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ABSTRACT: The hard-template nanocasted mesoporous cerium
oxide possesses a unique combination of thermal stability, high
surface area, and short diffusion lengths for mass and gas transport,
which makes it relevant for high-temperature catalysis, sensing, and
electrochemical applications. Here, we present an in-depth study of
a number of mesoporous doped ceria systems, and we assess their
fundamental structure and functionalities by complementary
transmission electron microscopy imaging and spectroscopy,
electron tomography reconstructions, and electrochemical impe-
dance spectroscopy. We employed surface chemical modifications
for increasing the ionic conductivity of the as-synthesized
mesoporous Gd-doped ceria by 2 orders of magnitude, enabling
the ionic pathway across mesoporous particles. Complementary
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18 bulk doping strategies (by the addition of Pr) result in the easy tuning of the electrical transport mechanisms converting pure ionic
19 mesoporous ceria into a mixed ionic—electronic conductor. The results obtained here are rationalized in light of the local charge
20 accumulation and mobility effects, providing a potential tool for engineering transport properties in nanocasted ceria and similar
21 nanostructured materials for use in energy applications in the form of functional composites, infiltrated structures, or catalytic layers.

22

B INTRODUCTION

23 Ordered mesoporous materials are characterized by the
24 presence of uniform pore cavities, ranging from 2 to 50 nm,
2s which form an open interconnected 3D network."” In such a
26 system, each grain is potentially in contact with the atmosphere
27 and the surface area is maximized, reaching values >1000 m?*
28 g~', while the periodicity of the arrangement ensures a
29 homogeneous final structure.” Various degrees of crystallinity
30 and different pore arrays are obtained by taking advantage of
31 several synthesis routes, which can be applied to an extended
32 range of functional materials including TiO,, SnO,, carbon,
33 WO,_,, LiCoO,, and ZrO,, just to name a few." ™ Mesoporous
34 structures can therefore offer a unique combination of tailored
35 intrinsic material functionalities, short mass- and electric-
36 transport pathways in the solid phase, high interface density,
37 well-defined gas transport channels, and good accessibility to
38 the internal interfaces, which may drive fast reactivity together
39 with rapid charge and mass transfer. Their wide applicability
40 has been demonstrated in the last years, e.g., for catalysis, '’
41 solar conversion, "' sensing,12 separaﬁon,13 and mass storage.14
42 Synthesis strategies are commonly based on the templating
43 concept, in which a sacrificial replica of the final material is
44 utilized to build the characteristic meso-sized regular pore
4s space. Particularly, soft-template methods deal with the
46 cooperative assembly of an organic template such as a
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surfactant or a co-block polymer, whereas hard-templating 47
(nanocasting) is based on the presence of a solid preformed 4s
mesoporous template (typically carbon or SiO,)."” While a 49
general drawback of mesoporous materials is the intrinsic low so
thermal stability, which may cause a significant decrease of the si
surface area and loss of mesoscale ordering,16 silica-based s2
templating holds great promise for the fabrication of structures s3
capable of continuous operation at high temperatures. Almar et s4
al. demonstrated that mesoporous doped cerium oxide ss
fabricated from a silica KIT-6 template remains unaltered se
upon long-term exposure to T > 800 °C as a consequence of s7
self-limited grain growth kinetics.'"” This opened up the ss
possibility of applying mesoporous ceramics in the typically so
forbidden high-temperature energy field.” Particularly, nano- 6o
casted mesoporous ceria is able to take advantage of a unique 61
combination between the ordered mesoporous structure and 62
highly tailorable material functionalities. For example, undoped 63
CeO, is a catalytically active mixed including ionic—electronic 64

Received: June 2, 2021

Revised:  July 8, 2021

https://doi.org/10.1021/acs.jpcc.1c04861
J. Phys. Chem. C XXXX, XXX, XXX—XXX


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Federico+Baiutti"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Javier+Blanco-Portals"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Simone+Anelli"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="au+Torruella"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Miguel+La%CC%81pez-Haro"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jose%CC%81+Calvino"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jose%CC%81+Calvino"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sonia+Estrade%CC%81"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Marc+Torrell"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Francesca+Peira%CC%81"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Albert+Taranca%CC%81n"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jpcc.1c04861&ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.jpcc.1c04861?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://pubs.acs.org/JPCC?ref=pdf
https://pubs.acs.org/JPCC?ref=pdf

The Journal of Physical Chemistry C

pubs.acs.org/JPCC

65 conductor that is able to accommodate abundant oxygen
66 nonstoichiometry, and applicability in high-temperature
67 catalysis and thermochemical fuel production is foreseen.'®"?
68 Conversely, acceptor doping (e.g., by La, Sm, or Gd) induces
69 the formation of oxygen vacancies, making mesoporous doped
70 ceria highly promising as electrode backbone layers in high-
71 temperature conversion devices,”’ as also shown by recent
72 works.”"”> Above state-of-the-art conversion efficiencies and
73 stable long-term performance have been reported for fuel cells
74 and for steam and carbon dioxide electrolysis systems based on
75 infiltrated mesoporous acceptor-doped ceria layers.”” Scal-
76 ability and compatibility with large area cell fabrication
77 processes have also been shown.”* Interestingly, recent studies
78 have brought to the fore Pr-doped ceria as a potential high-
79 temperature cathode material owing to the mixed Pr3t/Prt
80 valence in oxidizing conditions, leading to mixed conductiv-
81 ity.”

82 While such results confirm the remarkable technological
83 relevance of the material, an in-depth investigation of
84 nanocasted ceria is missing. Local information on the
8s mesostructured geometry and on the chemical parameters,
86 along with a fundamental study on the electrical functionalities,
87 would be highly beneficial for a further rational optimization of
88 the system’s electrochemical properties on the basis of the
89 structure—function relationships.

