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Abstract

Previously sintered (1500 °C, 4 h) dense pelletSa§Gd, 10, 95(GDC) were covered and heat
treated with eutectic mixtures of p&0O; and LLCO; (NLC), and their electrical performance
was assessed against pure GDC and chemically syrgkde GDC+NLC. Microstructural
analysis of NLC impregnated samples confirmed sligigration of the molten phase to the
interior of the GDC pellets via grain boundariessulting in a significant improvement of the
grain boundary conductivity, increasing with duvati of heat treatment (0.5-2 h) and
temperature (600 to 800 °C range). The observatidohductivity exceeded in almost 20% the
corresponding values obtained for standard GDC kmngells tested before and after direct
current polarization (0.5 V, 500 °C) showed the sagtectrical performance, discarding the
possibility of parallel contributions of salt iorte the total conductivity. Grain boundary
engineering using salt infiltration is an effectital to improve the electrical performance of

ceramic electrolytes.
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1. Introduction

Ceria-based materials (usually GDC, Gd-doped ceric&DC, Sm-doped ceria) were
extensively studied as potential electrolytes folidSOxide Fuel Cells (SOFCs) [1-4]. Sintering
aids, mostly transition metal oxides and salts, msigyificantly decrease the usual sintering
temperature of ceria-based electrolytes (oftenratdib00 °C). However, several sintering aids
exhibit a negative influence on grain boundary ecmtietity, contributing to large ohmic losses
at moderate temperatures [5-8]. Alkali metal atisluding eutectic mixtures) were also tested
as sintering aids with ceria-based electrolyte® @fficacy concerning densification was clearly

shown but only recently the electrical performawes considered in further detail [9-13].

Bulk and grain boundary conductivity enhancemeaint$ (some of them remarkable,
reaching two orders of magnitude) were reported deria-based electrolytes fired at low
temperatures using Li salts as sintering aids Bl1However, these claims are not unanimous,
with reports indicating negligible effects on banductivity and even degradation of the grain
boundary conductivity [10]. Distinct salts, variofiisng conditions and diversity of reference

materials (from “homemade” to commercial) might lekpthe apparently disparate results.

Processing routes previously adopted involved jdirhg of Li salts and ceramic
precursors, a situation that could favor the pladissolution of the sintering aid cation in the
host lattice, given the size compatibility betwekaost (C&Y) and foreign cation (L).
Furthermore, since typical Li salts (nitrates andrbonates) have low melting and
decomposition temperatures, loss of Li to the dasse is expected to occur even at modest
sintering temperatures of only 1100 °C [11,14]. Theertainty on the amount and local effects
of alkali metal cations in the ceramic phase cateotlisclosed in such experiments.” s,
larger than C¥, as such less likely to be dissolved in the laftigould be a possible alternative
to elucidate these issues. However, Na salts hagbeh melting and decomposition
temperatures, performing poorly as sintering aigls known attempt following this approach,
the amount of secondary phase {0l@;) exceeded by far the concept of sintering aid thed

result was typical of a composite material [12].

Recently we have shown that small amounts of daotentxtures of alkali metal
carbonates vyield fully dense GDC samples at simgeiémperatures up to 400 °C below those
needed when conventional powders are used. Thpegydgnductivity of these materials was
slightly lower when compared with standard GDC [&Bd the grain boundary conductivity
could be significantly improved in materials pregghrby a chemical synthesis route [16].
However, the adopted processing routes, with dibea intimately mixed before sintering, also
prevented the separate analysis of the interaatfoalkali metal salts in the grain boundary

region only.



This work exploits for the first time the impact af eutectic salt mixture on the
microstructure and electrical properties of presigisintered and dense GDC pellets, targeting
grain boundary effects only. Grain boundaries aserdered regions in a polycrystal and often
easy migration pathways for several species. Tossipility was used already to change locally
the grain boundary composition of dense electrelytaking advantage of the enhanced
diffusion rates (orders of magnitude higher) of sogtements via grain boundaries with respect
to bulk transport [17,18]. Since corrosion of denseamics by molten phases is also faster via
grain boundaries [19], fully dense GDC pellets wéred at distinct temperatures and for
different periods, top covered by a (molten) saktare. The impact of these heat treatments on
dense GDC was assessed by impedance spectroscopsoaplemented by microstructural
observations. Only the grain boundary region waangkd due to the moderate temperatures
involved. Two additional sets of reference matenaére included in this study to obtain further
insight into observed effects. The first obviouterence was pure and dense GDC (commercial
powder). The second reference material was dense @Bpared with the same salt mixture as

sintering aid, and prepared following a chemicaleo

2. Experimental procedure

Na,CO; and LbCOs (Sigma Aldrich, 99.9%) were mixed in the molaigatf 48:52 to
prepare the selected eutectic salt mixture (NLQ Teactants were mixed using high energy
milling at 650 rpm for 30 min. GDC cylindrical pets were prepared using a standard
commercial powder, GgGa, 10,95 (Praxair). Disks were firstly shaped by uniaxiaégsing
and afterward isostatically pressed at 200 MPasamered at 1500 °C for 4 h. These samples

were used as reference and for ulterior treatmeiitsNLC.

