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A B S T R A C T

The stability of ceria‑based redox oxides under high‑temperature solar‑thermal operation is crucial for 
fuel‑producing reactors. This study demonstrates that the gas pressure governs CeO2 sublimation from 
Gd0.1Ce0.9O1.95 (GDC-10) under solar thermochemical conditions. Annealing GDC-10 at 1400 ◦C in vacuum 
(≈10-4 bar) produces a porous, sponge like surface layer enriched in Gd, confirming selective CeO2 sublimation; 
identical treatments in argon at the same temperature and duration do not generate comparable porosity. Time 
resolved electron microscopy reveal a diffusion controlled, linear growth of the cerium depleted zone, while 
dilatometry records irreversible chemical expansion, indicating structural damage. Co-doping with 5 mol % Zr 
(Ce0.9Gd0.05Zr0.05O1.975) reduces CeO2 loss and yields a saturated surface. Knudsen effusion mass spectrometry 
shows reduced CeO2 volatility for the co-doped material after aging, linking thermodynamic stability to 
improved microstructural integrity. These results establish Zr co-doping as a potential strategy to stabilize GDC 
type redox oxides for durable solar thermochemical fuel production.

1. Introduction

The quest for a sustainable energy future has brought hydrogen and 
its derivatives, such as synthetic hydrocarbons and ammonia, to the 
forefront as key elements in transitioning towards a greener economy, 
particularly in sectors that are challenging to decarbonize, like aviation. 
The production of hydrogen and synthetic hydrocarbons relies heavily 
on the splitting of carbon dioxide into carbon monoxide and water into 
hydrogen, as well as oxygen, with the subsequent removal of oxygen. 
This process enables the direct use of hydrogen or the production of 
hydrocarbons from syngas [1].

There are three primary methods for generating these essential 
components: electrolysis, solar thermochemical processes, and photo- 
electrochemical methods. Among these, electrolysis is the most 
advanced method for carbon dioxide and water splitting, especially 
when conducted at room temperature [1]. Photo-electrochemical pro
cesses also operate at room temperature and have the advantage of 
directly utilizing photons for the electrochemical reaction [2]. However, 
concentrated solar power can also be directly utilized in solar-thermal 

reactors, such as two-step thermochemical redox cycles and mem
brane reactors, which offer promising avenues for sustainable hydrogen 
and syngas production through the thermodynamic decomposition of 
water and carbon dioxide [1].

Two-step thermochemical redox cycles utilizing metal oxides have 
demonstrated high efficiency potential for water and carbon dioxide 
splitting, making them suitable for solar thermal fuel production [3]. 
These cycles involve alternating reduction and oxidation steps at 
different temperatures and require the development of transition metal 
oxide-based redox materials with oxygen storage and release properties 
[3]. Ceria, specifically CeO2, is the state-of-the-art material for both 
solar-thermal reactors with similar operation conditions, but its limited 
oxygen exchange capacity restricts the amount of H2 produced per cycle 
[4]. Solar-thermal membrane reactors typically operate around 1500 ◦C 
with oxygen partial pressures of 10–5 bar in argon [5–7] and for the 
redox cycles of starting at 1400 ◦C with total pressures of 10–6 bar 
proceeding to around 700–800 ◦C for the oxidation [1,8,9]. Both tech
niques are currently in the focus of scale-up and commercialization ef
forts [9,10].
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Recent research has focused on enhancing fuel production by 
partially replacing Ce4+ cations with other elements, particularly 
through isovalent substitution [3]. However, this approach increases 
reduction extent but slows down splitting kinetics and decreases ther
modynamic favorability for water and carbon dioxide splitting [3,11]. 
Aliovalent substitution, particularly with trivalent dopants like lantha
nides (e.g., Gd or La), has shown promising results, creating intrinsic 
oxygen vacancies that boost ionic conductivity and impact the kinetics 
of water or carbon dioxide splitting [3,12].

A recent alternative has proposed combining trivalent (e.g., La3+, 
Y3+) and pentavalent dopants (e.g., Nb5+) to mimic the effect of tetra
valent cations, resulting in materials with higher efficiency for water 
splitting than Zr or Hf-doped ceria [13,14]. Despite these advances, 
CeO2 remains the preferred choice for scaling up processes in solar 
power demonstration plants due to its high reliability, achieving a re
cord solar-to-syngas energy efficiency of 4.1 % without implementing 
heat recovery [15,16].

Nevertheless, investigations by Knoblauch et al. revealed that for 
doped ceria after heating up to 1673 K under low total pressure p = 2 ×
10–5 mbar, significant changes can be observed on the sample surfaces. 
At higher temperatures, CeO2 is prone to evaporation, which is 
explained by its relatively higher vapor pressure compared to the doping 
ions. In fact, surface accumulation of doping ions can be detected due to 
this selective evaporation of CeO2, which leads to a spongy-like porous 
surface zone of higher dopant composition. This surface enrichment of 
doping elements can, therefore, significantly slow down the re-oxidation 
kinetics of CO2 or H2O splitting reaction due to the relatively decreasing 
ceria content and thereby degrade the long-term redox performance 
[17].