90 In the present paper, starting from Gd-doped mesoporous
91 ceria (Cey3Gdy,0,; CGO), we employ a systematic electro-
92 chemical analysis based on impedance spectroscopy (EIS) in
93 combination with transmission electron microscopy (TEM)
94 imaging and analysis techniques—including high-resolution
9s TEM (HRTEM), annular dark field (ADF) and high-angle
96 annular dark field (HAADF) imaging, energy dispersive X-ray
97 spectroscopy (X-EDS) electron tomography (ET) reconstruc-
98 tions, and k-means clustering segmentation of electron energy
99 loss spectroscopy (EELS)—to tailor the material function-
100 alities by a twofold approach: (i) surface composition changes
101 (by HF chemical surface etching and Co decoration) for
102 improving the ionic conductivity (it should be noted here that
103 such chemical post-treatments have been shown to improve
104 the final electrochemical performance of full solid oxide cells
105 (SOCs) based on mesoporous Gd-doped ceria according to a
106 recent publication from our group)™ and (ii) introduction of
107 Pr (as a co-dopant (Ce,3Gd,,_,Pr,0, (x < 0.1); CGPO) or as
108 a single dopant (CeygPry,0,; CPO)) for changing the
109 transport mechanism of mesoporous ceria from purely ionic
110 to mixed conductivity in oxidizing atmosphere. The role of
111 dopant segregation, space-charge effects, and interparticle
112 sintering in the final electrical properties is critically discussed.
113 The results disclose insights into the fundamental properties of
114 mesoporous ceria and contribute to laying the foundation for a
115 wide implementation of such a material in the field of high-
116 temperature energy devices.
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117 l METHODS

s Powder Preparation. Mesoporous CGO, CPO, and
119 CGPO powders were synthetized by the hard-template
120 method with impregnation of a commercial silica template
121 (KIT-6, ACS materials) exhibiting the characteristic Ia3d
122 symmetry. Ce(NO;);-6H,0, Gd(NO;);-6H,0, and Pr(NO;);-
123 6H,0O precursors were dissolved in ethanol in stoichiometric
124 proportions. After the impregnation process, the suspensions
125 were dried at 60 °C overnight and the obtained gels were
126 calcinated at 600 °C for 5 h. The silica template was removed

through chemical etching with NaOH 2 M. An additional HF 127
post-treatment was introduced: some of the powders were 128
etched with HF 2.5 vol % for 1 and S min (the latter are
indicated as HF-CGO), washed by water, and dried overnight 130
at 60 °C. Some of the HF-CGO mesoporous powders were 131
decorated by Co oxide to test the effect of improving the 132
interparticle sintering. The decoration was carried out by 133
dissolving 1 mol % of Co(NO;);6H,0 in ethanol. The 134
mesoporous powders were put in suspension with the 13s
Co(NO;)5-6H,0 solution, sonicated at room temperature for 136
30 min, and dried at 120 °C overnight. After drying, the 137
powders were mixed in a mortar and calcinated at 400 °C for 2 138
h to preserve the thermal stability of the mesostructure. 139

Film Preparation. The mesoporous layers for the 140
electrochemical characterization were deposited on square 141
films (1 cm?) of polycrystalline alumina (Kerafol GmbH) with 142
a thickness & 30 um. The exact thickness for each film was 143
measured by profilometry using a confocal optical microscope. 144
Ethanol-based inks for the deposition of the mesoporous 145
powders via airbrushing were produced. Details about the 146
formulation of such inks can be found elsewhere.”> The 147
mesoporous powders were deposited by airbrushing on top of 148
the alumina substrates and sintered at 850 °C for 5 h 149
(mesoporous powders without Co oxide decoration) and 800 150
°C (mesoporous powders with Co oxide decoration). Please 151
note that, according to previous investigations, these temper- 152
atures ensure the structural stability of the mesoporous 153
structure.”® Also, please note that the expected Co oxidation 154
state for T < 850 °C is 3+; i.e., Co decoration is present in the 155
form of Co,0,.*° 156

Electrochemical Measurements. Electrochemical impe- 157
dance spectroscopy (EIS) was carried out using a Novocontrol 1s8
impedance spectrometer in a frequency range of 10°~0.1 Hz 159
and a voltage amplitude of 0.1 V. Sputtered gold contact pads 160
were deposited on top of the alumina substrate (separation 1 161
mm) to ensure the electrical connection. The measurements 162
were carried out in a Linkam stage in the temperature range 163
700 to 400 °C. Please note that no cationic diffusion is 164
expected in this temperature range. Oxygen partial pressure in 165
the chamber was adjusted by mixing N, and O, in different 166
proportions and measured at the outlet by a Xirox oxygen 167
sensor. 168

TEM-EELS. The CPO and CGPO imaging and EELS 169
spectrum images (SI) were acquired in a JEOL-ARM at 200 170
keV. The CGO and HF-CGO images were acquired in a 171
TITAN cubed Themis, at 200 keV, equipped with an EELS 172
Gatan Quantum ERS 966 spectrometer allowing ultra-high-
energy resolution and dual-simultaneous low and core loss 174
region acquisition. The qualitative/quantitative analysis of the 175
EELS SI was mainly carried out in the Python-based free 176
software Hyperspy-available (PCA denoising of the acquired
spectra and background removal),”’ ">’ and a handful of 17s
homemade tools programmed on top of it were used to fit the 179
multidimensional data and extract reliant data of the cation- 180
ratio quantifications. The qualitative elemental segmentation 181
maps were calculated using the K-means algorithm in the free 1s2
scikit-learn Python library. 183

The cluster analysis technique employed here consists in the 184
segmentation of the original EELS spectrum images in a user- 18s
fixed number of different regions. Each pixel is assigned to one 186
of those possible regions according to the similarity between 187
the EELS spectrum in that given pixel and the set of reference 188
spectra (user-fixed number) resolved by the K-means 189
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clustering algorithm.”® A clear advantage of the use of K-means a

is that it belongs to a family of unsupervised machine learning

algorithms; thus, the segmentation does not need any user 10CGPO

input information other than the number of clusters to resolve -~

and the data set to analyze. Hence, the room for possible bias Z CPO

in the segmentation process is minimized. g N . Co-HF-CGO
TEM-ET. ET experiments on CGPO were carried out in the @ e/ N

same TITAN cubed Themis at 80 keV, also equipped with a o * AN

Chemi-STEM G2 windowless X-EDS detector. The Thermo = CcGO

Fisher Velox software was used to extract the mapping
information for each projection. To reduce sample damage
during the long acquisition times of the X-EDS ET experiment,
the number of projections was kept as low as possible, starting
at —70° and going to +70° each 20° (including 0°) for a total
of nine X-ray maps and ADF co-acquired images to reconstruct
the volume. This extremely low number of images automati-
cally discards conventional algorithms in the reconstruction
due to severe undersampling. TVM3D was the algorithm of
choice,*' a compressed sensing‘gz’33 algorithm based in the
TVAL3 minimization routine’*”and implemented in MAT-
LAB on top of the ASTRA toolbox,*® which retrieved a highly
accurate reconstruction despite the low number of exper-
imental projections (cf. also Supplementary Figures S1 and
S2).

