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M Check for updates

Protonic ceramic electrochemical cells hold promise for operation below 600 °C
(refs.?). Although the high proton conductivity of the bulk electrolyte has been
demonstrated, it cannot be fully used in electrochemical full cells because of

unknown causes®. Here we show that these problems arise from poor contacts
between the low-temperature processed oxygen electrode-electrolyte interface.
We demonstrate that asimple acid treatment can effectively rejuvenate the
high-temperature annealed electrolyte surface, resulting in reactive bonding
between the oxygen electrode and the electrolyte and improved electrochemical
performance and stability. This enables exceptional protonic ceramic fuel-cell
performance down to 350 °C, with peak power densities of 1.6 W cm™2at 600 °C,
650 mW cm2at 450 °C and 300 mW cm™2at 350 °C, as well as stable electrolysis
operations with current densities above 3.9 Acm2at 1.4 Vand 600 °C. Our work
highlights the critical role of interfacial engineering in ceramic electrochemical
devices and offers new understanding and practices for sustainable energy

infrastructures.

Protonic ceramic fuel/electrolysis cells (PCFCs/PCECs) promise
intermediate-temperature (400-600 °C) applications for revers-
ible conversions between chemical and electrical energy with
high efficiency and zero emissions'*. One of their key compo-
nents is the perovskite-structure oxide electrolyte (for example,
BaZr,;Cey,Y,:Ybg1055 (BZCYYb) and BaZr,3Y(,05-5 (BZY)), whose
high bulk proton conductivity enables lower temperature operations
thanthose for oxygenion conductor-based solid oxide fuel/electrolysis
cells (SOFCs/SOECs) because of smaller activation energy®”’. Neverthe-
less, there are still electrolyte-related challenges that limit PCFC/PCEC
applications. First, even though the sintered bulk electrolyte shows high
proton conductivity (for example, >10 mS cm™at 500 °C), the ohmic
resistance in electrochemical cellsis larger than the theoretical value
estimated from bulk ionic conductivity alone, with an ‘unidentified
origin’. The inconsistency has been proposed to originate from poor
contacts between the oxygen electrode and electrolyte®. Second, the
oxygen electrode-electrolyte interface is mechanically weak, which
causes delamination and other forms of degradation, especially under
high-current-density PCEC operations.

PCFCs/PCECs are typically prepared by first cosintering the hydro-
gen electrode-electrolyte bilayer at a high temperature T;, and then
screen-printing or painting the oxygen electrode layer, followed by
asecond step of sintering at a lower temperature T, (Fig. 1a). How-
ever, the protonic ceramic electrolytes are difficult to densify, which
requires cosintering at 7;>1,400 °C for BZCYYb and 7, 21,500 °C for
BZY%'°, These temperatures are much higher than those required to
sinter fluorite-structure oxygenion conductors used in SOFCs/SOECs
(Tyroughly1,250 °Cfor gadolinium-doped ceriaand roughly 1,300 °C for

yttria-stabilized zirconia)" ™. This contrast exists despite the fact that
BaCeO; (melting temperature T, = 2,150 °C) and BaZrO,(T,,= 2,700 °C)
have similar T,,to CeO, (T;,=2,400 °C) and ZrO, (T,,= 2,715 °C), respec-
tively,and Ceand Zr are the rate-limiting elements for mass transportin
both perovskite- and fluorite-structure systems™*, Although seemingly
unrelated to full-cell performance at400-600 °C, we propose that the
low true contact area and high interfacial impedance have the same
origin as the poor sinterability resulting from slow mass transport.
In fact, the situation is even worse for T, sintering (roughly 1,000 °C):
aporous oxygen electrode has to be diffusion-bonded to an already
well-annealed electrolyte surface (take constrained sintering onasingle
crystal substrate as an extreme analogy) and T, has to be low enough to
avoid coarsening of the porous oxygen electrode to allow gas transport
and catalysis. Considering the above, we proposed an acid treatment to
rejuvenate the high-temperature annealed electrolyte surface (Fig.1a)
before bonding with the oxygen electrode. We demonstrated that it
can fully recover the theoretical bulk proton conductivity in electro-
chemical cells and significantly improve the cell performance as well
as thermomechanical and electrochemical stabilities.

Interfacial rejuvenation

To prepare the hydrogenelectrode-supported half cells,aNiO+BZCYYb
hydrogenelectrode and aBZCYYb electrolyte were cosintered to pro-
duceadenseelectrolyte withacoarse grain structure (Fig. 1b), a thick-
ness of around 22 pm and a relatively flat surface with a roughness of
0.28 um (Fig.1d, by quantitative atomic force microscopy (AFM)). This
well-annealed surfaceimpedes the oxygen electrode (PrNi, ;C0, 5055
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Fig.1|Rejuvenated surfaceimproves oxygen electrode-electrolyte
interfacial strength. a, Schematic PCFC/PCEC fabrication process.b, c,
Microstructure for untreated (b) and 10-min treated (c) electrolyte surface of
cosintered hydrogen electrode-electrolyte bilayer. Scale bars,20 um.d, e,

(PNCS55)) bonding, and results in a mechanically weak oxygen elec-
trode-electrolyte interface with a peeling strength of 18.6 N (Fig. 1f
and Supplementary Table 1). To improve the interfacial bonding,
we first treated the electrolyte surface of the cosintered hydrogen
electrode-electrolyte bilayer with nitricacid, before bonding with the
oxygen electrode (Fig. 1a). The acid etching initiates along the grain
boundaries and at specific grains (for 1 min of treatment, Supplemen-
tary Fig. 1a) of BZCYYDb, indicating heterogeneous surface ‘inertness’
thatshould be inversely correlated with hetero-oxide bonding. Asthe
treatment time increases, the etching proceeds more uniformly and
creates arough surface (Fig. 1c and Supplementary Figs. 1b-d and 2).
We confirmed that the etch does not affect the phase purity of the bulk
BZCYYb electrolyte as shown by X-ray diffraction in Supplementary
Fig.3.For chemical uniformity, we conducted energy dispersive spec-
troscopy (EDS) mapping on the untreated (Supplementary Fig.4) and
10-min treated (Supplementary Fig. 5) electrolyte surface. Spatially
uniform elemental distributions were confirmed in both samples, and
the inferred compositions (Supplementary Tables 2 and 3) agreed
well with the bulk composition of BZCYYb. For atomic-scale surface
chemistry, we conducted X-ray photoelectron spectroscopy (XPS)
analysis ontheelectrolyte surfaces (Supplementary Fig. 6) and found
weakened signals of Ba3d5and Y 3d peaks at the 10-min treated surface
compared to the untreated one. The inferred cation compositions
(Supplementary Table 4) indicate Y segregation and Ba deficiency at
the untreated surface. At the 10-min treated surface, there is no obvi-
ousY segregation, and Ba deficiency becomes more severe. The latter
isunderstandable as the acid may preferentially etch away the more
reactive BaO units at the surface and leave it terminated with more
B-site cations. These chemical features indicate that although the acid
treatment does not alter the composition of the bulk region, it drives the
nanometre-scale surface chemistry away fromits well-annealed profile,
whichwould benefit atomic-scale diffusion and reaction at the oxygen
electrode-electrolyte interface for better hetero-phase diffusional
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AFM for the untreated (d) and 10-min treated (e) electrolyte surface.f, Peeling
strength of cathode-electrolyte interface (lower panel). Upper panel shows a
photograph of peeling strength measurement.