In this context, a deeper understanding of the thermodynamic sta
bility of ceria-based materials at high temperatures is essential. Shu
gurov’s recent studies have investigated the thermodynamic stability of 
CeO2-Gd2O3 solid solutions using Knudsen effusion mass spectrometry 
(KEMS) in the temperature range 19,00-2300 K [18]. The results show 
that the thermodynamic most stable solid solution of ceria can be ob
tained in a binary system with ZrO2.

Gadolinium-doped (GDC) ceria has been selected as the primary 
material for this study due to its use in both reactor systems and its 
presence as a commercial product. The global GDC electrolyte market 
size, valued at USD 474.2 million in 2024, is projected to experience 
substantial growth, reaching USD 1191.7 million by 2033, underscoring 
its increasing commercial relevance [19]. To illustrate the scale of GDC’s 
application, based on a 2024 ceria price of approximately USD 3287 per 
metric ton [20], the annual production and usage of gadolinium-doped 
ceria can be estimated to be within the range of tens to low hundreds of 
thousands of metric tons.

The objective of this paper is to further investigate the porous surface 
that forms on Gd0.1Ce0.9O1.95 (GDC-10) under the described application- 
relevant conditions by annealing tests that are evaluated by SEM/EDS, 
Raman, and SIMS. Additionally, strategies to stabilize the surface, based 
on Knoblauch’s and Shugurov’s recent results by stabilization with Zr, 
are investigated, as well as their effects on the expansion and chemical 
expansion by dilatometry. Finally, KEMS measurements are performed 
to establish a linkage to the mechanism of Cerium vanishing on the 
surface.

2. Materials and methods

2.1. Sample preparation

GDC-10 (Ce0.9Gd0.1O1.95) was purchased from Solvay Special Chem 
Japan, Ltd. (Anan–City, Japan; Ref. No. 138879; surface area: 7.8 m²/g; 
D₅₀ = 0.16 µm). The powder was uniaxially pressed into pellets (20 mm 
diameter × 1 mm thickness).

CeO₂ (99.9 %, <5 µm, Lot MKCC8706) and Gd₂O₃ (>99.9 %) were 
sourced from Sigma-Aldrich (Vienna, Austria) and S3 Chemicals, 

respectively.
GDC-Zr-5/5 (Ce0.9Gd0.05Zr0.05O1.975) was synthesized via a Pechini- 

type sol-gel method [21]. Stoichiometric amounts of Ce(NO₃)₃⋅6H₂O, Gd 
(NO₃)₃⋅6H₂O, and ZrOCl₂⋅8H₂O (Alfa Aesar), citric acid monohydrate 
(C₆H₈O₇⋅H₂O, VWR Chemicals), and ethylene glycol (C₂H₆O₂, Thermo 
Scientific) were mixed in a 1:2 molar ratio of total metal ions to citric 
acid. The solution was heated at 80 ◦C to form a viscous gel, dried at 120 
◦C, and calcined at 800 ◦C for 2 h in air. The resulting powder was 
uniaxially pressed into bars (40 × 4 × 4 mm³) and pellets (10 mm 
diameter × 1 mm thickness).

Samples were sintered in air as specified in the text in the high- 
temperature furnace HTF 18/08 from Carbolite Gero Ltd. (Hope, 
England).

Exposure tests were performed using the high-temperature furnace 
model 121212WM of Thermal Technology Inc. (Concord, United States 
of America).

2.2. Characterization methods

The untreated pellet surfaces as well as cross-sections of the pellets, 
which were embedded in epoxy, ground and polished were analyzed by 
scanning electron microscopy (SEM) using a GeminiSEM 450 (Carl Zeiss 
Microscopy Deutschland GmbH, Oberkochen, Germany) equipped with 
an energy dispersive X-ray spectroscopy (EDS) detector Ultim® Max 170 
(Oxford Instruments plc, Abingdon, UK).

Phase composition was analyzed by x-ray diffraction (XRD) using a 
Bruker D4 Endeavor diffractometer with Cu-Kα radiation (λ = 1.5406 
Å).

Vaporisation studies on GDC-10, GDC-Zr-5/5, and pure CeO2 and 
Gd2O3 were performed using a Finnigan MAT 271 (Finnigan MAT, 
Bremen, Germany) 90 deg magnetic sector field mass spectrometer 
coupled with a Knudsen cell. To prevent reactions between the Knudsen 
cell and the samples, an iridium cell was used. The orifice in the lid of the 
cell had a diameter of 0.3 mm. The cell itself was placed in a molyb
denum container, which had a hole at the bottom for temperature 
measurement, using an optical pyrometer. Experiments were conducted 
between 1300 ◦C and 1650 ◦C under high vacuum. Ion intensities of 
evaporated species (e.g., CeO₂(g), GdO(g), and Ce(g)) were recorded 
using a continuous dynode multiplier linked to an ion counter. Ioniza
tion of the species in the vapour phase was achieved by applying an 
electron energy of 70 eV and an emission current of 0.2 mA. Polythermal 
measurements were performed on at least three samples per materials to 
verify reproducibility of the results.

The thermodynamic activity of CeO2 in GDC-10 and GDC-Zr-5/5 was 
determined according to the thermodynamic relationship as follows: 

a(CeO2) =
p(CeO2)

p0(CeO2)
=

I(CeO2)

I0(CeO2)
(1) 

where p, p0 and I, I0 are partial pressures of CeO2 and ion intensities of 
CeO2

+ ion, respectively, over the investigated material and saturated 
pressure over pure CeO2.