Bl RESULTS AND DISCUSSION

Overall Structural and Mesoporous Characterization.
In Figure 1, we report the results on the global structural
characterization for the different materials under consideration.
The comparison between the experimental X-ray diffraction
(XRD) and the reference patterns for doped ceria is shown in
Figure la and confirms that, for all the compositions under
consideration—namely, CGO, CGPO, and CPO—phase-pure
material is obtained from the synthesis (for CGPO, x = 0.1—
10CGPO in the following—has been taken as representative).
Two different surface post-treatments were explored for CGO,
namely, HF exposure (2.5 vol %; HF-CGO) and Co oxide
decoration (1% mol). The former was introduced to further
reduce the residual silica content coming from the hard
template due to the known affinity of HF to dissolve SiO, and
to the slower etching rate with respect to Ce, Gd, and Pr
oxides.*”*® One can observe that the HF chemical post-
treatment determines, after S min of exposure (orange line in
Figure la; HF-CGO), the formation of secondary phases,
indicated by an asterisk in Figure 1a, which are consistent with
GdF,. The expected Si content after 5 min of HF exposure is
~0.2 wt % vs ~1 wt % for the material as synthesized.”’ Co
oxide decoration was carried out on HF-CGO with the main
purpose of improving the interparticle sintering (Co-HF-
CGO).*” Also here, GdF,-based compounds are identified as a
consequence of the initial HF etching step (gray line in Figure
la). The average lattice parameter for all the ceria-based
compounds under consideration, which was calculated as an
average of the d-spacing values resulting from applying Bragg’s
law to the different diffraction peaks, results in a lattice
constant of 541 + 0.01 A. Within the resolution of the
experiment, no deformation of the lattice was induced by the
different dopants. Such a value is well in line with the literature
on CGO and confirms the dissolution of the dopant in the bulk
of the material (cf. TEM later in the text)*’ but is lower than
what one would expect for Pr-containing ceria owing to the
larger ionic radius of Pr’* with respect to Gd**.*' We ascribe
such a finding to the presence of double valence for Pr in the

CGO 20% ref

20 30 40 50 60 70 80 90

b 20(°)
11
0] —=— 10CGPO
] X\ —e— CPO
9 / \ —O— Co-HF-CGO
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4l . 7 ®
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Average diameter (nm)

Figure 1. (a) 6/26 XRD patterns for mesoporous ceria. The reference
CGO pattern is retrieved from JCPDS 01-075-0162. (b) BET analysis
for mesoporous powders.

as-synthesized state — Pr*" presenting a lower ionic radius, as
also confirmed by the mixed conductivity character of the
material for T < 600 °C (cf. electrochemical measurements
later in the text). Please refer to a previous investigation from
the group (cf. ref 23) for the optimization of the surface
treatments and a full structural investigation of HF-CGO and
Co-HF-CGO including low-angle X-ray scattering. An initial
assessment of the pore structure has been carried out by
Brunauer—Emmett—Teller (BET) analysis (Figure 1b and
Table 1). The results indicate that, in all cases, a mesoporous

Table 1. BET Areas for Hard-Template Nanocasted
Mesoporous Ceria

composition BET area (m*g™")
CGO 86.2
HE-CGO 117.6
Co-HEF-CGO 25.5
10CGPO 63.9
CPO 56.1

structure is present. A certain evolution of the pore size with

283
254
PAN

259
260
261 t1

262

increasing Pr content is apparent: for CGO (total BET area of 263

86.2 m*g™'), one can observe a clear peak pore width for a
pore diameter ~ 4 nm (purple curve in Figure 1b), which is
less evident in the case of I0OCGPO (BET area of 63.9 m>g™",
green data in Figure 1b). In the case of CPO (BET area of 56.1
mz'g_l, blue curve in Figure 1b), a broad distribution of pores,
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Figure 2. ET experiments of mesoporous ceria particles with nominal composition Ce,3Gd,Pry;0,. (a) Volumes reconstructed from the ADF
and elemental maps from the X-EDS signals for the packed double-gyroid structure. (b) Volumes reconstructed from the ADF and elemental maps
from the X-EDS signals for the partially filled single-gyroid structure. In the elemental maps, the higher the elemental concentration is, the more

saturated the color is.
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Figure 3. Study of pore distribution by electron tomography. Experimental ADF projection image (a) and histogram (b) of the pore size
distribution of the packed double-gyroid structure. (c) Experimental ADF projection image and (d) histogram of the bimodal pore size distribution
in the partially filled single-gyroid mesoporous structure. The lines numbered in (a) and (c), in green and blue, respectively, are the paths for the

profiles used to extract the pore size distributions.

269 with diameters between 4 and 11 nm, is found. This suggests
270 different fillings of the KIT-6 hard template, as discussed later
271 in the text. A greater change in the BET area is found upon
272 surface post-treatments of CGO. HF exposure determines an
273 increase in the BET area up to 117 m>g™' and a certain
274 increase of the mean pore diameter (orange curve in Figure
275 1b). This is consistent with surface scavenging, as discussed
276 later in the text. Decoration by Co oxide leads to a pore area
277 decrease (possibly due to the filling of the smaller pores), as
278 one can clearly observe in Figure 1b (gray curve). In all cases, a
279 high BET area > 25 m*g™, in line with previous reports, is
280 obtained.”

281 3D Morphology of Mesoporous Particles. ET has been
282 employed to obtain a detailed 3D reconstruction of the
283 nanocasted mesoporous ceria particles obtained from the KIT-
284 6 template and to retrieve global structural parameters. In
285 Figure 2, we report ET results obtained by ADF in
286 combination with X-EDS for the exemplary case of
287 10CGPO. Please note that, owing to the similar mesostructure
288 (cf. Figure 1) and synthesis process, this analysis on 10CGPO