bonding.Indeed, theinterface of the sintered full cellbecame stronger
with etching treatment (Supplementary Table 1). Amaximum peeling
strength of 23.5 Nwas achieved in the 10-min treated cell (Fig. 1f), which
correlates with amaximum surface roughness of 0.77 pm (Fig. 1e and
Supplementary Fig. 2).

We conducted aberration-corrected scanning transmission electron
microscopy (STEM) and EDS of the 10-min treated and diffusion-bonded
sample (Fig.2). Figure 2a—jshows asamplesslice (roughly 100 nm thick)
near the oxygenelectrode-electrolyteinterface. Whereas both PNC55
(fine particles on the top, richin Pr, Ni, Co,and O) and BZCYYb (dense
layer on the bottom, rich in Ba, Zr, Ce, Y, Yb and O) can be clearly
observed, there is also some new phase observed in between that is
richinPr,Ni, Zr,Y,Yband O, but poorin Co and Ce. To get higher spatial
resolution and better statistics, we thinned down another slice froma
differentlocationto roughly 20 nmin thickness. Asshownin Fig. 2k-t,
inadditionto PNCS5S5 (at the upper left corner) and BZCYYb (on the bot-
tom), we again observed anew phase, thistimerichinPr, Zr,Y,Yband O.
These observationsindicate that active chemical reactions take place
at the interface during the T, sintering. This represents an interfacial
version of reactive sintering, which gives better bonding/adhesion
under an enhanced chemical driving force. Rough and well-bonded
features (Fig. 2u,v) further evidenced the high-quality oxygen
electrode-electrolyte interface.

Decreased R,and R: prefactor versusE,

For electrochemical performance, we first conducted electrochemical
impedance spectroscopy (EIS) at open-circuit voltage (OCV) condi-
tion at 400-650 °C, for fuel cells across H,+3% H,O for the hydrogen
electrode and O, for the oxygen electrode. As shown in Fig. 3a
(at600 °C; more dataatother temperatures are shownin Supplemen-
tary Fig.7), theacid treatment up to10 min lowers both the ohmic resist-
ance R, and polarization resistance R, whereas the 15-min treatment
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Fig.2|Reactive sintering at oxygenelectrode-electrolyte interface
improvesinterfacial bonding. a-j, High-angle annular dark-field
(HAADF)-STEMimage (a) ofasample slice near the oxygen electrode-
electrolyteinterface and the corresponding EDS mapping of Pr (b), Ni(c),
Co(d),0(e),Ba(f),Zr (g),Ce(h),Y (i) and Yb (j). k-t, HAADF-STEM image (k) of

increases R,and R, apparently due to over-etching. Here, R,and R are
assumed to follow an Arrhenius-type temperature dependence

_ Ea,o

R, —Aoexp[— kB—Tj oy
E,p

R,=A,exp ——kBT 2)

where Ais therespective pre-exponent term; £, is the activationenergy;
the subscripts o and p denote the ohmic and polarization resistances,
respectively; k; is the Boltzmann constant and Tis the absolute tem-
perature. When plotting logR, versus 1/T in Fig. 3b, we found that the
curves of differently treated cells were all parallel to each other, and
thesamealso holds for R, inFig. 3c. This means that the treatment does
notaffecttheactivationenergy of R,and R, (similar activation energy
of E,,=0.358 £ 0.001 eV forR,and E, ,= 0.903 £ 0.003 eV for R, are
deduced for differently treated cells; Fig. 3d, fitting details shown in
Supplementary Table 5). Instead, it modifies R, and R, by changing only
A, and A,,. This s distinct from the practice of enhancing the kinetics
by lowering the activation energy. If one calculates the enhancement

athinned sampleslice atanother region near theinterface and the
corresponding EDS mapping of Pr (I), Ni (m), Co (n), O (0), Ba (p), Zr (q), Ce (r), Y
(s)and Yb (t).u, v, High-resolution HAADF-STEM of the two regions marked ink
(leftdashed box (u) and right dashed box (v)), showing arough and
well-bonded interface.Scalebars,200 nm (a); 40 nm (k) and 2 nm (u,v).

factor for 1/4,and 1/4, in differently treated cells over the 1/4,° and
/A% in the untreated cell, the data are all close to the line with aslope
of unity inA,%/A, versus A,°/A, plot in Fig. 3e. This further allows us to
normalize using a dimensionless reduced temperature k;7/E,and a
dimensionless relative ‘resistance’ R, and collapse all the datainto a
single curve in the Arrhenius plot shown in Fig. 3f (see the details in
Supplementary Fig. 8). Itindicates a single mechanism responsible for
the simultaneously lowered R, and R,,, and it works by lowering their
pre-exponential factor without changing the mechanisms of electrode
reactions and proton conduction (inferred by unchanged activation
energy). Very probably, this is because of the increased true contact
area between the oxygen electrode and the electrolyte.