NLC powder was uniaxially pressed into pellets atated on the top of previously
sintered GDC pellets. Such asymmetric double |agsemblies (GDGonrlNLCiop) Were heat
treated for 0.5, 1 and 2 h at 600-800 °C with aihgaate of 5 °C/min. Since NLC was placed
on the top of GDC pellets but the molten salt cdidds freely above the eutectic temperature
(500 °C), the top and side GDC surfaces were easirgred with NLC during these treatments.
Only access of NLC to the GDC bottom surface (pladizectly on an alumina holder) was
partly constrained. Before all other tests (eleatrmeasurements and microstructural analysis)
the carbonate layer covering the GDC pellets wasoved using a hydrochloric acid solution
(1:3 acid:water ratio). A scheme of the processisage is shown in Figure 1A. These cells will
be named as GDC UT, 600, 700 and 800, meaningaiett€UT) or treated with an NLC layer



at 600, 700 and 800 °C, respectively. When nedtiedduration of the treatment (in h) is also
included in the acronym (e.g., 800 2 for a 2 httresnt at 800 °C).
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Figure 1. A - Scheme of NLC thermal treatments:NLL pellets deposited on sintered GDC,
(2) NLC layer covering the pellet after melting/heéeeatment; (3) Clean GDC pellet after
washing with diluted HCI; B - Schemes of electradeas (yellow/dark grey) in the in-plane (4-
5) and cross (6-7) arrangements. Top views (4&@) assumed active cell volumes (5&7,

green/light shadowed regions in between electrodes)

Pellets with 3 mol% NLC were also prepared by amtibal synthesis route (Pechini
synthesis) where NLC is mixed with a precursorifesf the GDC powder [16,20] This
precursor is the product of the reaction of ci@d and ethylene glycol, used as a chelating
agent of dissolved Ce and Gd cations. Cerium ardbloggum nitrates in stoichiometric
guantities are added to citric acid diluted initled water at ~ 65 °C, under constant stirring.
After homogenization for 1 h, the precursor resiformed with the addition of ethylene glycol
at temperatures close to 80 °C. NLC is added dyra¢otthe resin. The resulting material is
calcined in a furnace at 450 °C for 1 h. The ca&dirpowder was disk-shaped (uniaxial
pressing) and isostatically pressed at 200 MParéedfintering at 1100 °C for 4 h to reach full
densification. The cell acronym (GDCNLC3S) preparethis manner details the NLC content

(3 mol%) and route (symbol S for chemical synthesis

The electrical properties of all pellets were stddby impedance spectroscopy using
porous Au electrodes (fired at 600 °C for 20 minyo distinct cell configurations were used,
one involving in-plane electrodes (cells UT, 6000 7and 800) covering circle segments in
opposite sides of the pellets and separated bytamtie much larger than the disk thickness
(hereby called in-plane measurements). Some tastd also standard disk-shaped cells with
electrodes deposited on opposite flat disk surf@€able 1, cells Cross and GDCNLC3S). The
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latter tests will be hereby named as cross measntsimSchemes of these cells are presented in
Figure 1B. All electrical measurements were perfnm open air between 200 and 600 °C
using an HP 4284A LCR Meter, with a signal amplgwsf 0.5 and 1 V within the 20 Hz - 1
MHz frequency range. Direct current (dc) polariaatexperiments (total voltage of 0.5 V) were
also performed at 500 °C, in air, to assess theailpesrole of salt ions on the electrical
performance of selected cells. A short descriptball samples studied in this work together
with acronyms, compositions, processing routes eledtrode configurations is presented in
Table 1.

Table 1. Sample acronyms, compositions, proceseuigs and electrode configurations.

Base pellet NLC infiltration
. . Electrode
Acronym Route Sintering T NLC Y/N T t configuration
(Ot (h) content °C) | (h)
Cross Ceramic 1500/4 - No Cross
uT Ceramic 1500/4 - No In-plane
GDCNLC3S| Chemical 1100/4 3 mol% No Cross
600 1 Ceramic 1500/4 - Yegs 600 il In-plane
700 1 Ceramic 1500/4 - Ygs 700 il In-plane
800 0.5 Ceramic 1500/4 - Yegs 800 0.5 In-plane
8001 Ceramic 1500/4 - Yegs 800 il In-plane
800 2 Ceramic 1500/4 - Yegs 800 P In-plane

Disks surfaces and fractured sections were usethiimostructural characterization by
scanning electron microscopy (SEM, Hitachi SU-76ymed with energy dispersive X-ray
analysis (EDS, Bruker Quantax 400). In some cabesmal etching (15 min, 10% below the
sintering temperature: 1350 °C) of polished sudagas used to highlight grain size. Attempts
to use chemical etching instead of thermal etchiud poor results. Some images were analyzed
with Image J to measure the average area of g@i)swhich was subsequently used to
estimate a mean equivalent diameter B4A/r. Several samples were also studied by X-ray
diffraction (XRD). Diffraction patterns (PANalytitaXpert-pro diffractometer, Cutradiation,

40 kV and 25 mA) were collected in the angular ean§20< 20 < 80° (0.02°/step, 2 s/step).
The MAUD (Materials Analyzing Using Diffraction) #ware package was used to determine

the structural parameters.
3. Results and discussion
3.1 Structural and microstructural analysis

Pure GDC powder showed the standard fluorite siractpattern (28795 ICSD,
Inorganic Crystal Structure Database). GDCNLC3Sa&tbno vestige of any additional peaks
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besides those characteristics of GDC. The lattex@ameters of these powders were in close
agreement (5.419(3) and 5.419(4) A for GDC and GDCBB, respectively). Samples treated
with NLC were not studied by XRD. In fact, surfaeaealysis (of pellets) would not be
representative of the bulk and analysis of powdaadples would hardly show any trace of
secondary phases, since their global amount isgi@stas confirmed by SEM/EDS, situation

detailed below.

Figure 2A shows the cross section of a pure GD@eipalter thermal etching. The
corresponding cross sections of GDC infiltratechviNtLC at 600 and 700 °C for 1 h are shown
in Figures 2B through 2E. Pictures in the left catuwere obtained close to the GDC bottom
surface (“NLC free”) while those in the right colarwere observed close to the attacked upper
GDC surface. Dashed lines in bright regions indiche approximate pellet outer surface plane
(perpendicular to the observed cross section).sAthples exhibit almost no porosity since

highly densified GDC ceramics (> 95% theoreticalgiy) were used in all tests.