can be qualitatively extrapolated to the other compounds as 289
synthesized. Please refer to Supplementary Note 1 for further 290
information on the reconstruction. The starting commercial 291
KIT-6 template is characterized by a network of two, 202
bicontinuous, 3D mesochannels having cubic symmetry 293
(Ia3d), which are disconnected from each other and form 294
helical chains.”” Such channels are impregnated by the 205
precursors during the synthesis, and upon calcination and 296
silica removal, a mesostructure with a long-range order is 297
obtained. In Figure 2a, one can clearly observe the presence of 298
the two sets of highly symmetric ceria gyroidal nanowires that 299
result from the perfect replica of the KIT-6 with filling of both 300
helix mesochannels (double gyroid). Such ceria nanowires are 301
expected to be connected by pillars and leave a free volume 302
network with a pore size of a few nanometers.” In Figure 2b,
the volume rendering of another particle, obtained by the same
synthesis route, is shown: Here, the structure is characterized
by a much more open pore structure that stems from the filling
of only one of the channels of the KIT-6 template (single
gyroid). This particle also exhibits a nonordered region coming
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Figure 4. Conventional 2D TEM imaging and spectroscopy for the as-synthesized CGO and HF-CGO. HRTEM image of the as-synthesized CGO
(a) and HAADF image for the HF-CGO (d) structure. The areas where the EELS spectrum images were acquired are marked in green in (a) and
(d). The segmented color maps of the spectrum image areas and their corresponding reference spectra resolved by the K-means algorithm are
shown in (b) for the as-synthesized CGO and in (e) for the HF-treated CGO. The co-acquired ADF images, with the paths for the line-scan
analysis overlaid on top, and the cation ratio quantified from the EELS signals along those lines are shown in (c) for the as-synthesized CGO and
(f) for the HF-treated CGO. The grain boundaries crossed by the line-scans are marked in both the ADF images and the scatter plots for the
cation-ratio quantification. The numbers in red inside the scatter plots are the pixel positions along the line-paths corresponding to the distances

f3

(nm) in the x axis.

309 from incomplete template filling. The simultaneous appearance
310 of different structures (single gyroid, double gyroids, and
311 irregular) is typical of hard-template nanocasting methods and
312 is also consistent with previous global microstructural
313 investigations from our group including small-angle X-ray
314 scattering.””** Please note that single- or double-gyroid KIT-6
315 templates can be obtained by appropriately tuning the
316 hydrothermal treatment of the reactants during the synthesis."
317 The ADF volume reconstructions and X-EDS projection
318 maps of the constituting cations (Ce, Pr, and Gd), which are
319 shown in the corresponding panels of Figures 2a,b (for the
320 double and single ceria gyroid, respectively), provide a spatial
321 mapping of their distribution. Particularly, while the structure
322 skeleton is characterized by a homogeneous distribution of Ce,
323 the dopants (Pr and Gd in this exemplary case) distribute less
324 evenly, revealing a clear tendency of such elements to segregate
325 toward the junctions of the mesostructure nodes. In any case,

—

326 the comparison of elemental maps reveals that even in these
327 high-dopant-concentration sites, all three lanthanides remain
328 mixed at the atomic level.

329 Dopant segregation in complex oxides is thermodynamically
330 driven (as a consequence of strain effects and/or electrostatic
331 forces) and becomes kinetically active during the synthesis of
332 the material, as widely reported:**™** For example, in the case
333 of Ce(3Gd,,0, fabricated by the chemical route, Lei et al. have
334 reported Gd/Ce up to 0.7 at the grain boundaries,”” whereas
33s Bowman et al. observed a Gd site occupancy fraction ranging
336 from 0.4 to 0.7 with a dopant segregation width of
337 approximately 1.8 + 0.3 nm,” consistent with this work. A
338 quantitative analysis by conventional 2D TEM is presented
339 later in the text. In Figure 3, we provide statistical analysis

giving quantitative information on the pore size distribution. In 340
the case of the double gyroid (Figure 3a, ADF projected 341
image), the packed structure leaves a monomodal pore 342
distribution with an average pore size ~ S nm (Figure 3b). 343
The much more open porosity of the single-gyroidal structure 344
(Figure 3c, ADF) leads instead to a bimodal pore distribution 34s
(Figure 3d). The majority of the pores has a size & 10 nm, yet 346
a minority fraction of smaller pores, deriving from a partial 347
filling of the template, is present. The presence of single and 348
double gyroids in the final ceria mesostructured determines the 349
final bimodal pore distribution highlighted by BET for the as- 3s0
synthesized materials (cf. Figure 1b). Further details of the 351
pore measurement process from the ADF images are detailed 3s2
in the Supplementary Note 2 and Supplementary Figures S3 3s3
and S4. Resolving the grain size distribution from these 354
intricate 3D materials is a challenging task. As extensively 3ss
described in Supplementary Note 3, direct observation places 3s6
the sizes in a range between 3 and 7 nm, with occasional larger 3s7
structures that could be ascribed to ensembles of grains sharing 3ss
the same axis. Overall, the grains appear to be randomly 3s9
oriented and neighbor grains do not necessarily share the same 360
orientation (i.e., different zone axes are resolved for contacted 361
grains). 362

Improving the CGO lonic Conductivity by Surface 363
Chemical Modification. 2D HRTEM imaging and spectros- 364
copy on as-synthesized mesoporous CGO are shown in Figure 365 f4
4a. Such an analysis has been performed to obtain a 366
quantitative analysis of the local dopant distribution. In the 367
HRTEM image (Figure 4a), one can observe a long-range 36s
order at the mesoscale. We analyzed a specific area 369
(highlighted by the green rectangle in panel a) for in-depth 370
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Figure S. Electrochemical properties of mesoporous CGO films. (a) Nyquist plots at 650 °C in dry air for CGO as synthesized (purple symbols),
after HF exposure (green and orange symbols for 1 and S min exposure, respectively), and after Co decoration of 5 min HF-etched powders (gray
simbols). The black line represents the results of the fitting, performed using a series of two R//CPE elements. (b) Total conductivity as a function
of inverse temperature. Here, d = dense and mp = mesoporous. Gauckler et al. (dense films with an average grain size & 75 nm) after ref 54; Bae et
al. (dense films with an average grain size of SO nm) after ref 55; and Elm et al. (mesoporous YSZ filmss) after ref 9. (c) Oxygen partial pressure
dependence for the total conductivity in CGO as synthesized (purple) and Co-HF-CGO (gray). (d) Arrhenius plots for the single-impedance
contributions in terms of conductance G (HiF: closed symbols and MF: open symbols).

chemical analysis via EELS cluster analysis (panel b) and EELS
spectrum line-scans (panel c). The cluster analysis provides an
extended spatial mapping for the dopant distribution along the
grains. A difference in the energy spectra of the surface and
bulk cluster signals can be observed in terms of the intensity
ratio between the Gd white lines (WLs; sharp features on the
spectra at 1185—1217 eV of energy loss) and the Ce WLs (883
and 901 eV). Particularly, the relative intensity of the Gd WLs
is higher in the grain boundary regions (areas 0 and 2 in panel
c) with respect to the bulk (area 3). In the EELS line-scan of
CGO (Figure 4e), the quantification of the spectra by the
Egerton method®! reveals that the Gd/Ce molar ratio increases
up to ~0.8 at the grain boundaries for the as-synthesized
material. The width of the Gd-rich areas is about 4 nm. Owing
to the very narrow segregation region, the Gd/Ce ratio in the
bulk stays basically unaffected and is consistent with the
nominal value (Gd/Ce = 0.25). This highlights in greater
detail the extent of the elemental segregation of Gd toward
grain free surfaces and grain boundaries (GBs), in agreement
with the global particle reconstruction presented earlier in
Figure 2.