Full-cell performance

The lowered cell resistance enhances full-cell performance for PCEC
and PCFC operations. In PCEC, the feedstocks are pure H, for the hydro-
genelectrodeand 0,+30% H,O for the oxygen electrode. When a voltage
larger than OCV (for example, 1.04 V at 600 °C) is applied, the abso-
lute value of the current density j (defined as being negative in PCEC
and positivein PCFC) characterizes the cell performance. Asshownin
Fig.4a,atthesameapplied voltage, larger | jlis achieved in treated cells

Nature | Vol 604 | 21 April2022 | 481



Article

a 0.10 ¢ Untreated 5 min
A 1min ® 10 min
&E‘ v 2 min » 15 min
o
g 0.05
b ,,...“Si_,,mw—'::’”m“\“
0 "..
0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40
Z' (Qcm?)
b 0T & Untreated € 1.07 & Untreated
A 1 min A1 min
-0.21 v 2 min 0.5+ v 2min
. 5 min . 5 min
& 0.4+ ® 10 min & © 10 min
5 » 15 min 5 of > 15 min
S _o6f g
O o
fe) -0.81 o
1.0} -1.01
12 . . . . . 15 . . . . .
11 1.2 1.3 1.4 1.5 1.1 1.2 1.3 1.4 15
10T (K™) 10T (K)
d o € 25 L f ot o Fo
E 10 mine ’ + o Untreated
ap e al A 21min
< 09 A w o> 50 15 miny - 04y ng:g
L X L °§, -0.8f ® © 10min
© a + 45 min kel > > 15min
w 0.4 Ea o} < .l
> A > 157 o -2
¥ Y2 min
- -1.6}
0.3 A1 min
E”ESESES Es Es 1.0[ ¢ Untreated
o * * -2.0
or 22 1.0 15 20 2 3 4 5 b
5 AOO/AD Ea/kBT

Fig.3|Correlationbetweensimultaneously lowered ohmicand
polarizationresistance.a, EISatOCVat 600 °C.Z'and Z”denote the realand
imaginary parts of the compleximpedance, respectively. R, is taken from left
interceptof the EIS curve withxaxisand R, is taken fromrightintercept of the
EIS curve withx axis minusR,. b, ¢, Arrhenius plot of ohmic (b) and polarization
(c) resistance for differently treated cells. d, Calculated activationenergy. e,

thaninthe untreated ones. A2.8-fold increase over the untreated cell
is demonstrated in the 10-min treated cell at 1.4 V at 600 °C, reaching
|j1=3.07 A cmfor PCEC. In addition, the 10-min treated cell dem-
onstrates higher Faradic efficiency (Supplementary Fig. 9a) and H,
production rate (Supplementary Fig. 9b) than the untreated cell.
In PCFC, the current density (positive) is also higher in treated cells
at the same voltage (Fig. 4b). A 2.5-fold increase over the untreated
cellin peak power density P, is demonstrated in the 10-min treated
cell, reaching P, =1.18 W cm™ at 600 °C. Again, the 10-min treated
cell shows the best electrochemical performance among all the cells
withinthe entire range of investigated temperatures (see more datain
Supplementary Figs.10-12).

Notwithstanding the ‘standard’ electrolyte and electrode composi-
tions and readily processed cell architecture, the 10-min treated cell
outperformsthereported PCFC datain the literature (Fig. 4c, filled cir-
clesinred), offering P,,,, in the full temperature range for PCFCs*>'¢™,
despite the fact that our untreated cell lies on the lower end. We also
compared the ‘apparent’ proton conductivity o (inferred from ohmicloss
of EISmeasurements and normalized by the dimension of the electrolyte
membrane) of BZCYYb-based electrolyte in electrochemical cells>*,
AsshowninFig.4d, ointhe10-mintreated cell (filled circlesinred) is not
only higher than the literature results, but also fully recovers its intrin-
sic, theoretical valueinbulk BZCYYb samples (reaching roughly 97% of
intrinsic conductivity, versus only around 44% in the untreated cell).
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Correlation between enhanced kinetics A,°/4, versus A,°/A,. The dashedline
withaslope of unity isshown asaguide to the eye. f, Arrhenius plot of relative
‘resistance’ Ragainst theinverse of reduced temperature k;7/E,. Cells made up
of 22-pm-thick BZCYYb electrolyte and PNC55 oxygen electrode and with
different etching treatment conditions.

Suppressed degradations

We next conducted accelerated degradation tests under high-current-
density PCEC operations. Ata constant applied voltage of 1.4 Vat 600 °C,
the10-mintreated PCEC had a highinitialjofaround -3.24 Acm™2and was
stable over 200 h of continuous operation (Supplementary Fig.13a, with
0.94%decayin|jlin 0-100 hand 0.05% decay in100-200 h). In compari-
son, the untreated cell not only had asmaller initial j (-1.35 A cm™), but
alsosuffered from fast degradation (with10.2% decayin | jlin 0-100 hand
5.9%decayin100-200 h).(The cycling performances of the cells treated
under other conditions and tested under the same PCEC condition are
showninSupplementaryFig.14, which areimproved over the untreated
cellsbutstillworse than the 10-min treated one). Post-testing analysis of
thecell (fractured by us for sample preparation, not fromelectrochemi-
cal testing) revealed a severe delamination problem with the oxygen
electrode (Supplementary Fig. 13b) in the untreated cell after electro-
chemical cycling. Meanwhile, there was an obvious change in the frac-
turemode of the BZCYYb electrolyte layer, fromintragranular cracking
inthe untested cell (Supplementary Fig.15a) to intergranular cracking.
This indicates weakened grain boundary adhesion in the perovskite
electrolyte, probably due to the generation of gas bubbles at grainbound-
aries?®, In comparison, there was no observable oxygen electrode
delamination,and BZCYYbretaineditsintragranular-cracking behaviour
inthe10-mintreated PCEC after 200 h of testing (Supplementary Fig.13¢c;
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same as the untested cell, Supplementary Fig. 15b). EIS measurements
(SupplementaryFig.16aand Supplementary Table 6) showed increased
R,and R, valuesfor the untreated cell after PCEC testing, whereas R, and
R, were similar for the 10-min treated cell before and after testing. The
polarization curves (Supplementary Fig.16b) further confirm the stable
PCEC performance of the 10-min treated cell, whereas the untreated one
showed lower initial performance and faster degradation. Therefore, we
concludethat the treatment consistently improves the electrochemical,
mechanical and microstructural stabilities because of better interfacial
bonding and higher electrochemical activity (lower overpotential in
operation).

Optimizations towards lower Toperations

We generalized our findings to other interfaces and optimized the full
cellstoachieveimproved performance atlower operatingtemperatures.
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inprotonicelectrolytes were reported to lower the proton conductivity'™.
Thisphenomenonisnotseeninour BZCYYb electrolyteinfull cells, asit fully
recovers the bulk value. e, f, Polarization curves in PCEC operations (e), and
polarization and power density curves in PCFC operations (f) of cells made up
of16-pm-thick BZCYYbelectrolyte and 3D PNC73 oxygen electrode and with
the10-min etching treatment before the oxygen electrode was attached.

P...x values obtainedin fare plotted asopenstarsinredincfor comparison.