Actual average grain sizes shown in Table 2 wetaindd from lower magnification
SEM pictures to increase the statistical qualitythefse data (see Supplementary Information,
Figure S1). The grain size is similar in all ca&e8 — 3um range) but with a slight tendency to
increase with impregnation temperature and clos€liG covered surfaces (maximum of 3.1
um for an NLC treatment at 800 °C, versus 2.4titv6for untreated GDC and all GDC bottom
surfaces, almost NLC “free™). Thermal etching agthtemperature (15 min) in the presence of
(vestigial amounts of infiltrated) NLC was enoughgdromote slight grain growth. The only
situation where the observed trend is not obeyeashishe grain size of top regions of GDC
pellets that suffered chemical attack at 600 arfdl °@@0) where we can find an apparent slight
reversal in grain growth. However, exact valuescui¢e close (about 3f0m at 600 °C versus
2.8um at 700 °C) and this single apparent reversdi®fgeneral tendency can only be ascribed

to scatter in experimental data.

Attempts to identify the presence of NLC in thesatenals involved EDS analysis in
distinct sample locations, with the emphasis omy@e, Gd and Na. Li is a light element
outside the EDS analytical capabilities. Carbon wesarded since the sample preparation
involved the deposition of C films before analysigpical results obtained by SEM/EDS are
shown in Figure S2 (see Supplementary Informati@amluding microstructure and atomic
number maps for GDC 800 2 (top view) after rem@fdLC with diluted HCI. The efficacy of
salt removal with acid attack is easily confirmadtbe clear observation of GDC grains at the
free surface. There is no sign of secondary phédesn alkali metal (Na) ions. The Na level,

apparently uniform across the entire surface, msgl@m significant but the Na peak used for



EDS analysis is small and close to large Ce andp&aks. As such, Na easily appears as

background level in similar analysis.
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Figure 2. Cross section views of untreated GDC @)C 600 (B, C) and GDC 700 (D, E)
samples. The latter images were obtained closdhd¢ostrface covered by NLC (C, E) or
opposite surface, nominally “NLC free” (B, D). Thabserved surfaces were polished and

thermally etched. Dotted lines indicate the appr@te disk surface positions.



Table 2. Average grain size of GDC polished andntiadly etched after infiltration with NLC at
distinct temperatures. Analysis performed closethi® NLC covered (top) or “free” sides
(bottom), see Figure 1A.

Average grain size (um)

Sample
Top Bottom
uT 2.44+0.12
600 299+0.13 253x0.11
700 2.75+0.06 2.40+0.07
800 1 3.12+0.09 2.56+0.05

GDCNLC3S* 1.78 £0.07

* Estimated values from SEM images of surfacesavitiihermal etching.

In order to increase the efficacy of these obs@mat line scan concentration profiles
were also obtained under high magnification (FigByeFigure 3A shows the concentration
profiles of Ce, Gd and Na across a fracture surtdd@DC 800 2. To highlight the grain size,
this sample was thermally etched before observafitre fluctuations in concentration are

within typical experimental scatter.

Figure 3B shows an equivalent set of informationafdracture surface of GDC 800 1.
In this case, thermal etching was avoided to prevelatilization of any NLC still present in
the sample. Since the observation is on polisheaples, individual grains cannot be seen.
Accordingly, attention was given to specific midrastural features suggesting grain pullouts
and/or inter-grain fracture. These consisted of laggrates of polyhedral voids with
dimensions compatible with the previously obsengrdin size (rounded voids usually
correspond to pores). The observed fluctuationsoincentration values were mostly within
what might be considered experimental uncertaintg tb topographical effects and partly
overlapping peaks. Even so, a minor deviation femMarage values might be considered with a
central region richer in Na. A faint Na vestigeeis\phasized here. Clear Na rich spots were

absent in all analyses, within the EDS technigseltgion.

The analysis of the local chemical composition Ibfsamples is a major challenge in
these and similar materials. XRD is only able tovite information on changes in lattice
parameters and presence of secondary phases ifalings and exceeding a reasonable

concentration. In this case XRD provided no cldae ©on any drift in GDC lattice parameters
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or presence of secondary phases. The situation $&M/EDS was just described, only faint

evidence was available on the presence of Na iplesnafter chemical attack with NLC.
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Figure 3. SEM images of polished and thermally etictiacture surfaces of GDC 800 2 (top) or

simply polished fracture surface of GDC 800 1 (it Corresponding EDS line scan

concentration profiles of Ce, Gd and Na also shown.

Distinct techniques used in the literature (ICPnéulctively Coupled Plasma, SIMS -
Secondary-ion mass spectrometry) to inspect similaterials (ceria-based electrolytes with
alkali metal salts or oxides used as sintering)asti®wed that the overall amounts of alkali
metals decreased with increasing firing temperatygwn to vestigial levels with firing
temperatures around 1100 °C) due to volatilizatibh,13]. TEM (Transmission Electron
Microscopy) used in one single study showed thesgree of “clean” and “dirty” grain
boundaries in GDC pellets fired for 1 hour at 8@0ifi a lithium-saturated atmosphere [14]. In
any case, multiple materials prepared using distioates, showed mostly a degradation of
grain boundary conductivity, while others showeddctivity enhancement effects for specific
firing conditions and concentrations of sinterindsa[11,13]. With a mixed condition (“clean”
and “dirty” grain boundaries), their exact role tre global electrical performance is only

accessible using sophisticated measurements imgplanicroelectrodes, and a meaningful
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number of tests is needed to reach any conclugibh An intricated roundabout can be easily
created since conditions needed for the observatiangrain boundary surpass those viable for
localized electrical measurements.

Alternative techniques like XPS (X-ray Photoelenti®pectroscopy) could be used to
detect light elements like Li but the space resotubdf this technique is unable to highlight a
specific grain boundary composition unless thiscanverted into an open surface by
intergranular fracture. All these comments empleasiat there is no immediate and simple
technique to fully disclose the grain boundary aeltaristics, and information on multiple grain
boundaries is mandatory to have a reliable infoionatOn the contrary, evidence on
microstructural changes and electrical performagmoeide reliable sets of information that can
be used to build a framework picture on this rgalis attempted in the following sections.