A pushrod dilatometer (TA instruments, DIL 802 with SiC furnace) 
was used to measure chemical expansion/contraction during redox re
action. For this purpose, temperature-dependent length variations ε, 
based on the length variation Δl calculated from the sample length of the 
reduced LCeO2− δ(T) and oxidised state LCeO2(T), were measured and 
expansion coefficient α was calculated as follows: 

ε =
Δl
L

=
(LCeO2− δ(T) − LCeO2(T))

LCeO2(T)
(2) 

α =
1
L

⋅
(

∂l
∂T

)

P
(3) 

Besides the variation of temperature, the atmospheres were changed 
between ambient air and low pressure to enable an oxygen uptake and 
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release step corresponding to a full redox reaction. For reduction low 
total pressure (2 × 10–5 mbar) was reached by a turbo pump (Oerlikon 
Leybold vacuum). The turbo pump was working permanently over the 
whole experiment. The sample bars employed were placed on Al2O3 
carriers coated with Pt-foil and fixed with a push rod.

These push rod transfers the length change of the sample bar to a 
displacement sensor. A sapphire bar of the same length was measured 
simultaneously for calibration purposes. The temperature during redox 
reaction was determined by thermocouples located beside the sample 
bar. Temperature was ramped to the target temperature of 1200 ◦C- 
1400 ◦C at a rate of 6 ◦C/min for reduction, maintained for 120 min for 
further isothermal reduction and then ramped down to 25 ◦C at the rate 
of 6 ◦C/min. Reduction extents (δ, Eq. 4) can be calculated with the 
changes in mass Δmeq using an analytical balance before and after 
experiment, sample mass ms, molar mass of O and CeO2 (MO, M). 

δ =
M⋅Δmeq
MO⋅ ms

(4) 

For re-oxidation, another temperature ramping was performed under 
ambient air to determine chemical contractions. The mass change after 
re-oxidation is here also measured after the experiment by an analytical 
balance.

For Raman spectroscopy, a diode laser (532 nm) was utilized as a 
monochromatic excitation source, and a spectrometer (Horiba, XploRA 
Plus) coupled with 10x-magnification confocal lens was utilized. All 
Raman spectra were collected with 1800 g/mm grating, 100 mm slit 

width, and 4 s of exposure.
Additional surface profiling were performed on an IONTOF TOF- 

SIMS.5 NCS system using a 30 keV Bi⁺ primary ion beam (50 μm × 50 
μm raster) and 1 keV O⁻ sputtering (250 μm × 250 μm raster). Charge 
compensation was achieved using a low-energy electron flood gun and 
argon flooding (2 × 10–6 mbar). Depth profiles were acquired in positive 
ion mode.

3. Results and discussion

3.1. Microstructural stability of gadolinium doped ceria

3.1.1. Morphological and structural observation
To investigate structure and morphology changes by heating under 

low oxygen environment, the samples were also analysed after exposure 
to vacuum and argon. The images of the surface and cross-sections of 
pellets sintered at 1650 ◦C for 2 h (a) and (d), compared to those exposed 
to vacuum (b), (c), (e), and (f) in Fig. 1, do not show the dense structure 
previously observed. GDC-10 after exposure demonstrates significantly 
higher porosity, particularly near the surfaces, where spongy surface 
zones extending over several micrometres are evident. Due to the low 
total pressure during cycling (p = 2 × 10–5 mbar) and the high vapor 
pressure of ceria [22] segregation and subsequent selective sublimation 
could possibly cause the formation of a very porous surface zone. In 
previous studies on redox characteristics of ceria the results suggest 
sublimation of ceria at high temperature above 1300 ◦C and low total 

Fig. 1. Secondary electron (SE) images of the surface a)-c) and cross sections d)-f) of sintered GDC-10 pellet after different exposure times to vacuum at 1400 ◦C of 
initial state [a) & d)], 2 h [b) & e)] & 10 h [c) & f)] with an expected partial pressure of pO2 = 10–7 bar.

Fig. 2. SE-images of the surface of sintered GDC-10 pellets after different exposure times to 5 N argon at 1400 ◦C of 0, 2 & 10 h with a partial pressure of pO2 = 10–5 

bar and flow of 200 l/h.
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pressure (10–5 mbar) [17,23,24].
The evaporation rate could be described by Hertz–Knud

sen–Langmuir equation (Eq. 5) where dni/dt is the flux of particles 
hitting the surface in mol/s, A is the surface area, ae and ac are the co
efficients of evaporation and condensation, pi,sat is the saturated vapor 
pressure of element i, pi is the actual partial pressure at the surface, R is 
the universal gas constant, T is the temperature in Kelvin, and Mi is the 
molar mass of the element. A detailed description and derivation of this 
equation is given in [25]: 

dni

dt
= − A

aepi,sat − acpi
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
2πRMiT

√ πr2 (5) 

If the evaporation flux in vacuum is the same as in argon, the same 
surface phenomena would be expected. However, the results in Fig. 2 of 
samples previous sintered at 1670 ◦C for 6 h do not exhibit the same 

surface changes at the same temperature. The samples thermally treated 
under argon for 2 hours do not show a porous surface layer like those 
treated under vacuum but only the formation of sintering steps due to 
increased cation mobility introduced by a lower oxygen partial pressure. 
With an extended exposure time of 10 hours, these surface changes 
become more pronounced. The higher mobility introduces a more 
smoothed surface and no longer visible sintering steps with a lot less 
clear grain boundaries on the surface. Besides that, also cracks are 
introduced both on the surface and in the bulk.