Ontheelectrolyte side, we decreased the thickness of BZCYYb from 22
to 16 um. On the oxygen electrode side, in addition to PNC55, we syn-
thesized the state-of-the-art candidates of La, (Sr, ,Co,,Fe, 5055 (LSCF)
and PrBa, ;Sr, sCo, sFe, 05,5 (PBSCF), explored the compositional space
of PrNi,Co,_,0,_5 (0 <x <1) to obtain PrNi, ;C0,;0;_5; (PNC73) with the
best performance and engineered the porous electrode microstructure
to obtainathree-dimensional PrNi,,Co,0,_smesh (3D PNC73). These
materials were tested in full cells (their microstructures are shown
in Supplementary Fig. 17) under PCFC (Supplementary Fig. 18) and
PCEC operations (Supplementary Fig. 19) at 600 °C with and without
10 min ofacid etching treatment. Our data demonstrate that the treat-
ment effectivelyimproved the cell performancein all cases, increasing
the PCFC peak power density by roughly 65-180% (Supplementary
Fig.20a; data at other temperatures are summarized in Supplementary
Table 7) and the PCEC current density by 60-200% (Supplementary
Fig.20b) at1.4 Vof applied voltage. We confirmed the full-cell reliability

Nature | Vol 604 | 21 April2022 | 483



Article

by conducting leakage tests (Supplementary Fig. 21), evaluating fuel
flexibility (using CH, and C,H,, Supplementary Fig. 22), fuel efficien-
cies (>98% for all measured cells, Supplementary Table 8), and PCFC
stability (0.07% decay over 200 h of continuous operation at 0.75V at
600 °C for the 10-min treated cell using the PNC73 oxygen electrode,
Supplementary Fig. 23). The protonic full cell made of 16 um of BZCYYb
electrolyteand a3D PNC73 oxygen electrode under 10 min of treatment
showed exceptional PCFC and PCEC performance (Fig. 4€, f), offeringa
peak power density of roughly 1,600 mW cm™2at 600 °C,1,250 mW cm™
at550 °C,900 mW cm2at 500 °C, 650 mW cm2at 450 °C, 470 mW cm 2
at400 °C and 290 mW cmat 350 °C (open starsinred in Fig. 4c). This
represents a major step in the practical use of ceramic fuel cells from
600 down to 350 °C, which highlights the critical role of interfacial
engineering in ‘all-solid-state’ electrochemical devices.

Discussion

The coupled electrochemomechanics at the electrode-electrolyte
interface affects the thermomechanical integrity, microstructural sta-
bility, electrochemical performance and durability of ceramic electro-
chemical cells. Although much attention has been paid to developing
better catalysts and new architecture of the active electrode, our work
highlights the equal importance of properly integrating them with
the solid electrolyte so that their ‘intrinsic’ performance can be fully
used in full cells. The mechanistic study shows that the proposed acid
treatment recovers not only the intrinsic bulk proton conductivity of
theelectrolyteinfull cells (inlight of the decreased ohmic resistance),
butalsothe highactivity of the BZCYYb/PNC55/gas triple-phase bound-
ary in light of the decreased R,.. In a previous report?, the former was
partially recovered by a100-nm-thick dense PBSCF interlayer (which
is a mixed ionic-electronic conductor and fabricated by pulsed laser
deposition) between the porous oxygen electrode (PBSCF) and the
electrolyte (BaZr,,Ce,.,Y,.:Yby0;.5). Yet, the polarization resistance
remained unchanged, whichis different from the present study for the
PNC55 model system. We believe the difference liesin the mechanism of
the oxygen electrode half reaction. In the case of the PBSCF electrode,
the half reaction primarily takes place at the PBSCF-gas double-phase
boundary, as demonstrated by dimensional analysis in ref. %, Further-
more, with the pulsed-laser-deposited dense interlayer, there is no
triple-phase boundary, as the electrolyte is not in direct contact with
theinlet gas of the oxygen electrode. In the case of PNC55, the fact that
R,and R, can be simultaneously decreased with similar ratios demon-
strates that the halfreaction primarily takes place near the triple-phase
boundary, given the somewhat lower proton conductivity in PNC55
compared to BZCYYb. It further indicates that the mixed-conductive
PNCS55 may also have a weaker proton conductivity than PBSCF, and
thusits activity in full cells is more critically dependent on the oxygen
electrode-electrolyteinterface. This offers a plausible explanation for
thelowered ohmicloss by interfacial modification: for the untreated cell,
PNC55 has poor bonding and a limited contact area with the BZCYYb
electrolyte (Supplementary Fig. 24a). Asaresult, there are notenough
reaction sites near the oxygen electrode-electrolyte interface,and a
large portion of the interfacial reactions may need to happen at the
surface of PNCS55 particles relatively far away from the interface, enabled
by proton conductioninthe PNC55 lattice. Such proton conductionin
PNC55would contribute to the ohmicloss of the full cell. In contrast, with
the proper acid treatment, PNC55 now has good bonding and abundant
contacts with the BZCYYb electrolyte (Supplementary Fig. 24b). This
means that there are sufficient reaction sites near the interface, and
no extended proton conduction in PNC55 is required. Therefore, the
intrinsic bulk proton conductivity can be achieved in full cells.
Regarding the improved interfacial bonding, there is an apparent
contribution from the surface roughness. To mimic such a physical
effect, we used sandpapers to mechanically polish the electrolyte sur-
face before bonding the oxygen electrode. Although polishing does
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increase the surface roughness (Supplementary Figs. 25 and 26), we
found that coarse-grit sandpapers can easily damage the electrolytes
and cause gas leakage (Supplementary Fig. 27); fine-grit sandpaper
polishing only offers marginal performance benefits compared to
the untreated cell, whichis still much worse than the acid-treated one
(Supplementary Fig. 28). This demonstrates pronounced chemical
rejuvenation effects in the acid treatment assisted interfacial bond-
ing, in the removal of segregating elements and reactive sintering.
The acid treatment is a simple and generic approach, and we believe
it can be combined with other materials and architectures to enable
more efficient and robust protonic ceramic devices.

