 1.12 0.24/0.067 0.71 Nguyen,
BaZrlCe7Y1Yb1l 2013 (11)
15 um Ni + elyte NBSCF ~150¢ N/A 0.24¥/0.10 1.4¥ Kim, 2014 (12)
BaZrlCe7Y1Yb1l
~25 pm Ni + elyte BaCoo.4Fe0.4Zrp.1Y0.103- 455 1.13 n/a/0.17 n/a Duan, 2015 (13)
BaZr1Ce7Y1Yb1+NiO 5
~25 um Ni + elyte BaCoo.4Fe0.4Zrp.1Y0.103- 318 n/a/0.17 n/a Duan, 2015
BaZr3Ce6Y1 + CuO ]
~25 pum BZY + NiO Ni+elyte  BaCooa4Fe.4Zro.1Y0.10s. 335 n/a/0.17 n/a Duan, 2015

5
~2.5 um BZY15 Ni + elyte Lap.6Sro0.4Co03.5 457 1.0 0.15/0.017 0.75 Bae, 2017 (14)
(PLD)
15 pum 4411 Ni + elyte PBSCF 528 1.12 0.18/0.10 0.55 this work
(w/PLD)_1%t cell
15 um 4411 Ni +elyte  PBSCF 548 1.09 0.15/0.10 0.58 this work
(w/PLD)_2" cell
15 pum 4411 Ni + elyte PBSCF 377 1.05 0.29/0.10 0.74 this work
(no PLD)_ 1st cell
15 um 4411 Ni + elyte PBSCF 416 1.14 0.27/0.10 0.76 this work
(no PLD)_2md cell
15 um 4411 Ni + elyte LSCF 201 1.10 0.41/0.10 2.07 this work

BZY20 = BaZrogYo203s BZY10 = BaZrogYo103s BaZr4CedY2 = BaZrosCeosY020s5 BZPY10 =
Bazro_4CEO_4Yo_203.5; BaZr1Ce7Y1Ybl = BaZro_1Ceo_7Yo_1Ybo,103.5; BaZr1Ce7Y2 = BaZI’o,1C60,7Yo,203.6; SDC =
samaria doped ceria (15-20 at%); SSC = SmosSrosCo03; BSCFT = Bao.sSros(C0o.sF€0.2)0.9Ti0103-5; GBSC
GdBagsSrosC020s+5;, LSCF = (La,Sr)(Co,Fe)Os, precise composition not specified;, NBSCF
NdBag 5Sr05C015Fe0s.:5; PBSCF = PrBapsSrosCo15Fe0s.s; elyte = electrolyte; n/a = not available
aamorphous film, results at 400 °C, current not sufficiently high to reach peak power density.

b material not reported, but is likely such a composite.

¢extrapolated from measurements between 750 and 600 °C.
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