Grain boundaries are the expected favorable pathfayhigh temperature penetration
of molten salts and some of them might even beciuthe flooded with NLC during thermal
treatment. This would explain relatively easy grainlouts during polishing (or inter-grain
facture) as well as some residual alkali metal ipresent in these regions (recall Figure 3B).
This type of observation and interpretation wasady reported in GDC-based materials
prepared using sintering aids [14]. No such featurere observed in GDC 800 2 since thermal
etching promoted the volatilization of residualaikmetal cations present in this sample. In
fact, a mild grain growth can be noticed when FeguBA and 2A are compared (same
magnification of 10k). The short thermal treatm@r min) of GDC during thermal etching at a
temperature 10% below the sintering temperatureldvbe unable to explain this effect in the
absence of a liquid phase assisted mechanism. Asnawy, combined SEM/EDS analysis
suggests access of residual amounts of NLC taida of GDC pellets. Consistently, the NLC
treatment at 800 °C had a higher impact on GDhgs&e with respect to treatments at lower

temperatures (Table 2).

With the experimental evidence available and bamkgd knowledge previously
provided on the corrosion of ceramics by moltensplsa migration of NLC cations via grain
boundaries is the soundest hypothesis to explaail snicrostructural changes in GDC pellets
sintered at 1500 °C and exposed afterwards to NL@natemperature (800 °C or even below).
However, an additional comment is desirable on predble characteristics of all samples.
Within the short time scale of all experiments, iggnation of GDC samples top covered with
an NLC layer (Figure 1) corresponds closely tomdyl diffusion problem where the source of
diffusing species has a constant concentration (Ny€r). As such, the concentration of any
diffusing species across the pellets should depentime and distance to the top surface. The
typical solution of the Fick's second law for plardiffusion and a given set of boundary

conditions includes the well-known error functiondatime dependent concentration profiles
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[22]. Due to the analytical limitations previougliscussed there was no chance to quantify the
presence of alkali metal cations across the caktiess. However, these considerations are
fully consistent with distinct characteristics 0DG pellets from top to bottom, as evidenced
during the previous discussion on grain sizes (rda@ble 2 and inherent data examination).
Lastly, this means that distinct treated GDC *“layeshould offer distinct parallel electrical
pathways from top to bottom, when the so-calleghlanre electrode arrangement is adopted

(Figure 1), since the applied electric field ispgEdicular to the dominant diffusion direction.

The entire discussion up to now addressed only Giaderials exposed to NLC after
sintering. In GDCNLC3S sintered at 1100 °C for 4kl cations were intimately mixed already
as precursors. Figure S3 (Supplementary Informptsitows a regular microstructure of
GDCNLC3S, with grain size only slightly smaller thabserved for GDC 800 2 (Table 2). The
densification level was high (>95%), as observedIDC sintered at 1500 °C for 4 h also. The
close microstructural characteristics of GDCNLC3®esed at 1100 °C with respect to pure
GDC highlights the efficacy of the processing ro(reactive powders) complemented by the
NLC sintering aid effect. Also, as noticed for GBA0 2 (Figure S2), atomic number maps of
GDCNLC3S (Figure S3) showed no preferential logatad Na in the bulk or along grain

boundaries. Within the resolution of EDS, all sagsplvere mostly chemically homogeneous.

3.2 Impedance spectroscopy

Analysis of impedance spectroscopy data is thel ssuace of previously claimed bulk
and grain boundary conductivity enhancements. &patiention to published results suggests
lacking details providing proper validation of int@mce spectra deconvolution (e.g.,
overlapping electrode and grain boundary arcs)sistent identification of impedance arcs
(e.g., proper attention to relaxation frequencieasil other possible sources of error. This
assumption justifies the attention dedicated in fhilwing paragraphs to specific solutions

adopted in this work, aiming at proper validatidrpesented data.

3.2.1 Setup and cell characteristics

Normal handling of impedance spectroscopy datauded normalization of raw data
against cell dimensions. Distinct cell geometrimpact the magnitude and ability to properly
deconvolute impedance spectra. Also, normal setwgy scapacitances can influence the
analysis of high frequency impedance data but amyimal when grain boundary performance
is consideredDue to their relevance in this work, these aspeitde firstly addressed before

analysis of actual data.
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Typical sets of impedance spectroscopy data attemperature usually show three
distinct arcs, the so-called bulk, grain boundargt electrode contributions (Figure 4) [23]. The
simplest equivalent circuit able to describe tliigsagion includes a series arrangement of three
parallel R|G elementary circuit elements, where i stands fdk o), grain boundary (gb) or
electrode (el) contributions (Figure 4 inset).igka resistor and;@& capacitor. Deviation from
ideal pure capacitor behavior is taken into consitilen with the replacement of C elements by
constant phase elements (CPE). In the commentsvbefdy the simplest case (pure C

elements) will be considered.

150
—— In-plane+Low ASR Ry Rgb Rel
—— In-plane+High ASR m m m
-~ 100 } ---- Cross+Low ASR
=
s - - -Cross+High ASR
ol
"
-Nl 50 B . ‘{:
O Al Al L2 Al L a1 Al L
0 50 100 150 200 250 300
Z'.S/L (a.u.)

Figure 4. Estimated effect of distinct cell geonestrand electrode configurations on impedance
spectra characteristics (see text for details). ddsimed equivalent circuit is shown as an inset.
The shaded area is often outside the availablaudémcy range at low temperature (e.g., see

Figure 5).

For fully dense polycrystalline ceramic electrosygith similar microstructures, under
specific working conditions (e.g., temperature arggen activity) the bulk and grain boundary
R depend only on cell dimensions (S and L) and tingiinsic conductivities. On the contrary,
the electrode resistance depends only on the etlecsurface area (S) and corresponding area
specific resistance (ASR). As such, normalizatibimpedance data (real and imaginary parts,
Z' and Z”, respectively) is often based on the gelbmetric factor (S/L) when assessing bulk
and grain boundary transport properties, or basethe electrode area (S), when measuring

mostly electrode performance.