In a previous publication from our group,23 we showed that
the introduction of an HF postprocess to the synthesis of
mesoporous CGO (5 min exposure to 2.5 vol % HF) can be
implemented for the fabrication of high-performance SOCs
based on a mesoporous scaffold. There, we showed that HF
exposure contributes to removing residual SiO, from the KIT-
6 template. In the present work, we analyze the effect of HF

etching in terms of surface composition and in particular of 399

dopant segregation. In Figure 4d (low-magnification HAADF
of HF-CGO), one can observe that the typical long-range
order of the structure is maintained, demonstrating no
apparent major structural degradation upon HF exposure
(please note that, according to BET—cf. Figure 1—HF
treatment determines an increase of the pore width). More
importantly, the cluster analysis (Figure 4e) highlights no
apparent difference between the spectra corresponding to the
bulk and those of the GB clusters, which indicates that a much
more homogeneous Gd distribution is present. The EELS line-
scan of HF-CGO (Figure 4f) clearly shows that no Gd
segregation is present; i.e., the HF etching post-treatment
promotes scavenging of the Gd-rich regions. This is in
agreement with the XRD analysis shown in Figure 1, in
which the formation of GdF, secondary phase precipitates
upon HF etching was pointed out.”® This is also in agreement
with the BET analysis highlighting an increase of the average
pore width upon HF etching (cf. Figure 1): HF determines the
scavenging of the pore walls, where Gd is segregated, which
results not just in the removal of the Gd segregation areas but
also in a net increase of the pore diameter.

EIS was carried out to investigate the fundamental transport
properties of the as-synthesized CGO under controlled
conditions of temperature and synthetic atmospheres. The
results are summarized in Figure S. Here, we also examine the
impact of surface compositional changes on the electrical
conductivity of mesoporous CGO as a result of HF exposure
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47 (1 and S min) and of Co oxide decoration. (Please note that
428 Co oxide decoration is carried out at reduced temperatures—
429 cf. also the experimental section—to prevent Co diffusion in
430 the grain interior and that, owing to the small concentration (1
431 mol %), no direct observation of Co distribution was possible
432 by TEM techniques owing to detection limits.) All the
433 electrical measurements in the present work have been carried
434 out in an in-plane configuration on films obtained by
435 airbrushing on an alumina support (see the experimental
436 section for more details). Although this fabrication process
437 determines a high residual porosity (~50% measured by
438 Archimedes’s method), airbrushed layers are of high
439 technological relevance, so direct information on the properties
440 of functional layers can be retrieved by the measurements.”* In
441 the following, we will refer to 6,y ,, as the conductivity
442 retrieved from the measured total impedance and considering
443 only the macroscopic sample geometry; ie., Gy min iS an
444 averaged value considering both the solid phase and pore
445 network and therefore represents a bottom value for the
446 intrinsic material’s conductivity. A similar approach has been
447 followed, e.g., by Hartmann et al,, for the study of mesoporous
448 thin films based on CeQ,-ZrO, solid solutions.’” It should be
449 noted here that such a configuration induces the presence of a
450 parallel (RC),y,, circuit induced by the polycrystalline alumina
451 substrate. While the measured substrate resistance is at least 1
452 order of magnitude higher than the most resistive films under
453 consideration and can therefore be neglected, we estimate the
4s4 parallel stray capacitance Cg,, to be about 1 order of
4ss magnitude higher than the bulk capacitance of our ceria
456 films (Cypgy & 1.2:1077 F vs Gy & 1-3-107'* F depending on
457 the film thickness). As a consequence, phenomena charac-
4ss terized by C < Cg,,, are expected to appear in the impedance
459 plot as a single semicircle having a resistance equal to the sum
460 of the contributions and capacitance Cg,,. In Figure Sa,
461 representative impedance spectra obtained at T = 650 °C in air
462 atmosphere are shown. Two main impedance contributions
463 can be clearly separated (material as synthesized, after 1 and S
464 min etching; cf. also capacitance values in Supplementary
465 Table S1), whereas the film based on Co-HF-CGO is
466 dominated by one contribution. Please note that according
467 to the analysis of the distribution of relaxation times (DRT;
468 Supplementary Figure S9), additional minor low-frequency
469 contributions (characteristic frequency < 10 Hz) may appear.
470 These are ascribed to the film/electrode interface and are not
471 further considered in the analysis.” The film impedance
472 response has been modeled as a series of two ZARC elements
473 (Regir(wr)// Quir(wry Q constant phase element), which are
474 typically employed for the analysis of electrical conduction
475 mechanisms.”® The derived true capacitance values C for the
476 high-frequency (HiF) and for the-medium frequency con-
477 tributions (MF) are in the order of Cy = 2—5-107 F (1—4-
478 107" F/cm; please note that this value is very similar to Cmay)
479 and between 5-107"! and 1-107'° F for Cy (4—9:107° F/cm).
480 Interpretation of the impedance arcs will be given later in the
481 text. First, an analysis based on the total film impedance (Ryyr
482 + Ryg) is provided.