Conclusions

To summarize, we demonstrated that a simple acid treatment, which
is completely compatible with the state-of-the-art multilayer process-
ing technique of ceramic fuel or electrolysis cells, can rejuvenate the
high-temperature annealed electrolyte surface, improve hetero-oxide
bonding and recover theintrinsic conductivity and activity of the com-
ponents for maximum performance. The underlying mechanism is
revealed, and the ‘unidentified origin’ of residual ohmic losses is now
understood. The scientific understanding, the practical solution and
the applicability to various interfaces provided here can help the rapid
insertion of protonic ceramicelectrochemical cellsinto the sustainable
energy infrastructure, such as nuclear heat- and electricity-driven pro-
duction of chemical fuels for seasonal energy storage, and CO, capture
anduse, inanelectrical grid strongly influenced by intermittent solar and
wind generation. Beyond ceramic fuel cells, interfacial engineering and
specially designed processing techniques are also critical to other elec-
trochemical materials and devices, such as oxide cathodes of lithium-ion
batteries” %, all-solid-state batteries*® and metal-ceramic interfaces.
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Methods

Materials synthesis

BZCYYb was synthesized by a solid-state reaction method. Stoichio-
metric amounts of BaCO; (99.8% purity, Alfa Aesar), ZrO, (99% purity,
Alfa Aesar), CeO, (99.9% purity, Alfa Aesar), Y,05 (99.9% purity, Alfa
Aesar) and Yb,0; (99.9% purity, Alfa Aesar) were mixed by ball mill-
ing in ethanol for 12 h, followed by drying, grinding and heat treat-
mentat1,100 °Cfor 8 hto obtain phase-pure BZCYYb powders. PNC55
was synthesized by a Pechini method. Stoichiometric Pr(NO;);-6H,0
(99.9% purity, Alfa Aesar), Ni(NO5),-6H,0 (99% purity, Alfa Aesar) and
Co(NO,),°6H,0 (99% purity, Alfa Aesar) were dissolved in deionized
water to prepare an aqueous solution containing 0.05 mol I Pr®*,
0.025 mol I" Ni** and 0.025 mol I Co*". Next, 0.2 mol I glycol (99%
purity, ACROS Organics) and 0.1 mol I citric acid (99% purity, Alfa
Aesar) wereadded. The prepared solution was heated to 80 °Conahot
plate with continuous stirring until it converted to agel. The obtained
gel was heated to 350 °C, followed with an auto-ignition process to
produce a black foamy intermediate product. Final PNC55 powders
were obtained by annealing the intermediate productat1,100 °Cfor4 h.
LSCF, PBSCF and PNC73 were similarly synthesized by the same Pechini
method following their stoichiometries, with additional chemicals
Sr(NO,), (99.0% purity, Alfa Aesar), Ba(NO,), (ACROS Organics) and
Fe(NO,;);-9H,0 (99.95% purity, Sigma-Aldrich). 3D PNC73 was fabri-
cated by a template-derived method. Stoichiometric Pr(NO5);-6H,0,
Ni(NO;),-6H,0 and Co(NO,),-6H,0 were dissolved in deionized water
to prepare a nitrate precursor solution containing 0.05 mol I Pr**,
0.035 mol I""Ni* and 0.015 mol I": Co?". A piece of fabric textile (Telio)
wasimmersed into the precursor solution for 24 h and then heat treated
at 750 °Cfor 2 h to form the 3D PNC73 mesh.

Cellfabrication

Hydrogen electrode-supported cells were fabricated by a tape-casting
process. To prepare green tapes of the hydrogen electrode, NiO and
BZCYYb powders were mixed with 6 to 4 weight ratio by ball milling in
ethanol and toluene for 24 h. Binder of polyvinyl butyral (Tape Casting
Warehouse, Inc.), plasticizer of butyl benzyl phthalate (Tape Casting
Warehouse, Inc.) and dispersant of fish oil (Tape Casting Warehouse, Inc.)
were next added, followed by ball milling for an additional 24 h toyield
the desired slip rheology. Tape casting was performed using a labora-
tory tape-casting machine. The thickness of the hydrogen electrode
green tapes was controlled at roughly 1 mm after drying at 37.8 °C for
4 h. Green tapes of electrolyte were prepared similarly without add-
ing NiO and by controlling the thickness to roughly 0.12 mm (for the
22-um-thick BZCYYb electrolyte after sintering) or roughly 0.08 mm (for
the16-um-thick BZCYYbelectrolyte after sintering) after drying. Three
pieces of hydrogen electrode green tapes and one piece of electrolyte
green tape were laminated by a hot press at 70 °C under 4 ton for S h.
Laminated green tapes were punched with 11-mm (7/16-inch) diameter
holes and presintered at 920 °C for 3 hto remove the organics. The cos-
intering of the hydrogen electrode-electrolyte bilayer was conducted
at T,=1,400°C at 5 h (heating rate 1°C min™ t0 1,000 °C and 2 °C min™*
t0 1,400 °C), followed by a furnace cooling. To treat the surface, 0.3 ml
(0.53 ml cm™) of concentrated nitric acid (Alfa Aesar) was dropped on
theelectrolyte surface of the cosintered hydrogen electrode-electrolyte
bilayer, left for different times from 1to 15 min and then washed with
deionized water. To fabricate full cells, a slurry of oxygen electrodes
was prepared by mixing oxygen electrode powders with ethanol and
atexanol-based binder (ESL ElectroScience) by ball milling and then
brush-painted onthe electrolyte surface of the cosintered hydrogen elec-
trode-electrolyte bilayer. For the 3D PNC73 electrode, the heat-treated
meshwasfirstbonded toelectrolyte surface usinga thin layer of painted
PNC73 slurry. The surface area of oxygen electrode was controlled at
roughly 0.178 cm? The painted cells were sintered at 7,=1,000 °C for
4 h (heating rate 3 °C min™), followed by furnace cooling.