To further investigate the time parameter, the time was increased, 
too. However, even after 72 hours, no superficial segregation can be 
seen, under vacuum (Fig. 3). As well as the also for the 10 h 1400 ◦C 
observed cracks. Further the smoothening increased with larger grains, 
additionally a rectangular flaking and symmetrical pores can be seen on 
the surface. These formations were also observed in previous 

Fig. 3. SE-images of the surface a)-c) and cross section d)-f) of sintered GDC-10 pellet after exposure to 5 N argon at 1500 ◦C for 72 h with a pO2 = 10–5 bar and flow 
of 200 l/h.

Fig. 4. SE-images of the surface and cross section of sintered GDC-10 pellets after exposure to vacuum for a)-c) at 1400 ◦C for 2 h and pO2 = 10-7 bar and d)-f) at 
1500 ◦C for 6 h and pO2 = 10-7 bar.
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experiments by Knoblauch for undoped ceria [23] and as shown in the 
supplementary information (Figure S1). Additional exposures at 1500 ◦C 
in air for 72 hours showed no such changes. These findings exclude 
temperature and time as determining factors, suggesting that other 
variables play more significant roles in the observed phenomenon.

From this it can be concluded that the evaporation flux depends not 
only on the partial pressure of the cerium oxide but is also influenced by 
the gas transport in the environment. The difference in evaporation flux 
between vacuum and inert-gas flow can be explained by different 
pressure levels during both experiments [26]. Vacuum exposure tests 
were performed with a pressure level of 10–5 mbar, which is several 
orders of magnitude lower than 1 bar of atmospheric pressure used for 
the 200 l/h argon-flow. The sublimation process in the system con
taining the compound in solid and gas phase is driven by the chemical 
potentials of both phases. The chemical potential rises with pressure and 
temperature with different rates for gases and solid materials [27]. As 

the chemical potential of a gas increases more than the chemical po
tential of a solid, more energy is needed to sublimate the solid, i.e. for 
ambient pressure argon-flow we need to increase the temperature to 
sublimate the same amount of the substance as for vacuum. As the re
sults show, the sublimation temperature under argon must be higher 
than 1500 ◦C.

To gain a deeper understanding of the effects of vacuum exposure, 
additional testing has been conducted at 1500 ◦C. The comparison of 
both exposures in Fig. 4 reveals a significant increase in thickness of the 
porous layer, from around one micrometre to up to ten micrometres. The 
porous surface area also appeared thicker with more free spaces in be
tween. In order to understand the influence of the dwell time in addition 
to the temperature, the GDC-10 samples were additionally treated at 
1400 ◦C under vacuum for dwell times of 2 h, 4 h, 6 h, 8 h, 10 h and 20 h 
(see Figures S2–7). The thickness of the sublimation-related surface zone 
increases continuously with increasing exposure time. Fig. 5 shows the 

Fig. 5. Thickness of the porous surface zone of GDC-10 sample fired at 1400 ◦C under vacuum for different annealing times.

Fig. 6. SEM/EDS analyses of the cross section of sintered GDC-10 pellet after exposure to vacuum at 1500 ◦C for 6 h with elemental mappings of gadolinium in 
yellow and cerium in blue. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.).
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depths (l) determined by SEM after the corresponding annealing time 
under vacuum. The growth of the evaporation zone initially appears to 
follow a parabolic time law. After a longer time > 5 h, the growth 
changes from parabolic to linear growth (adjusted with the software 
OriginLab Inc., USA using this fitting equation l≈√(A•t) and l ≈ A*t). 
Diffusion determines the rate in the initial phase, while only surface 
exchange determines the rate as the process progresses. The different 
behaviour could be explained by the fact that evaporation occurs at the 
bulk at the beginning and later mainly in the porous surface layer.

An EDS analysis (Fig. 6) of the 1400 ◦C, 10 hours exposure revealed 
an enrichment of gadolinium in the porous surface area and a depletion 
of ceria. In addition, an increase of the exposure conditions to 1500 ◦C 
for 6 hours of a more porous sample sintered at 1670 ◦C for 6 h showed a 
less homogenous surface area along with contamination of tungsten and 
silicon on the surface area. The silicon contamination can be attributed 
to the heating elements used in the sintering oven, while the tungsten 
contamination is due to the tungsten heating elements in the vacuum 
oven. Since contamination levels were already high, extended exposure 

times showed no additional gains. Fig. 7 shows the Ce/Gd distribution 
within the SEM images, indicating that the Gadolinium enrichment is 
not only observed on the surface but also occurs within the porous area 
close to the surface. Time-of-flight secondary ion mass spectrometry 
(TOF-SIMS) measurements were conducted on this cross-section and 
confirmed the enrichment of Gadolinium in the surface, while the 
enrichment in the pores connected to the surface were undetectable due 
to a to high surface roughness.

The absence of gadolinium enrichment and ceria depletion on the 
pore surfaces within the bulk in suggests that the pores may be sealed 
without connection to the surface, containing a normal atmosphere with 
oxygen, which inhibits ceria evaporation. This hypothesis would mean 
that the normal atmosphere introduced during the manufacturing is still 
present within the pores throughout the exposure.