As shown in Figure 1B, the in-plane electrode gdomadopted as relevant cell
dimensions the cell length (distance between @des, L) and cell rectangular cross section
(S=a.b, with a and b the circle segment chord askl thickness, respectively). For electrodes
deposited on the upper and lower pellet surfacessgcmeasurements), the corresponding

parameters are the pellet thickness (L) and eléetsorface area ($=°, with r being the radius
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of the electrode area). This easily yields disti®it. geometric factors. In the present

experiments, S/L values covered more than one afdeagnitude (0.27 to 4.9 cm).

Figure 4 shows four impedance spectra inspiredatumahdata presented later (Figure
5), where two distinct (high and low) ASR valuesl awo different sets of cell dimensions (in-
plane and cross electrode arrangements) are cothiddutk and grain boundary conductivity
were preserved in all calculations. Normalizatidnsomulated impedance data against cell
dimensions (S/L) should yield similar results exciep the electrode arc. However, while the
high frequency arc (bulk) is mostly insensitivedistinct situations, the grain boundary arc can
be easily disturbed for large electrode impedaritaage ASR). The situation is aggravated

when relaxation frequencies of grain boundary dectede processes are close.

Figure 4 highlights that deconvolution between mrhbundary and electrode arcs
becomes much simpler using the in-plane electrasametry (small S/L). The rationale is
obvious. The absolute magnitudes of bulk and gbainndary resistances increase with cell
length while the electrode impedance is only semsto the electrode surface area. When raw
impedance data is normalized with respect to tloengéric factor (S/L) the “relative” electrode

impedance decreases with increasing cell length.

Figures 5A and 5B show the corrected impedancetrspexf untreated or NLC
infiltrated GDC for several temperature/dwell tic@mbinations, obtained using both electrode
configurations, in air, at 200 °C. These spect@stwo arcs corresponding to the usual bulk
(high) and grain boundary (low) frequency ranges équivalent circuit containing two
elementary parallel R||CPE circuits arranged ifesarould be easily used to fit impedance plots
below 350 °C. Part of the electrode arc (low freqye is visible in the cross configuration but
hardly discernible in the in-plane configuratiomelreasons for this difference were previously

discussed.

For pure GDC tested in the cross and in-plane reléetconfigurations, the bulk arcs
should be fully superimposed, according to the ipresrdiscussion. On the contrary, the grain
boundary arc might suffer from distinct electrode averlapping. In fact, the bulk conductivity
values obtained with the experimental geometrictofac of these cells showed a slight
difference, temperature dependent. Using bulk cotivty as reliable reference, the geometric
factor relation (cells Cross versus UT) at 200 AGud be 18.3 and was 15.8. Matching of both
values increased with increasing temperature (¥8r8us 18.0 at 500 °C), indicating a slight
drift with temperature in the relative positions efQuipotential lines in the in-plane
configuration. To minimize the impact of this paetar on other estimates, the GDC bulk
conductivity obtained with the cross configurativas used as reference. This allowed an easy

correction of the in-plane geometric factor, whequired (lower temperatures only). This small
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correction had no impact on all trends discussethe following sections, but is of great

importance to facilitate the direct visual analysiglata in Figure 5, where these corrections are

adopted.
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Figure 5. Impedance spectra in air, at 200 °C, DCased cells with surfaces untreated or
treated with NLC at 600-800 °C for 1 h (A), or &08C for different times (B). A GDCNLC3S

cell is also considered for comparison (C). Thetms (A) details the Cross cell high frequency

data distribution. Numbers correspond to the loffexfuency (Hz).

Another relevant experimental feature involved istidct cell configurations is an
obvious mismatch between the apparent relaxateguéncies of the bulk arcs of Cross and alll
in-plane cells. These should be independent otéiegeometry, but they appear as dependent,
almost one order of magnitude different (TableT3)is can be easily perceived from inspection

of Figure 5A. The bulk arcs extend almost to thesawrigin for the in-plane electrode
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arrangement. For the cross-cell measurement (Figarénset), the arc ends well before the
axes origin. This result is a consequence of tHestay capacitance ¢ feature often ignored

in the analysis of impedance data.

Table 3. Estimated bulk and grain boundary elegitrparameters (from impedance spectra),

including the stray capacitancesCorrection (see text for meaning of symbols).

Bulk Grain boundary

Cell |T (°C)| Estimates (raw data) | After correction for Cq Estimates (raw data)

Ci (pF) | @ (rad.s™) | Ceei (PF) | @ puk (rad.s?) | Cest(NF) | w (rad.s?)

200 30.6 1.76x16 23.8 2.27x16 12.8 1.03x164
Cross

250 28.9 1.11x10 21.9 1.47x10 13.5 8.03x10

uT 200 9.96 2.26x10 3.12 7.22x10 0.688 1.39x164

250 9.82 1.38x16 2.83 4.81x16 0.682 2.84x10d

C; is due to the utilization of small diameter parb#lectrical (Au) wires separated by
thin alumina walls, as electrical connections te tlutside equipment. Accordinglys &nd the

bulk cell capacitance (&) are arranged in parallel and should add to ettwdro

Ci=C+ Ce 1)

C,, the total capacitance, can be estimated from himh frequency impedance data (“bulk”
arc), after proper conversion of the CPE elemergmtade into true capacitance. Also, the real
bulk cell capacitance can be obtained from thetivelalielectric constant of GDGJ and cell

dimensions:

Ceal =6 & S/L (2)

with €, being the vacuum dielectric constant (8.85%1@/m).