483 For a longer exposure time of CGO to the HF solution (up
484 to S min), we observe a clear decrease of the total impedance
4ss (Figure Sa). An additional improvement is also obtained by Co
486 decoration. In Figure Sb, the total conductivity values (G, min)
487 are reported as a function of inverse temperature, alongside a
488 3D confocal microscopy view of the mesoporous thin-film
489 layer (inset). Here, as a useful comparison, we also report

—
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—

—_

—
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literature values for nanocrystalline dense CGO films and for 490
mesoporous films of a related electrolyte material, namely, 491
yttria-stabilized zirconia (YSZ).”°*3° Please note however that 492
a comparison on the intrinsic conductivity values is here 493
hindered by the high porosity of the films (%50%). As 494
highlighted by Pérez-Coll et al,*® at such high levels of 495
porosity, the grain-boundary transport is modified (i.e., the 49
effective path is poorly defined, and the ionic conduction is 497
hindered by weak particle-to-particle bonding), so no 4
information on the specific transport properties is directly 499
accessible. The reported literature values for dense structures soo
should therefore only be taken as the upper theoretical limit for so1
the conductivity. In the following, our analysis will only deal s02
with relative comparisons between similar structures having so3
different compositions. One can observe that HF-CGO (S min so4
exposure) exhibits ~10 times larger conductivity than as- sos
synthesized CGO at 720 °C (2.2-10™° vs 3.5:1077 S-cm™). Co 506
decoration of the HF-CGO powders yields an increase of so7
Oot, min for an additional order of magnitude (Co-HF-CGO, sos
Orot, min= 2-8:107° S-cm™" at 720 °C). Interestingly, despite the s09
large improvements obtained by the post-treatments, the final si0
conductivity values that we obtained are still more than 1 order si1
of magnitude than mesoporous YSZ films obtained by si2
evaporation-induced self-assembly (dark blue line in Figure s13
5b).” This suggests a strong influence of the synthesis route in 514
the final functionalities. It should be noted however that self- s1s
assembled structures are typically characterized by a poorer si6
thermal stability and are typically not suited for high- s17
temperature application (unlike nanocasted ceria).'”* In sis
Figure Sc, the oxygen partial pressure dependence pO, for si9
the total conductivity is shown: The flat horizontal lines (m = s20
+0.02 for all the illustrated cases) indicate the main ionic s21
character of the material at least down to pO, ~ 107° bar.”’ 52
Please refer to Supplementary Figure S10 for the pO, s23
dependence of the single-impedance arcs (HiF and MF), s
also showing a flat behavior.”” Here, only representative ss
samples (namely, CGO as synthesized and Co-HF-CGO) are 526
shown. This allows also the exclusion of a large contribution of s27
a surface electrical transport pathway, which is expected to be s28
influenced by the local gas/solid equilibrium.*® 529

Notwithstanding the complexity of the system, specific s30
information on the effect of the chemical post-treatments can s31
be discussed by considering the trends of the impedance s32
contributions upon HF exposure and Co decoration. The 533
Arrhenius plot for the MF and HiF arcs is depicted in Figure s34
5d, and the respective activation energies are reported in Table s3s 2

—

2. 536 12

It can be observed that the post-treatments have a beneficial s37
effect both on the HiF and in the MF arcs not just in the s38
absolute values but also in decreasing the activation energy of s3o
the related transport processes. It also becomes apparent that s4o
the MF contribution is more decisively affected and is no s41

Table 2. Activation Energy for the Different Impedance
Contributions in Mesoporous CGO Films

as-synth. S min HE (HF-  Co-HF-
CGO 1 min HF CGO) CGO
HiF (eV) 128 £001 123+001  LIS+001 111+
0.01
ME (eV) 140 £ 001 121 £001 104 + 0.01
total 1.35 £ 0.01 1.23 £ 0.01 1.14 £+ 0.01
conductivity
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Figure 6. HAADF images of the mesoporous structures for (a) CPO and (b) CGPO. The areas where the EELS spectrum images were acquired
are marked in green in (a) and (b). The segmented color maps of the spectrum image areas and their corresponding reference spectra are shown in
(c) for the CPO and in (d) for the CGPO. The co-acquired ADF images, with the paths for the line-scan analysis overlaid on top, and the cation
ratio quantified from the EELS signals along those lines are shown in (e) for the CPO and (f) for the CGPO. The grain boundaries traversed by the
line-scans are marked with a GB in green in both the path markings overlaying the ADF images and the scatter plots for the cation-ratio
quantification. The numbers in red inside the scatter plots are the pixel positions along the line-paths corresponding to the distances (nm) in the x

axis.

longer limiting the conductivity for the case of the Co-
decorated sample. According to the TEM investigations and to
previous analysis from our group,”’ the chemical post-
treatment by HF has a twofold effect: removal of Si impurities
and scavenging of the grain surfaces where the dopant is
segregated. It is now possible to directly correlate this with the
measured electrochemical properties. Particularly, it is
interesting to notice that Si removal is not expected to
determine a change activation energy for the ionic conduction.
As reported previously,” the blocking effect of insulating silica
leads to current striction. As a consequence, its removal
determines the occurrence of new current pathways that
directly translate into an increase of conductivity yet with no
change in the conduction mechanism.”® In our case, the
observed improvement of conductivity in HF-CGO is
therefore only partially ascribable to Si removal. To explain
the decisive reduction in the activation energy (from 1.35 +
0.01 eV (as-synthesized CGO) to 1.14 + 0.01 eV (S min HF-
exposed CGO) for the total conductivity), one should refer to
the removal of the Gd-segregation area on the ceria GBs (cf.
Figure 4). Such highly doped regions are expected to act as a
strong barrier to oxygen migration owing to scattering. Their
removal by HF etching corresponds to an enhancement of the
oxygen mobility, ie, a decrease in the activation energy
(arguably, of both migration enthalpy and the temperature-
independent prefactor), in agreement with our experimental
data. It should be mentioned, however, that not only mobility
effects are to be considered for ceria GBs, as concentration
effects are expected and in particular oxygen vacancy depletion
as a consequence of space charge.””® For the doping level
under consideration, the expected GB conductivity is about 2
orders of magnitude lower than the bulk,””** and the GB
thickness is ~2—4 nm.®> In our case, owing to the
nanocrystalline nature, this becomes comparable to the grain

size (<10 nm, cf. TEM). The expected depletion of the total s76
ionic conductivity, in agreement with a previous report on s77
nanocrystalline heavily acceptor-doped ceria, is about 1 order s7s
of magnitude.57 Also consistent with literature, blocking- s79
boundary effects deriving from space charge can be considered sso
responsible for the final activation energy (1.14 = 0.01 eV for ss1
HF-CGO after S min exposure) being higher than the expected ss2
bulk value (~0.7 eV).° Interestingly, while a net positive effect ss3
on oxygen mobility derives from removing the Gd excess at the ss4
GBs, the accumulation of such negatively charged species in sss
the as-synthesized material partially screens the positive space- s8s
charge potential. The removal of Gd excess at the GBs by HF ss7
etching is therefore expected to lead to further oxygen vacancy sss
depletion in the space-charge region. 589