Cell assembly and testing

Full cells were sealed in an in-house made reactor using Aremco
cerambond 552 sealant with oxygen electrode-side up. Silver mesh was
used as the current collector with attached silver wires as leads. After
assembly, the cell was heated up to 600 °C (heating rate 1°C min™).
When atemperature of 600 °C was reached, H, (flow rate 20 ml min™)
was fed into the hydrogen electrode to reduce NiO to metallic Ni.
When thereduction process was completed, abubbler was connected
between gasinlet of hydrogen electrode and inward gas to hydrolyse
H, with 3% steam. EIS measurements were conducted at OCV condi-
tions at 400-650 °C, with a frequency range from 10°to 0.1 Hz, an
a.c. amplitude of 10 mV and zero d.c. bias. Electrochemical tests of
PCFCs and PCECs were conducted individually by a Solartron 1400
electrochemical working station after a stable OCV was observed at
the set temperature. Current density-voltage curves and current
density-power density curves under fuel-cell mode were measured
by a Solartron 1400 and 1470 electrochemical working station after
astable OCV was observed at the set temperature. Feedstock in the
oxygen electrode was pure O,. Feedstock in the hydrogen electrode
was H, with 3% steam. Electrochemical data under fuel-cellmode were
collected atavoltage range from OCVto0 0.2 Vat the set temperature.
Continuous fuel-cell operation was conducted at a constant applied
voltage of 0.75V at 600 °C up to 200 h. Under electrolysis mode,
the feedstock was pure H, (flow rate 20 ml min™) in the hydrogen
electrode and O, with 30% steam in the oxygen electrode. Electro-
chemical tests were conducted after stable OCV was observed at the
set temperature, at a voltage range from 1.5V to OCV. Continuous
electrolysis operation was conducted at a constant applied voltage of
1.4 Vat 600 °Cup to200 h. PCFCs using CH, and C,H, fuels were tested
at 600 °C, using CH, or C,H, (flow rate 20 ml min™) with 3% steam
as the feedstock of the hydrogen electrode and pure oxygen (flow
rate 60 ml min™) as the feedstock of the oxygen electrode. Leakage
tests were conducted at 600 °C with the feedstock of pure hydrogen
(flow rate 20 ml min™) for the hydrogen electrode and air (flow rate
60 ml min™) for the oxygen electrode.

Characterizations

X-ray diffraction measurements were conducted on a DSADVANCE/
Germany Bruker X-ray diffractometer using Ni-filter Cu Ka radiation
(wavelength 0.154056 nm). Microstructures and EDS mapping were
inspected under ascanning electron microscope (SEM) (JEOL 6700F).
Surface chemistry was analysed by XPS using a Physical Electronics
Versaprobe Il X-ray Photoelectron Spectrometer. Surface roughness
was inspected under AFM (Dimension Fastscan Atomic Force Micro-
scope, Bruker) using atapping mode. To measure the peeling strength
of the oxygen electrode-electrolyte interface, double-sided tapes
were attached to both sides of full cells in arectangular shape (length
3 cm (1.18 inch), width 2.5 cm (1inch)). The hydrogen electrode side
was stuck to the testing bed with the oxygen electrode facingup and a
scotch tape was next attached to the double-sided tape on the oxygen
electrodeside. During peeling tests, the oxygen electrode was peeled
off from the electrolyte while the force was recorded and converted
to peeling strength. Cross-sectional samples for STEM were prepared
using a Thermo Fisher Helios 600 focused ion beam microscope/SEM.
The samples were first coated with 10 nm of carbon using a Denton
DV502A Evaporator to minimize the beam damage and charging
effects. Additive protective layers included an e-beam-deposited Pt
layer (100 nm) and an ion-beam-deposited carbon layer (1 um). The
samples were thinned step by step by loweringion voltages from 30 to
2 kVand currents from 0.92 nAto 89 pA. The surface damage caused by
the focused ion beam was removed by Ar* milling using a Fischione 1051
TEM Mill at room temperature with a voltage of 100 V and at an angle
of 7°. The HAADF images and EDS mapping were taken on a Thermo
Fisher Themis Z-STEM with an acceleration voltage of 200 kV.
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Supplementary Figure S1 Microstructure for 1 min (a), 2 min (b), 5 min (¢) and 15 min (d) treated

electrolyte surface of co-sintered hydrogen electrode-electrolyte bi-layer.
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Supplementary Figure S2 AFM for 1 min (a), 2 min (b), 5 min (¢) and 15 min (d) treated electrolyte

surface of co-sintered hydrogen electrode-electrolyte bi-layer.
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Supplementary Figure S3 XRD of differently treated electrolyte in the co-sintered hydrogen

electrode-electrolyte bi-layer.
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Supplementary Figure S4 SEM (a) and EDS mapping of (b) Ba, (c) Zr, (d) Ce, (e) Y, (f) Yb, and
(g) O at the surface of the untreated electrolyte surface of the co-sintered hydrogen electrode-

electrolyte bi-layer.
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Supplementary Figure S5 SEM (a) and EDS mapping of (b) Ba, (c) Zr, (d) Ce, (e) Y, (f) Yb, and
(g) O at the surface of the 10 min treated electrolyte surface of the co-sintered hydrogen electrode-

electrolyte bi-layer.
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Supplementary Figure S6 XPS spectra of (a) Ba 3d5, (b) Zr 3p, (¢) Ce 3d, (d) Y 3d, and (e) YDb 4d

peaks of the untreated (top, in blue) and 10 min treated (bottom, in red) electrolyte surfaces of the

co-sintered hydrogen electrode-electrolyte bi-layer.
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Supplementary Figure S7 EIS for untreated (a), and 1 min (b), 2 min (¢), 5 min (d), 10 min (e) and

15 min (f) treated cells at OCV condition at 500, 550, and 600 °C.
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Supplementary Figure S8 Normalization process for Figure 3f. Starting from Figure 3b and 3c,
we first normalized their y-axis R, by the corresponding data R, in the untreated cell and R, by the
corresponding data R, in the untreated cell to obtain R; (i.e., Ro/R,’ for the ohmic part and R,/R,’
for the polarization part), and normalized their x-axis 1/7 by the corresponding activation energy
E.o/ks or Eap/ks to obtain E./kgT. This first step gives (a). Then we left-shifted the curves for the
polarization part to superimpose R of R, and R, in the untreated cell (blue data points) at the lowest
T=400 °C. This second step gives (b). Lastly, we divided R, of both R, and R, by 4,"/4, to obtain R.

This final step gives Figure 3f.
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Supplementary Figure S9 (a) Faradic efficiency of the untreated and the 10 min treated cells at a
function of current density under PCEC operation mode at 600 °C. (b) Hydrogen production rate of
the untreated and the 10 min treated cells at a function of applied voltage under PCEC operation

mode at 600 °C.
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Supplementary Figure S10 PCEC (a) and PCFC (b) performances of 10 min treated cells at 350,
400, 450, 500, 550 and 600 °C.
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Supplementary Figure S11 PCEC performances of untreated (a), and 1 min (b), 2 min (c), 5 min

(d), and 15 min (e) treated cells at 500, 550, and 600 °C.
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Supplementary Figure S12 PCFC performances of untreated (a), and 1 min (b), 2 min (c), 5 min

(d), and 15 min (e) treated cells at 500, 550, and 600 °C.
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Supplementary Figure S13 (a) Current density curves of untreated and 10 min treated cells under
PCEC operation at 1.4 V at 600 °C with 30% steam in oxygen electrode. Fracture surface of
untreated (b) and 10 min treated (c) cells after 200 h testing in (a). Cells made up of 22 um thick
BZCYYD electrolyte and PNC55 oxygen electrode and with different etching treatment conditions.
In SOEC, high-pressure oxygen bubbles due to internal chemical reaction were observed at grain
boundaries of zirconia electrolytes close to the oxygen electrode, which preferentially nucleate and
grow at blocking transverse grain boundaries perpendicular to the electric field direction. At this
stage, it is not clear how the change of charge carrier from oxygen ions to protons would affect the
precipitated grain-boundary gaseous species in PCEC electrolytes. Future work is required to

identify the existence and trapped species of the hypothesized grain boundary bubbles.