With the availability of several cells with distin&/L ratios, combination of equation
(2) with equation (1) can be used to estimataric,. The exercise is shown in Figure S4 (see
Supplementary Information), including two sets e$ults obtained with multiple cells at two
distinct temperatures (200 and 250Q. The slope of each trend line is the bulk dielect
constant of GDC while the intercept is. @s expected for the phenomena involved, values
obtained at slightly distinct temperatures yielhifar results, 6.84 and 6.99 pF fog, @nd 55
and 51 fore,, at 200 and 250 °C, respectivety.is slightly higher than values often reported
[24] and G is slightly lower than estimates for similar setuj25]. However, alternative

estimates of Chased on simplified analytic solutions deriveddoplanar electrodes in sensors
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yield similar orders of magnitude [26]. Irrespeetiof some uncertainty, the obtainegv@lue
can be used to correct bulk capacitance and rétexetequency estimates from raw impedance
data, as shown in Table 3. The consequence is & mioser matching between relaxation
frequencies of samples with distinct geometry. Tinech lower bulk capacitance of in-plane
cells is a normal consequence of the cell geomeiity larger spacing between electrodes of
smaller area. As mentioned, if G slightly underestimated, a higher value woulgbiiove the
agreement in relaxation frequencies singesGhe ¢ dominant contribution in the UT cell, at
high frequency.

The previous discussion emphasized the mismatdmeitulk arc relaxation frequency.
Unlike for the bulk arc, the impact of;©n the grain boundary arc is almost negligiblacsi
the magnitude of capacitance values involved ifeifit (almost three orders of magnitude
higher for the grain boundary, see Table 3). Thémns that the grain boundary arc relaxation
frequencies obtained from raw impedance data caseberely used to compare the electrical

characteristics of distinct materials, as exploitethe following section.

3.2.2 Electrochemical performance of GDC-based eleolytes

Figure 5A shows the electrical performance of GD¥Sdd cells without or with
infiltrated NLC, at distinct temperatures. A sigo#nt reduction of the magnitude of the grain
boundary arc is observed when the NLC infiltratiemperature increases from 600 to 800 °C.
In reality, the major change occurs between 70080t °C, resulting in a grain boundary arc
even smaller than observed for the cell withoutrtiad treatment (UT), with the same electrode
configuration.

Figure 5B shows the impact of distinct duration®,(Q and 2 h) of NLC infiltration at
800 °C on the electrical properties of GDC. Theriowement in grain boundary conductivity
with the duration of the treatment is in many aspeanilar to the previous role of temperature
on electrical performance. The roles of time anchperature suggest thermally activated
diffusion/reaction processes involved in the obsdrwchanges. These effects are quite
reproducible as shown with distinct samples andigoal magnitudes (0.5 or 1 V), situation

presented in Figure 6.
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Figure 6. Impedance spectra in air, at 200 °Cgwéral GDC-based cells infiltrated with NLC

at 800 °C for 2 h. Replicas are depicted as rl randNumbers correspond to the log of

frequency (Hz). Also shown data obtained with ddta.c. signals.

All sets of data considered up to this point ineasl\dense GDC cells as starting point.
To assess the possible direct impact of NLC on Gibfpedance spectroscopy measurements
were also performed with GDCNLCS3S. The correspogdesults are shown in Figure 5C. The
performance of GDC 800 2 is better than observedIDCNLC3S where all cations were
intimately mixed. Furthermore, both sets of materidnowed better performance than standard
pure GDC.

Figure 7A shows typical Arrhenius-type plots ofalotonductivity ;) of all samples
within the exploited temperature range (200-600. “T)e conversion of resistance into
conductivity =L/S.R) assumed the cell dimensions previouslyudised. The option for plots
of In(o..T) versus 1/T means that the slopes of all lirees loe used to estimate ion migration
energies (R, Table 4) instead of simple activation energieslighs spread ino; values at low
temperature vanishes with increasing temperatutés0@ °C, conductivity values of 1.9x10
and 1.8x1G Scm' were obtained with pure GDC for in-plane and crossasurements,
respectively, but the best conductivities were plesk for GDC 800 1 and GDC 800 2, with
values reaching up to 2.2x3®cni*. Overall, the migration energies, within the ent200 to
600 °C temperature range, were in the narrow 78069 kJ.maot span (Table 4).

Figure 7B shows similar Arrhenius-type plots forlkgonductivity ©p) within the
lower temperature range, where reliable data desotien could be performed. An almost
overlapping line of GDCNLC3S with respect to thenaéning GDC-based samples is obvious.
All samples have close, values with migration energies varying in the oarr73.0 - 74.1
kJ.mol*range, indicating a similar dominant ionic trangpoechanism in all materials.

Figure 7C shows Arrhenius-type plots for grain baany conductivity ¢g,). The same
scales were adopted in Figures 7B and 7C to shatwghvalues are rather distinct, as already
noticed in the analysis of impedance spectra (ls=eTable 4). The advantage of GDC 800 1
and GDC 800 2 with respect to pure GDC and even IBBE3S is clear.
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Relaxation frequencies of impedance spectroscopy @n be used as fingerprints of

relevant polarization phenomena. This aspect théncore of impedance spectroscopy efficacy

in the separation of distinct contributions. Asisuihie analysis of the relaxation frequency of

grain boundary arcs is also considered in a typdeehenius-type plot (Figure 7D) within the

200-300 °C temperature range. The spread in agalaks is small but the grain boundary

relaxation frequency increases with duration of Ntt€atment (at 800 °C), reaching values

close to those observed for GDCNLC3S.
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Table 4. Electrical conductivityo( S.cm') and migration energy (& kJ.mol") of tested GDC-

based electrolytes

Total Bulk Grain boundary

Sample |[o; (x107) Em buk (X107 Em g (x10%) Em

600 °C |(200-600 °C) 300 °C |(200-600 °C) 300 °C |(200-300 °C

Cross 1.79 80.9 2.28 73.2 0.95 85.3
uT 1.87 78.7 2.38 73.7 2.00 88.9
800 0.5 1.83 78.0 2.35 73.4 3.00 93.0
8001 2.20 77.6 2.53 74.1 5.04 91.9
800 2 2.00 76.6 241 73.7 5.43 91.1
GDCNLC3S 1.55 80.5 1.94 73.0 1.40 88.2

Irrespective of the mentioned differences, combiagdlysis of all data sets shows no
evidence for a change in dominant charge carrigh WiLC infiltration. Migration energies
(bulk and grain boundary) for all samples remaingthin typical values for GDC. The sharp
total conductivity changes often observed in GDC&Ntomposites around the NLC eutectic
temperature (1000AL.3 KY), are absent in these results [27,28]. These &spee stressed here
to emphasize that alkali metal ions and/or assedianions (e.g., Cf) seem irrelevant in

these materials as charge carriers.