Systematic SIMS experiments were initiated to monitor and quantify 
the enrichment. Initial attempts using the sample in Fig. 7 and scanning 
it with a sputtering depth in the nanometre range were unsuccessful due 
to the high porosity of the sample.

Fig. 7. SEM/EDS analyses of the cross section of sintered GDC-10 pellet after exposure to vacuum at 1500 ◦C for 6 h with elemental mappings of gadolinium in 
yellow and cerium in blue. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.).

Fig. 8. XRD pattern of GDC-10 after heat treatment at 1650 ◦C (initial state) and vacuum exposure (pO2=6 × 10–7 mbar) for 2 h and 10 h. Reference Gd2O3, PDF 
12–0797 marked with triangles and Gd2SiO5, PDF 40-0287 marked with asterisks.
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The obtained isomer peaks were too broad, and quantification was 
discarded because of a non-matching isotope pattern of gadolinium to 
the natural distribution. However, the enrichment of gadolinium could 
be confirmed.

3.1.2. Crystallographic phase evaluation
To support the preceding results of the SEM and EDS and the 

assumption that the doping element concentration at the surface 
changes, further analyses of the samples were carried out with XRD to 
obtain more information about the phases and compositions involved. 
Thus, pellet samples were examined after heat treatment at 1650 ◦C 
before cycling (Fig. 8, 0 h). The XRD patterns shows sharp reflections 
with the expected fluorite-type crystal structure of doped cerium oxides. 
The main XRD reflections are only slightly shifted due to the dopant- 
induced expansion of the crystal lattice. For further investigation the 
lattice constants of GDC-10 were calculated by the Rietveld method 
based on the XRD profile fitting. The fitted lattice constant belongs to a 
= 5.413 Å which is close to the calculated lattice constant a = 5.418 Å 
given by the equation of Hong and Virkar [28]. Besides pellet samples 
before cycling, pellets exposed to 1400 ◦C under vacuum were analysed 
using XRD, as the SEM and EDS results suggest that selective sublimation 
has taken place. This sublimation and dopant enrichment could lead to a 

change in the crystal structure at the pellet surface. The XRD results of 
altered pellets in Fig. 8 (2 h,10 h) show reflections of the CaF2 structure 
as seen before and additional smaller reflections which increase with 
increasing exposure time. The less intense reflections could be identified 
to be a cubic gadolinium oxide (Gd2O3, PDF 12-0797) and a monoclinic 
gadolinium silicate phase (Gd2SiO5, PDF 40-0287). It can be assumed 
that selective sublimation leads to an enrichment of gadolinium leading 
to the formation of Gd2O3. The Gd2SiO5 formation is probably due to 
contamination with Silicon from the SiC furnace.

Raman Spectroscopy was performed for further insights about the 
structural and cation-ordering features in the oxidized and reduced 
state. Raman spectroscopy is primarily sensitive to oxygen cation vi
brations and is an excellent method for local disorder. Normalized 
Raman spectra of reduced and oxidised GDC-10 are shown in Fig. 9. F2g 
Raman mode at around 460 cm-1 is a dominant Raman reflection for the 
cubic calcium-fluorite-structured materials, corresponding to the sym
metrical stretching of Ce-8O vibrational unit for ceria [29–31]. The 
characteristics of the F2g mode is well investigated for ceria-based ma
terials in view of reflection position [29,30] and full-width at half 
maximum [31]. The reflection position is linearly correlated to the lat
tice constant, so the reflection is shifted to lower frequency of 462 cm-1 

(CeO2 ̃ν = 466 cm-1 [32]) in the case of the Gd-doped CeO2 sample [33,

Fig. 9. Comparison of Raman spectra of oxidized and reduced GDC-10 before and after exposure to vacuum at 1400 ◦C for 2 h and 10 h.

Fig. 10. Secondary electron SE-images of the surface a)-c) and cross sections d)-f) of sintered GDC-Zr-5/5 pellet after different exposure times to vacuum at 1400 ◦C 
of initial state [a) & d)], 2 [b) & e)] & 10 h [c) & f)] with a partial pressure of pO2 = 10-7 bar.
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34]. Based on the F2g Raman mode, the sintered pellet (0 h) were in 
cubic fluorite structure and there was no sign of an additional phase. 
Only second order features at lower frequency (264 cm-1 and 366 cm-1) 
[35] and defect-induced disorder bands at 500-650 cm-1 are shown as 
low intensity bands shoulder of the F2g Raman mode. D1 band at 
530-550 cm-1 correspond to oxygen vacancy-induced defects resulting 
from the different oxidation states of Gd3+ compared with 
Ce4+(

(
2GdĆe : V⋅⋅

O
)x and

(
GdĆe : V⋅⋅

O
)⋅complexes) D2 band at 600 cm-1 

belongs to GdO8-type complex defects due to the different ionic radius of 
Gd3+ (1.053 Å) compared to that of Ce4+ (0.97 Å) [31,36].