As far as the effect of Co decoration is concerned, one s90
should consider that the addition of Co on the powder surface so1
is expected to act both as a sintering aid®” and as an effective 502
dopant, i.e., to improve the intrinsic grain boundary s93
conductivity by reducing the space-charge potential.””* 594

Our investigation did not highlight a direct effect on the s9s
conduction mechanism, as demonstrated by the unchanged s9
activation energy of the Co-decorated HF-CGO with respect 597
to the 5 min HF-treated sample. We conclude that Co mainly 398
acts as a sintering aid, enhancing the lateral contact area s9o
between the grains and opening up additional paths for current 600
flow. 601

As anticipated previously, the identification of the 602
conduction processes based on the associated time constant 603
is not unambiguous owing to Csmy. To the lowest measured 6o4
capacitance Cyyp = 2—5-107"® corresponds a relative dielectric 60s
constant €,y & 980—1290 (again considering a porosity of 606
50%), which is compatible with previous reports on ceria grain 607
boundaries.”® Therefore, one can assume the high-frequency cos
arc to derive from the convolution of bulk and grain boundary 609
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Figure 7. Electrochemical properties of Ce;3Gd,,_,Pr,O, mesoporous films. (a) Minimum total conductivity as a function of inverse temperature
for x = 0 (purple), x = 0.05 (red), x = 0.10 (green), and x = 0.20 (blue). In the inset, Nyquist plots at 650 °C in oxygen atmosphere. Here, the
black line is the result of the fitting to the experimental data using a series of two ZARC elements. (b) pO, dependence for Ce,4Pr,,0, in the

temperature range from 450 to 700 °C.

Table 3. Activation Energy for the Electrical Conductivity for Ce,3Gd,,_,Pr,0,, x = 0 (CGO), 0.05 (CGPO15-5), 0.1

(10CGPO), and 0.2 (CPO)“

CGO CGPO15-5
HiF (eV) 1.28 + 0.03 1.28 + 0.01
MF (eV) 1.40 + 0.01 1.45 + 0.05
total 1.34 + 001 1.32 + 0.01

CGPO10-10 CPO (T > 600 °C) CPO (T < 600 °C)
L.11 + 0.02 1.07 + 0.02 0.77 + 0.06
1.23 + 0.06 023 + 0.02
1.20 + 0.01 0.83 + 0.02 0.70 + 0.04

“HiF = high-frequency arc, MF = low-frequency arc. Please refer to Supplementary Figure S11 for the analysis of the impedance contributions.

610 conduction processes. This is also consistent with previous
611 reports on mesoporous electrolytes.” As far as the mid
612 frequency is concerned, the resulting Cy is again compatible
613 with a grain boundary conductivity effect, this time assuming a
614 grain size & 100 nm. This is in line with the overall particle size
615 resulting from TEM investigations (cf. Figure 2). Cyp can
616 therefore be tentatively assigned to electrical resistance at the
617 contact between the different particles owing to the only partial
618 sintering. The disappearance of such a contribution upon Co
619 decoration is consistent with improved interparticle sintering.
620 Please note that the sintering temperature employed here (800
621 °C) is high enough for activating the sintering process in Co-
622 decorated ceria.””

623 Tailoring the Electrical Transport Character by Pr
624 (Co-)Doping. The effect of Pr doping and (Pr, Gd) co-doping
625 in the structural and electrochemical properties of mesoporous
626 ceria has been assessed. Full TEM analysis was carried out on
627 10CGPO and CPO and is reported in Figure 6. HAADF-TEM
628 imaging (Figure 6a,b for CPO and 10CGPO, respectively)
629 confirms that the long-range mesoporous structure of the as-
630 synthesized powders is present (cf. also Figures 2 and 3). To
631 obtain local chemical information, we first carried out a
632 qualitative elemental distribution inspection in the spectrum
633 images by K-means clustering analysis (Figures 6¢,d for CPO
634 and 10CGPO, respectively) and an elemental quantification
635 along EELS line-scans (Figure 6e,f) crossing grain boundary
636 regions. In the case of CPO, a clear dopant segregation is
637 observed both in the qualitative cluster analysis (Figure 6c lhs,
638 regions 1 and 3) and in the quantification along the EELS line-
639 scan (Figure 6e). The comparison of the latter with the as-
640 synthesized CGO (cf. Figure 4e), however, suggests that, in
641 CPO, a slightly lower tendency to dopant segregation is
642 present (cf. dopant fraction maxima; [Pr]/[Ce] ~0.6 vs [Gd]/
643 [Ce] ~0.8). This can be explained in light of the expected
644 double valence for Pr (3+/4+). Particularly, for the Pr*

—

—

—

o

fraction, both the electrostatic and elastic driving forces for 4s
dopant segregation are not present (the ionic radius of Pr** is e4s
comparable to that of Ce*).”” In the case of CGPO, both 647
dopants clearly tend to segregate toward the GBs and grain e4s
surfaces, as one can observe on the basis of the resolved cluster 49
signals. The Pr/Ce and Gd/Ce white line ratios increase in 650
regions 0 and 1 of panel d, as the Pr WLs (931—951 eV) and 651
Gd WLs (1185—1217 V) increase in intensity and the Ce 652
WLs (883—901 eV) decrease. According to the elemental 653
quantification along the line-scan (Figure 6e), an increment 654
(up to 0.4) in the Gd/Ce and Pr/Ce molar ratios is observed, 6ss
whereas these ratios remain close to the nominal values (0.11) ¢s6
at locations far from the GB. The Gd and Pr deviation profiles ¢s7
exhibit similar widths (~1 nm) and concentration maxima. 658

Finally, in Figure 7, we report the results of the in-plane 659 7
electrical measurements for films based on CeGd,_,Pr,0,, 660
x =0, 0.0, 0.1, and 0.2 (values for CGO are reported again for 661
the reader’s convenience). In the Nyquist plots (650 °C, dry ss2
oxygen) reported in the inset of Figure 7a, one can observe two 663
main contributions similar to the case of CGO. Fitting with a ¢64
series of two ZARC elements (cf. also Supplementary Figure 665
S9 for DRT analysis) results in a true capacitance Cyyp = 1—2- 666
107" F/cm and Cy in the order of 1071°~107° F/cm for the 667
high- and medium-frequency contribution, respectively. s6s
Interestingly, the total conductivity value is monotonically 669
increasing for higher x (0 < x <0.1). The activation energy for 670
the total conductivity in CGPO (0 < x < 0.1) also presents a 671
slight decrease upon Pr doping, as can be observed in Table 3. 672 t3
For x = 0.2 (CPO), the electrical behavior is remarkably 673
different, as the slope of 6y, vs 1/T is much less 674
pronounced and presents a kink at ~600 °C indicating a ¢7s
change in the activation energy (from E, = 0.83 eV for the low- 676
T regime to E, = 0.70 eV at high temperatures). The analysis of 677
the single-impedance contributions, presented in Supplemen- 678
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679 tary Figure S11, shows that both impedance arcs are reduced
680 by the addition of Pr.