S14



N N : i
§-15 £ 9L 0-100n: 5.9% decay ! 2 min
< < ) i
2 -14 2-18F ! 100-200h: 0.06% decay
2 g R
[} [}
kel o° !
E 13 z Ehgs 3
5 g L L L L L L L L L L
o 0 20 40 60 80 100 120 140 160 180 200 o 0 20 40 60 80 100 120 140 160 180 200
Time (h) Time (h
C ~ ‘ d _ (h)
g 24 5 min g
< < <
= <
3 -2.3 z
c
L} &
E kel
5 22 g
‘5 1 1 1 1 i 1 1 1 1 1 E 1 1 1 1 1 1 1 1 1 1
© 0 20 40 60 80 100 120 140 160 180 200 o 0 20 40 60 80 100 120 140 160 180 200

Time (h) Time (h)

Supplementary Figure S14 Current density curves of 1 min (a), 2 min (b), 5 min (c), and 15 min

(d) treated cells under PCEC operation at 1.4 V at 600 °C.
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Supplementary Figure S15 Fracture surface of untreated (a) and 10 min treated (b) cells before

PCEC testing.
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Supplementary Figure S16 (a) EIS at OCV and (b) polarization curves at 600 °C of the untreated

and the 10 min treated cells before and after the 200 h PCEC testing in Supplementary Figure

S13a.
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Supplementary Figure S17 Fracture surface of 10 min treated cells made up of 16 um BZCYYb

electrolyte and LSCF (a), PBSCF (b), PNC55 (c¢), PNC73 (d), and 3D PNC73 (e) oxygen electrode.
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Supplementary Figure S18 PCFC performances (at 600 °C) of untreated (in black) and 10 min
treated (in red) cells made up of 16 um BZCYYb electrolyte and LSCF (a), PBSCF (b), PNCS55 (c),

PNC73 (d), and 3D PNC73 (e) oxygen electrode.
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Supplementary Figure S19 PCEC performances (at 600 °C) of untreated (in black) and 10 min
treated (in red) cells made up of 16 um BZCYYb electrolyte and LSCF (a), PBSCF (b), PNC55 (c),

PNC73 (d), and 3D PNC73 (e) oxygen electrode.
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Supplementary Figure S20 Comparisons of the PCFC peak power density Pmax (a) and the PCEC
current density at 1.4 V applied voltage (b) between untreated and 10 min treated cells made up of
16 um BZCYYD electrolyte and LSCF, PBSCF, PNC55, PNC73, and 3D PNC73 oxygen electrode

at 600 °C.
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Supplementary Figure S21 Leakage tests of untreated (a) and 10 min treated (b) cells made up of
16 um BZCYYbD electrolyte and PNCS55 oxygen electrode at 600 °C. Open circuit voltage (OCV)
was monitored continuously for 205 h with the feedstock of H» in the fuel electrode and air in the
oxygen electrode. Gas chromatography was conducted to detect the gas condition in fuel electrode
every 48 hours for 5 times (peak #1 to #5) and at the end of the test at 205 h (peak #6), which slightly
affects the OCV values in (a, b) due to equipment crosstalk. Gas chromatography for three reference
gases (pure Ha, pure air, and Hy+air mixture) was first conducted in (c), which shows H, detection
peak at 2.9 min, O, detection peak at 3.9 min, and N, detection peak at 4.7 min after the starting
time of the gas chromatography. Gas chromatography for the untreated (d) and 10 min treated (e)
cells shows Ha detection peak at 2.9 min (after the starting time of the gas chromatography) and no
O, or N peaks. The results indicate the cells are gas-tight with dense electrolyte and good sealing

and without gas leakage.

S22



a o 0.4 1.0 0.6
PNC55 = Untreated b PNC55 = Untreated
CH, fuel ® 10 min C,Hg fuel ® 10 min
0.8 - 0.8 40.5
1030 &
§ {04 5
Sosf 2 sos =
[} > o =
4 102G % 103 7%
Soaf S S04 s
5 I
g {02 8
ool £ 10412 &
2 g 0.2 1041
(E\
& G
00k L L L L L L 0.0 0.0 L L L L L L L L 0.0
0.0 0.2 0.4 0.6 0.8 1.0 1.2 14 0.0 02 04 06 08 10 12 14 16 18 20
Current density (A cm™?) Current density (A cm™)
c 1o PNCT3 05 dro 08
= Untreated PNC73 = Untreated
CH, fuel 10 min & C,Hq fuel 10 min
0.8 104 _ 08} 06
So6 {03 %, Sosf g
) = 2
g 2 5 {043
s o =
S04 «0.2; So4f S
z z
2 {102¢&
02} {01 02l :
T G
i a
7 i
0.0t L L L L L L L L 0.0 0.0 ] L L L L 0.0
00 02 04 06 08 10 12 14 16 18 00 05 10 15 20 25

Current density (A cm™) Current density (A cm?)

Supplementary Figure S22 PCFC performances (at 600 °C) of untreated (in black) and 10 min
treated (in red) using (a, ¢) CHs and (b, d) CoHg fuel. Cells made up of 16 um BZCYYD electrolyte

and PNC55 (a, b), and PNC73 (c, d) oxygen electrode.
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Supplementary Figure S23 Current density curves of untreated and 10 min treated cells under
PCFC operation at 0.75 V at 600 °C. Cells made up of 16 um BZCYYD electrolyte and PNC73
oxygen electrode. Feedstock is 97% H>+3% H>O (flow rate: 20 mL/min) in fuel electrode and O;
(flow rate: 60 mL/min) in oxygen electrode. Initial current density: 0.36 A cm 2 for untreated cell
and 1.58 A cm 2 of 10 min treated cell. The 10 min treated cell shows 0.07% decay in current density

over 200 h continuous PCFC operation, compared to 9.7% decay for the untreated cell.
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-Poor bonding
-Limited contacts
-Reaction away from interface

H* -H* conduction in PNC55
BZCYYb required

-Good bonding

-Abundant contacts
-Reaction close to interface
-H* conduction in PNC55
BZCYYb not required