In the reduced state especially after exposure time of 10 h under 
vacuum several new bands appear. These additional bands are visible in 
contrast to the reoxidized sample due to the fact that the Raman in
tensity of the F2g Raman mode is reduced. In reduced samples, the 
Raman intensity decreases as a direct response to the decrease in the 
oxygen content of the sample and the resulting changes in the optical 
properties of the surface, such as absorption and reflection [37]. One of 

the new bands located between 800 and 900 cm-1 fits to ν(O––O) 
stretching vibrations of peroxo species which could be formed upon 
oxygen adsorption on reduced ceria [32]. Furthermore we observed 
some true Raman bands of the sesquioxides which are featured bands at 
about 330 to 420 cm-1 (the Fg+ Ag mode) [38] and bands between 217 
and 340 cm-1 which fit well to bands observed for monoclinic Gd2SiO5 
[39]. Thus, the presence of a c-Gd2O3 phase and m-Gd2SiO5, which was 
also previously detected with XRD, can also be confirmed with Raman.

3.2. Microstructural stability of gadolinium/zirconium doped ceria

To better understand the factors influencing the selective sublima
tion observed with GDC-10, beside atmosphere variations different 
material compositions are also investigated. For influencing the diffu
sion, discussed as rate determining step for sublimation, co-doping with 
Zr was also analyzed. The additional Zr4+ could lead to phase stabili
zation by provoking pyrochlore (A2B2O7, A=Zr4+, B=Ce3+, Gd3+) 

Fig. 11. Thickness of the porous surface zone of GDC-10 in black and GDC-Zr-5/5 sample in red fired at 1400 ◦C under vacuum for different annealing times. (For 
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.).

Fig. 12. SEM/EDS analyses of the cross section of sintered GDC-Zr-5/5 pellet after exposure to vacuum at 1400 ◦C for 10 h.
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formation due its small ionic radius in comparison to Ce3+ and Gd3+ [40,
41].

3.2.1. Morphological and structural observation
To investigate structure and morphology changes due to doping with 

Zr4+ the same exposure test as with GDC-10 are performed. The images 
of the surface and of the cross-sections of the pellets after sintering (0 h) 
in Fig. 10 do not show the dense structure observed before for GDC-10. 
GDC-Zr-5/5 shows a few pores despite the high sintering temperature, 
although there is a closed porosity overall. After exposure porosity in
creases, especially close to the surfaces, where spongy surface zones 
extending over several micrometre depth appear. Due to the low total 
pressure and the high vapour pressure of CeO2 compared to Gd2O3 and 
ZrO2 [22], segregation by selective sublimation is also possible here. 
Compared to GDC-10, the porous surface structure here is more delicate.

For investigating the influence of the dwell time and for comparison 
to GDC-10, the GDC-Zr-5/5 samples were additionally treated at 1400 
◦C under vacuum for dwell times of 2 h, 4 h, 6 h, 8 h, 10 h and 20 h 
(Figures S8-13), too. The thickness of the sublimation-related surface 
zone increases also continuously with increasing exposure time. Fig. 11
shows the depths (l) determined by SEM after the corresponding 
annealing time under vacuum. The depths were fitted with an expo
nential function (fitted with software OriginLab Inc., USA using this fit 
equation expDec1 y = A1*exp(-x/t1) + y0). Compared to GDC-10, 
sublimation seems to be limited by another mechanism. No initial 
parabolic growth and no linear increase in the sublimation zone after 
prolonged exposure is observed here. For GDC-Zr-5/5, it appears that 
the kinetics are much faster but the further sublimation slows down with 
increasing exposure. Since this kinetics do not follow a parabolic time 
law, a pure diffusion barrier is unlikely. The additionally introduced 
Zr4+ could decrease the sublimation by phase stabilisation. Due to its 
small ionic radius, Zr4+ could favour a pyrochlore configuration [40] 
which appears to increase the bond strength to Gd3+/ Ce3+ and thereby 
the lattice energy

An EDS analysis (Fig. 12) of the 1400 ◦C, 10 h exposure revealed an 
enrichment of gadolinium and zirconium in the porous surface area as 
expected. The layered image shows the Gd/Zr distribution in the sub
limation area and reveals a phase separation in Gd rich and Zr rich 
zones. The Gd-rich zones appear thicker than the Zr-rich regions. The 
difference in thickness could be attributed to a different diffusion rate of 
the cerium ions. Due to the larger ionic radius of Ce3+ (CN 8, 114.3 pm) 

compared to Gd3+(CN 8, 105.3 pm), pyrochlore formation between Zr4+

and Ce3+ is favoured [41,42]. Due to the higher amount of disorder in 
the pyrochlores with small A cations and large B cations, the Ce4+ ions 
can diffuse more easily here, which leads to a faster depletion of the 
Zr-rich surface regions. This would confirm the previous observations 
that the Ce4+ ions diffuse and sublimate faster in the initial time when 
Zr4+ ions are present. After prolonged aging, sublimation could slow 
down due to depletion of Ce4+ and preferential pyrochlore formation in 
the Zr-rich regions. In order to show an effect on the growth curve of the 
sublimation zone, the Zr-rich phase would have to predominate over the 
Gd-rich phase and this seems to be the case according to EDS.