681  The similar activation energies for all the CGPO samples
682 analyzed, 0 < x < 0.1 (cf. Table 2), indicate no change in the
683 conduction mechanism; namely, in all cases, the material is
684 mainly an ionic conductor. This is also confirmed by the
6ss sluggish pO, dependence of Gy, as reported in Supple-
686 mentary Figure S12. The increase of total conductivity upon Pr
687 introduction in CGO (co-doping) has been previously shown
688 and mainly assigned to a decrease in the grain boundary
689 resistance. Particularly, Luebke et al.”' reported a ~ 2-fold
690 increase for CGPO pellets ([(Jm-size grains), whereas Bowman
691 et al.> observed up to 50 times increase in the grain boundary
692 conductivity for Gdg;;Pry04Ceo350, with respect to
693 Gdg,Cey30,. In our case, the net effect of (Pr, Gd) co-doping
694 is a strong increase of the total conductivity of about 1 order of
695 magnitude for I0CGPO compared to the as-synthesized CGO
696 (Oropmin = 2.2°107° and 3.5-1077 S-em™ at 700 °C,
697 respectively). We ascribe such a finding mainly to the
698 segregation of Pr to the GBs (as highlighted in Figure 4),
699 which is arguably expected to have a twofold effect: (i)
700 Decrease of [A[,] at the GB (A acceptor dopant). By
701 comparing Figures 4 and 6, one clearly observes a lower Gd
702 concentration at the GB level in CGPO (maximum Gd/Ce
703 cationic ratio &~ 0.4) with respect to CGO (Gd/Ce ~ 0.8;
704 please note the different nominal Gd bulk concentration for
705 the two). Although in CGPO a similar Pr accumulation is
706 present locally at the GB (Pr/Ce ~ 0.4), at least a fraction of
707 such a dopant is expected to be oxidized (Pr*") under working
708 conditions,”” leading to a net decrease of 3+ charge at the GBs.
709 This translates into a reduction of the oxygen vacancy
710 migration energy due to reduced scattering. (ii) Occurrence
711 of local electronic current through the grain boundaries
712 stemming from the double Pr3+/4+ valence of Pr and leading
713 to polaron hopping from Prf, to Pri.”” Though the latter
714 scenario is corroborated by a certain dependence especially of
715 the MF contribution on pO, (cf. Supplementary Figure S12),
716 no remarkable change in activation energy, which could
717 possibly be associated to the appearance of a different
718 conduction mechanism (cf. Table 3), was found. Please also
719 note that previous Monte Carlo simulations predict increased
720 bulk ionic conductivity for Gd—Pr co-doped ceria.”®

721 Finally, in the case of CPO, as previously reported,74 the
722 material is a mixed ionic—electronic conductor in which the
723 total conductivity is the sum of oxygen ion conductivity (6y,,)
724 and the polaronic conductivity (op,) induced by the mixed
725 valence of Pr: 6, = 0p, + 0y,,. Notably, while oy, is directly
726 related to the polaron concentration (Pr ionization) via the
727 electroneutrality equation (2[Vg]= [Prl.]) and is therefore
728 expected to increase in more reducing conditions (higher T or
729 lower p0O,), polaron conductivity depends on the availability of
730 neighboring hopping sites (Pr¢..) and is a function of [Prg.] X
731 [Prg,).”* This consideration allows explaining the observed T
732 and pO, dependence for 6,y i, in CPO. The higher activation
733 energy for T > 600 °C can be related to an increased ion
734 transport number (increased ionic character of the electrical
735 conductivity due to large [Prf.]) and reflects the higher
736 migration enthalpy for oxygen vacancies with respect to
737 polarons.”” Similarly, also decreasing the pO, determines an
738 enhancement of the ionic conductivity due to a decrease of
739 [Pre,] X [Pri,] (positive slope for Log(Gp,) vs Log pO,,
740 Figure 7b).” Interestingly, a higher T corresponds to a weaker

oo

[

—

=

—_

o vs pO, relation and can again be related to a tendency 741
toward Pr ionization. 742

H CONCLUSIONS 743

In conclusion, we presented an in-depth structural and 744
electrochemical analysis of hard-template nanocasted (Pr, 74s
Gd)-doped cerium oxide particles. 3D electron tomography 746
allowed to obtain a detailed spatial reconstruction of the 747
mesoporous particles, highlighting single and double gyroids 748
with a narrow pore distribution (11 and 4 nm, respectively). A 749
comparative assessment of the structural—functional relation- 750
ship by means of complementary HR-TEM techniques, 751
alongside impedance spectroscopy, pointed out that, while 752
as-synthesized CGO exhibits a clear dopant segregation, this 753
can be efficiently removed by mild HF post-treatment. This 754
results in an improvement of 1 order of magnitude in the film 7ss
ionic conductivity (o, in=22-10"% S-ecm™ for HE-CGO at 756
720 °C) and is mainly ascribed to the removal of defect 757
trapping effects at GBs. Co decoration of mesoporous powders 758
induces, under the same conditions, an additional enhance- 759
ment of the ionic conductivity (6o, min=2-8-10"° S-cm™ at 720 760
°C) owing to better interparticle sintering. (Gd, Pr) co-doping 761
is identified as an effective strategy to decrease the GB 762
resistance (about 1 order of magnitude increase in the total 763
conductivity for 10% Gd + 10% Pr with respect to mesoporous 764
CGO), maintaining the ionic character of the material. 765
Conversely, doping uniquely with Pr yields a mixed ionic— 766
electronic conductor with reduced activation energy and 767
increased ionicity for T > 600 °C. The present results offer a 768
detailed fundamental analysis of nanocasted ceria and offer 769
tools (surface and bulk chemical modifications) for tailoring its 770

transport functionalities. 771
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