Supplementary Figure S24 Schematics comparing the reaction mechanisms of poorly (a) vs. well
(b) bonded PNC55 on BZCY Yb near the oxygen electrode-electrolyte interface. The acid treatment
offers a way to obtain good bonding, and the resultant rough interface was not plotted in the

schematics for simplicity.
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Damaged electrolyte

i R 24070 PREY

Supplementary Figure S25 SEM of the top surface (a,b,d,e,g,h,j,k) and the cross-section (c,f,i,])
of the half cells mechanically polished by 80 (a-c), 200 (d-f), 400 (g-i), and 800 (j-1) grit SiC

sandpapers. Damaged electrolytes can be clearly seen from the cross-section images in (c) and (f).
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Roughness=0.44 pm Roughness=0.38 ym

Supplementary Figure S26 AFM of the electrolyte surface and the measured surface roughness of

the half cells mechanically polished by 80 (a), 200 (b), 400 (c), and 800 (d) grit SiC sandpapers.
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Supplementary Figure S27 Measured open circuit voltage (OCV) of the full cells polished by 80

(a), 200 (b), 400 (c), and 800 (d) grit sandpapers during NiO reduction at 600 °C. Decreased or

fluctuated OCV was observed in (a-c), indicating gas leakage. The reduction process was conducted

in two steps: (1) 15% H> with 85% Ar (total flow rate: 20 mL min ') was fed into the fuel electrode,

and O, (flow rate: 20 mL min™!) was fed into the oxygen electrode. (2) After OCV reached a stable

value, pure Hy (flow rate: 20 mL min™") was fed into the fuel electrode for further reduction, and O,

(flow rate: 60 mL min~') were fed into the oxygen electrode.
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Supplementary Figure S28 Comparison of the PCFC performance at 600 °C for the untreated, 10

min acid treated, and 800 grid sandpaper polished cells.
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Supplementary Table S1 Peeling strength of the oxygen electrode (PNC55)-electrolyte interface

of differently treated cells.

Treating time (min)
Untreated

Peeling strength (N) 18.6 18.8 19.9 22 23.5 20.2
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Supplementary Table S2 Chemical compositions from EDS mapping on the electrolyte surface of

the untreated and 10 min treated half cells. Note EDS is a semi-quantitative measurement of the

chemical compositions and have a micron-scale detection depth.

Atomic percentage (%)

Ba Zr Ce Y Yb @)
Untreated 27.8 2.6 18.0 2.2 2.6 46.7
10 min treated 28.4 2.4 18.5 2.3 2.6 45.8
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Supplementary Table S3 Cation compositions from EDS mapping on the electrolyte surface of the
untreated and 10 min treated half cells. Theoretical cation composition for BZCYYb is also listed

for comparison.

Atomic ratio over (Zr+Ce+Y+YDb)

Ba Zr Ce Y Yb

Untreated 1.09 0.10 0.71 0.09 0.10
10 min treated 1.10 0.09 0.72 0.09 0.10
BZCYYb 1.00 0.10 0.70 0.10 0.10

S32



Supplementary Table S4 Cation compositions on BZCYYD surface of the untreated and 10 min
treated half cells from XPS measurements. Note XPS is a semi-quantitative measurement of the

surface chemical compositions and have a nm-scale detection depth.

Atomic ratio over (Zr+Ce+Y+YDb)

Ba Zr Ce Y Yb
Untreated 0.89 0.07 0.74 0.15 0.04
10 min treated 0.47 0.07 0.78 0.10 0.04
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Supplementary Table S5 Fitting details of R, and R, in the Arrhenius form in Eq. (1,2).

Treating time (min) Bulk
Untreated
1 o) 5 10 15 electrolyte
Ao (Q cm?) 1.24 1.40 1.65 2.29 2.77 2.19 291
Eao (eV) 0.358 0.358 0.357 0.358 0.357 0.357 0.359
Error of
0.003 0.003 0.002 0.003 0.003 0.003 0.003
E.o (eV)
2 of Ry
0.99976  0.99967 0.99981 0.99974  0.9998  0.99978  0.99976
fitting
Ap (107 Q
11.3 9.95 8.33 6.67 4.79 5.60 /
cm?)
Eqwp (eV) 0.904 0.902 0.900 0.904 0.905 0.902 /
Error of
0.0002 0.002 0.003 0.002 0.002 0.001 /
Eap (eV)
7 of R,
0.99997  0.99996 0.99996  0.99997  0.99998  0.99999 /
fitting
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Supplementary Table S6 Comparison of ohmic resistance R, and polarization resistance R,
(calculated from EIS data in Figure S15a) for the untreated and the 10 min treated cells before and

after the 200 h PCEC testing in Figure 5a.

R, (Q cm?) R, (Q cm?)
Untreated cell before testing 0.20 0.17
Untreated cell after 200 h PCEC testing 0.24 0.19
10 min treated cell before testing 0.09 0.07
10 min treated cell after 200 h PCEC testing 0.09 0.08
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Supplementary Table S7 PCFC peak power density for untreated (denoted as “Un-") and 10 min

treated (denoted as “Tr-") cells made up of 16 um thick BZCY YD electrolyte and different oxygen

electrodes (specified in the table).

Operation
temperature

“C)

Peak power density with different oxygen electrode (mW cm?)

LSCF PBSCF PNC55 PNC73 3D PNC73

Un- Tr- Un- Tr- Un- Tr- Un- Tr- Un- Tr-

600

550

500

450

400

350

350 980 510 1071 592 1250 747 1379 983 1620
165 721 264 801 324 912 458 982 610 1252
76 447 134 517 162 634 276 691 389 901
/ 254 / 332 / 400 128 456 176 651
/ 137 / 180 / 221 / 282 89 474

/ 77 / 90 / 120 / 150 / 288
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Supplementary Table S8 Fuel efficiencies of untreated and differently treated cells made up of 16
pum thick BZCYYD electrolyte and PNC55, PNC73, and 3D PNC73 oxygen electrodes at 600 °C.
The feedstock is 97% H>+3% H>O (H; flow rate: 20 mL/min) for hydrogen electrode and O; (flow

rate: 60 mL/min) for oxygen electrode.

Fuel efficiency with different oxygen electrode (%)

Treatment condition

PNC55 PNC73 3D PNC73
Untreated 100 98 99
1 min treated 98 99 100
2 min treated 99 100 98
5 min treated 100 99 99
10 min treated 98 98 100
15 min treated 99 99 98
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