3.2.2. Crystallographic phase evaluation
For a more in-depth examination of the surface zone and to support 

the preceding findings of the SEM and EDS, the samples were analyzed 
by XRD. Thus, pellet samples were examined after heat treatment at 
1650 ◦C before exposure (Fig. 13, 0 h). The XRD pattern shows re
flections of the expected fluorite-type crystal structure of doped cerium 
oxides with a slightly shift due to the dopant-induced expansion of the 
crystal lattice. For detailed investigation the lattice constant of GDC-Zr- 
5/5 was calculated by the Rietveld method based on the XRD profile 
fitting. The fitted lattice constant belongs to a = 5.403 Å which is smaller 
in comparison to GDC-10 due to smaller Ionic radius of Zr4+[41] but 
close to the calculated lattice constant a = 5.400 Å given by the equation 
of Hong and Virkar [28].

Beside the initial state, pellets exposed to 1400 ◦C under vacuum 
were analysed using XRD. The selective sublimation observed by SEM 
and EDS could lead to a change in the crystal structure at the pellet 
surface. The XRD results of altered pellets in Fig. 13 (2 h,10 h) show, 
reflections of the CaF2 structure as seen before and additional smaller 
reflections which increase with increasing exposure time. The smaller 
reflections marked by stars which appear after long exposure times 
could be identified to be a cubic gadolinium silicate phase 
(Gd4.67(SiO4)3O, PDF 72-2070). The Gd4.67(SiO4)3O formation is prob
ably due to contamination with Si from the SiC furnace. Furthermore 
GDC-Zr-5/5 shows a splitting of the main cubic phase after 2 h exposure 
in vacuum. It can be assumed that selective sublimation separates the 
original single phase into a cubic Zr-rich phase and a Gd-rich phase. For 
detailed investigation the lattice constants of these new phases are 
calculated by the Rietveld method based on the XRD profile fitting. The 
lattice constant of the Zr-rich phase belongs to a1=5.303 Å and the Gd- 

Fig. 13. XRD pattern of GDC-Zr-5/5 after heat treatment at 1650 ◦C (initial state) and vacuum exposure (pO2=6 × 10–7 bar) for 2 h and 10 h. Reference 
Gd4.67(SiO4)3O, PDF 72-2070 marked with asterisks and CeO2, PDF 04-0593 marked with square for Gd-rich and marked with circle for Zr-rich.
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rich phase to a2= 5.403 Å as the initial state. In the case of higher Zr 
concentration pyrochlore configurations are possible [40]. Dis
tinguishing a fluorite structure from a pyrochlore structure using XRD is 
not easy because many reflections are identical, but there are super
structure reflections attributable to the Fd3m symmetry of a typical 
pyrochlore lattice that can provide a hint. Due to the fact that the con
centration of the Zr-rich phase increases with longer aging times, the 
superstructure reflections are most clearly observable after 20 hours of 
aging.

Fig. 14 shows the XRD pattern of GDC-Zr-5/5 after exposure to 
vacuum for 20 h. As expected, the Zr-rich phase increases. In view of the 
assumption that a pyrochlore configuration could be present, a detailed 
investigation was made for corresponding superstructure reflections at 
small theta angles. Mandal et al. refer to two small superstructure re
flections at approx. 14.5 ◦ and 27.6 ◦ as indicators for the presence of 
crystalline pyrochlore phases (Fd3m) with correspondingly reduced 
symmetry of fluorite structure (Fm3m) [43]. The result shows these 
corresponding superstructure reflections which indicate a pyrochlore 
configuration.

Raman spectroscopic studies were performed to gain further insight 
into the structural and cationic ordering features of the phases formed 
on the surface. Raman spectroscopy is sensitive to oxygen cation vi
brations and is an excellent sensor for local disorder. Thus, Raman 
spectroscopic studies can provide information to distinguish closely 
related structures such as fluorite and pyrochlore. Therefore, Raman 

spectroscopy has been performed on reoxidized and reduced samples to 
examine the presence (leading to the pyrochlore structure) or absence 
(leading to the defect fluorite structure) of ordering in the samples. 
Fig. 15 shows the Raman spectra of the reoxidized and reduced state 
after 0 h, 2 h and 10 h exposure to 1400 ◦C and vacuum.

The oxidized state of GDC-Zr-5/5 shows the F2g Raman mode, 
characteristic for cubic fluorite structure, second order features at lower 
frequency (264 cm-1 and 366 cm-1) [35] and defect-induced disorder 
bands at 500-650 cm-1 as shown before for GDC-10. As with GDC-10, a 
clear decrease in the main F2g band can be observed in the reduced state 
with increasing aging time, which makes changes on the surface visible. 
The main band mainly gives way to three new bands around 290, 405 
and 595 cm-1, which show a high similarity to the Raman spectrum of 
Mandal et al. for a pyrochlore structure of the composition 
Gd0.5Ce1.5Zr2O7. The fact that the presumed pyrochlore structure is only 
visible in the reduced state can again be partly explained by the decrease 
in the F2g main band in the reduced state, but the literature also reports 
that (Gd-Ce-Zr) pyrochlores are sometimes only metastable, depending 
on their exact composition, and can transform back into the fluorite 
lattice when exposed to air by heating at high temperatures (e.g. 1400 
◦C) [44]. In addition to the pyrochlore bands, an additional band at 
approx. 865 cm-1 can again be observed, which is due to the ν(O––O) 
stretching vibration of the peroxo groups adsorbing on the sample sur
face of the reduced sample. To summarize, the presumed pyrochlore 
structure forms on the sample surface increase with exposure time. Since 
a pyrochlore configuration is favored by small Zr4+ ions and larger Ce3+

Fig. 14. XRD pattern of GDC-Zr-5/5 after vacuum exposure (pO2=6 × 10–7 bar) for 20 h. (asterisks correspond to the superstructure reflections).