3.3 Final comments

The bulk electrical performance of pure GDC and Nib@ltrated samples matched
closely the electrical performance of GDCNLC3StHa latter case all cations were intimately
mixed as precursors. Substantial dissolution oélalinetal cations in the ceria lattice seems
hardly sustainable. Even’lithe closest in size with respect to'Qgadii for VIII coordination:

97 (Cé"), 92 (Li") and 118 pm (N3 [29]) should originate enhanced concentrationexyigen
vacancies and strong defect interaction (tripleatigg acceptor dopant and the double positive
oxygen vacancies, k" and \6™ using the Kroger-Vink notation). This should bsibie either
in the magnitude of bulk conductivity or in ionicigration energy. There was no serious

evidence for any of these effects.

The electrical performance of grain boundariesalygrystalline acceptor-doped oxide-
ion conductors is determined by the local distithuiof dopant cations and oxygen vacancies.
In GDC and similar materials, the electrical gramundary includes space-charge layers near
the positively charged grain boundary core. Depietf oxygen vacancies in the space-charge
layers and accumulation of acceptor dopants neargthin boundary core are interrelated
[30,31]. This explains the poor grain boundary conductivityserved even in high purity

materials.

19



Depletion of Gd cations from the outer GDC graipeld due to chemical interaction
with the alkali carbonates (selective lixiviatioand/or formation of new local chemical
environments might lead to a charge and defectstrdulition, including leveling of
concentration of oxygen vacancies in the grain dam region with respect to the bulk. This
reasoning was used to explain the role on graimtbaty conductivity of an added second phase
involving the formation of a liquid. In this situai, the grain boundary conductivity increased

with respect to the original condition [32].

The electrical properties of grain boundaries daa drastically change due to impurity
effects. Oxides like SiPmight accumulate in the grain boundaries durimgesing, creating a
blocking effect with respect to ionic conduction3]3 On the contrary, grain boundary
scavenging effects, corresponding to the removakobndary phases to triple contact points by
combination with a scavenger agent, would be ctargisnith an enhanced grain boundary
conductivity [34,35]. Specific scavengers instedfbesides) removing a secondary phase from
the grain boundary might also change the local eomation of species like the acceptor

dopant.

Previously suggested mechanisms are within whahtig identified as state of the art
knowledge on grain boundary tuning effects. Regeaiternative grain boundary conductivity
enhancement mechanisms considered local collaberatansport of molecular and ionic
species involving alkali metals and oxygen [12]. &amine this possibility a series of
additional experiments was performed, polarizing MLC treated cells with a dc current.
Under dc polarization, reduction of oxygen to oxide and oxidation of oxide ions to oxygen
(cell cathodic and anodic reactions) should proce#tout disturbance since open air is a
source and sink for oxygen. However, reactionslineg alkali metal ions cannot be sustained
due to the absence of proper sources/sinks foe thgscies at the electrode/electrolyte surface
in air. Accordingly, mechanisms involving mobilekali ions should vanish with dc
polarization. The dc polarization experiment waggened for almost 400 min at 500 °C, in
air. The applied dc voltage was 0.5 V, and theutcent was around 0.15 mA, showing a slight

steady increase after a short initial inductiorique(Figure 8A).

The impedance spectra of GDC 800 2 cells at 200€fGre and after polarization are
shown in Figure 8B. Both sets of data almost oyerTdere is no sign of degradation of bulk or
grain boundary conductivity. Under dc conditionsthie presence of a percolated pathway for
mobile alkali ions, these should be dragged tocilecathode side. If mobile and present in
isolated pools along grain boundaries, these shactdmulate in one side while their counter
negative ions should accumulate in the opposite. Sile absence of any visible changes in the

grain boundary arc suggests that the local charsiits were preserved. This experiment
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shows that direct participation of mobile alkali taleions in the grain boundary transport

mechanism is not easily defendable.

In order to understand the reason for the slighteci enhancement with time (Figure
8A), impedance spectra were also recorded at 500€f0re and after polarization (Figure 8C).
The electrode arc showed a visible reduction inmitade. SEM inspection showed that the
anode microstructure was improved under polarirafincreasing porosity). An improved
electrode microstructure (enhanced triple phasedeny line) facilitated oxygen release in the

anode side and decreased the electrode impedaitbeawpositive impact on the total cell

impedance.
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There is probably no single mechanism able to éxplee entire set of effects observed
in materials where alkali metal salts are introdLiceminor amounts. One first issue deserving
consideration is the distinct tendency of Ce andosdes to react with alkali metal carbonates
in air [36]. The first oxide is reasonably stabjeto 1000 °C, the second oxide tends to react

already at 900 °C with formation of a mixed Li &&d oxide:
Gd,0; + Li,CO; — 2 LIGdO, + CO, 3)

The distinct tendency for reaction in air is evearenrelevant when in the presence of,CO
(likely, due to the partial thermal decompositidratkali metal carbonates). In this case, ¢eO
is stable up to 1000 °C but ¢k starts reacting at temperatures as low as 50@ot@iing a
dioxycarbonate (G,CQ;) [37]. This means that alkali metal carbonates might asetective

Gd scavengers from grain boundaries at moderateetertures.

Understanding the reported electrical conductivityta also needs a framework
understanding of the likely infiltration mechanisiuring early impregnation stages (low
temperature and low duration) only outside grains partly covered by NLC. Since the
carbonate phase at low temperature is an insullter conductivity than GDC [38]), these
regions of the material become ion-blocking. Thespnce of a dispersed insulator within an
oxide ion-conductor might appear predominantlyhi@ s$o-called grain boundary arc or in both
bulk and grain boundary arcs, always as impedant@reement. This would qualitatively
explain the trends observed with the GDC 600 ddlis material performed worse than pure

GDC in all aspects.

The bulk conductivity of samples 800 1 and 800 2his same as pure GDC but the
grain boundary arc conductivity is much higher. Aamanism to explain the disappearance of
the suggested blocking phase is needed. The tetaperaf 800 °C exceeds the eutectic
temperature (500 °C), volatilization and decompasitof NLC (to oxides) should be
noticeable. Chemical interaction with Gd along twin boundaries is also expected, as
previously detailed. At 800 °C both NLC and outé@Ggrain regions are in direct contact with
each other and are changing. Prolonged treatmér@880a°C favor previously suggested Gd
scavenging effects, with potential positive conssgpes on the grain boundary electrical
performance. Formation of isolated particles ofoseary phases could not be detected by
SEM/EDS. These might include mixed Gd and alkaliahexides concentrated in triple contact
points. Besides this, dragging of Gd from the gragundary to outside the GDC pellet is
feasible in the presence of a molten phase. Extraof corrosion products via a liquid phase is

well known from pitting corrosion via grain boundsrin metals.
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These final remarks highlight several possible rma@dms that might contribute to the
observed grain boundary conductivity enhancementl &emonstration of any of these
mechanisms involves lengthy and demanding expetsnésg., analysis of concentration
profiles in multiple grain boundaries, measuren@nspecific grain boundary conductivities).
In fact, in similar ceramic materials grain bounesrshow a distribution of conditions, from
clean to wet by a secondary phase [12], justifgngide screening of situations. Irrespective of
the exact mechanism(s) involved, the effect is abiwiand can be used to improve the grain
boundary of standard dense solid electrolytes Gk¥C. The capability to fully reproduce the
conductivity enhancement obtained with NLC impregmausing a simpler procedure is an

obvious pending challenge.

4. Conclusions

GDC pellets heat treated with NLC showed improvedirg boundary conductivity.
These materials showed better performance thadatGDC or even competitive GDC+NLC
ceramic electrolytes prepared by a chemical roMtierostructural changes induced by the
penetration of NLC via grain boundaries were foamatginal within the resolution of standard
SEM/EDS capabilities. Chemical changes in the olaigers of GDC grains seem a plausible
explanation for the conductivity enhancement. Thastence of local or percolating
contributions/pathways involving extrinsic (NLC dexd) ions was ruled out after dc
polarization measurements showing no impact omtaterial conductivity. Overall, the present
results introduce a promising perspective in theddfiof grain boundary tuning of dense

ceramics.
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Figure and Table Captions
Figure Captions

Figure 1. A - Scheme of NLC thermal treatments:NLE pellets deposited on sintered GDC,;
(2) NLC layer covering the pellet after melting/heégeatment; (3) Clean GDC pellet after
washing with diluted HCI; B - Schemes of electradeas (yellow/dark grey) in the in-plane (4-
5) and cross (6-7) arrangements. Top views (4&8) assumed active cell volumes (5&7,

green/light shadowed regions in between electrodes)

Figure 2. Cross section views of untreated GDC @)C 600 (B, C) and GDC 700 (D, E)
samples. The latter images were obtained closéngostrface covered by NLC (C, E) or
opposite surface, nominally “NLC free” (B, D). Thabserved surfaces were polished and

thermally etched. Dotted lines indicate the appr@te disk surface positions.

Figure 3. SEM images of polished and thermally edictiacture surfaces of GDC 800 2 (top) or
simply polished fracture surface of GDC 800 1 (twit Corresponding EDS line scan

concentration profiles of Ce, Gd and Na also shown.

Figure 4. Estimated effect of distinct cell georgstrand electrode configurations on impedance
spectra characteristics (see text for details). 3$®umed equivalent circuit is shown as inset.
The shaded area is often outside the availableuérery range at low temperature (e.g., see

Figure 6).

Figure 5. Impedance spectra in air, at 200 °C, bCéhased cells with surfaces untreated or
treated with NLC at 600-800 °C for 1 h (A), or &08C for different times (B). A GDCNLC3S
cell is also considered for comparison (C). Thetimns (A) details the Cross cell high frequency

data distribution. Numbers correspond to the lofyerfuency (Hz).

Figure 6. Impedance spectra in air, at 200 °Cgwéal GDC-based cells infiltrated with NLC
at 800 °C for 2 h. Replicas are depicted as rl randNumbers correspond to the log of

frequency (Hz). Also shown data obtained with ddtia.c. signals.

Figure 7. Arrhenius-type plots of the total condutt (A), bulk conductivity (B), grain
boundary conductivity (C), and grain boundary ratson frequency (D) of several GDC-based

samples.

Figure 8. (A) Time dependence of the imposed otireg constant dc voltage of (0.5 V), across
a GDC 800 2 cell. Impedance spectroscopy datanastat 200 °C (B) and 500 °C (C) before
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(open symbols) and after (filled symbols) cell pation. Numbers correspond to the log of

frequency (Hz).

Table Captions
Table 1. Sample acronyms, compositions, proceseuigs and electrode configurations.

Table 2. Average grain size of GDC polished andntiadly etched after infiltration with NLC at
distinct temperatures. Analysis performed closethi® NLC covered (top) or “free” sides

(bottom), see Figure 1A.

Table 3. Estimated bulk and grain boundary elegltrparameters (from impedance spectra),

including the stray capacitancesCorrection (see text for meaning of symbols).

Table 4. Electrical conductivityo( S.cm') and migration energy (& kJ.mol") of tested GDC-

based electrolytes.
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