Fig. 15. Comparison of Raman spectra of oxidized and reduced GDC-Zr-5/5 before and after exposure to vacuum at 1400 ◦C for 2 h and 10 h.
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ions [42], a decrease in Ce4+ion concentration on the sample surface 
over time can be assumed.

3.3. Evaporation mechanism studies

Within the entire measured temperature range of 13,00-1650 ◦C, 
Ce+, CeO+, and CeO2

+ ions were observed in the mass spectra of GDC-10 
and GDC-Zr-5/5 (Fig. 16). The average ratio of the respective ion current 
intensities was about 26:65:100. While even Ir+ from the Knudsen cell 
and the minor cerium isotopes (e.g. 0.2 % 136Ce, 0.3 % 138Ce, 0.1 % 
141Ce, and 0.1 % 144Ce) were clearly detectable over GDC-10 at 1645 ◦C, 
GdO+, the ion with the highest intensity, could only be detected with 
very low intensity at 1800 ◦C over pure Gd2O3 (Fig. 16), which is in good 
agreement with investigations by Shugurov et al [18]. Zirconium con
taining species were not detectable over GDC-Zr-5/5 in the measured 
temperature range.

Since the CeO2
+ ion and in particular the isotope 140CeO2

+ (172 mass 
number) had the highest intensity in all measurements, it was selected 
for comparison of the CeO2 activity in the several samples.

Fig. 17 shows the measured ion intensities of 140CeO2
+ over pure 

CeO2, GDC-10, and GDC-Zr-5/5 at 1300-1650 ◦C. The ion intensities 
measured over GDC-10 and GDC-Zr-5/5 were lower than the intensities 
over pure CeO2 indicating that no pure CeO2 from incomplete reaction 
during synthesis was present in the doped materials. The difference 
between GDC-10 and GDC-Zr-5/5 lies in the measurement accuracy 
range. During the first heating, all materials showed acceptable repro
ducibility. However, during the second heating, the ion intensities 

Fig. 16. Mass spectra of GDC-10 recorded at 1645 ◦C (left) and Gd2O3 at 1800 ◦C (right).

Fig. 17. Ion intensities of 140CeO2
+ over CeO2, GDC-10, and GDC-Zr-5/5 at 

1300-1650 ◦C.

Fig. 18. Relative length change of GDC-10 and GDC-Zr-5/5 under air and vacuum (pO2=6 × 10–7 bar) as function of temperature.
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measured over GDC-10 and GDC-Zr-5/5 decreased significantly with a 
steeper decrease for GDC-Zr-5/5 than for GDC-10. Moreover, the extent 
of the decrease was not well reproducible as initial measurements on all 
samples at about 1350-1400 ◦C revealed. Therefore, only one sample of 
each material was measured over the entire temperature range as an 
example. Consequently, the results obtained during second heating have 
to be considered rather qualitatively.

The activity of CeO2 in GDC-10 and GDC-Zr-5/5 at 1400 ◦C deter
mined from the first heating by Eq. (1) is 0.92 and 0.91, respectively. 
Thus, both materials behave like ideal solutions within the measurement 
accuracy, which was also found in previous measurements [18]. The 
apparent activity of CeO2 in GDC-10 and GDC-Zr-5/5 at 1400 ◦C 
determined from the second heating is 0.81 and 0.48, respectively. This 
decrease cannot be explained solely by the mass loss of 3 % for GDC-10 
and 16 % for GDC-Zr-5/5 during the respective measurements, which is 
not only attributable to the evaporation of cerium but also of adsorbed 
water, as the samples were not dried before measurement. All powder 
samples were sintered to pellets after the measurement. Therefore, it is 
assumed that the determined activity rather corresponds to the ceria 
depleted surface of the pellets than to the bulk material. These findings 
qualitatively support the previous observations that ceria sublimates 
faster in the initial time when zirconia is present, shown by the higher 
mass loss of GDC-Zr-5/5 in comparison to GDC-10. After sintering and 
aging in the first heating cycle, which is accelerated during KEMS 
measurements in comparison to the annealing experiments due to 
higher maximum temperature and especially much higher vacuum of 
~10-7 mbar, sublimation could slow down due to depletion of ceria in 
the Zr-rich surface region, indicated by the lower apparent activity in the 
second heating.

3.4. Thermal and chemical expansion of GD and GD/Zr doped ceria

Dilatometry enables the determination of thermal and chemical 
volume changes under variable oxygen partial pressure. The used 

samples were polycrystalline in a cubic CaF2 structure. Thus, it is 
assumed that volume changes are isotropic and length changes of the 
sample are directly correlated, to crystal lattice parameters. The thermal 
expansion ε was calculated using the temperature-dependent length 
variation described in Eq. 2. Fig. 18 shows the measured relative length 
change under air and reducing atmosphere (pO2=6 × 10–7 bar) as a 
function of temperature for GDC-10 and GDC-Zr-5/5.

To calculate the reversible thermal expansion coefficient of GDC-10 
and GDC-Zr-5/5 the thermal length changes of the air measurement εT 
up to 1200 ◦C was used to ensure the absence of chemical expansion. 
Above 1200 ◦C the thermal expansion is superimposed by the chemical 
expansion εC (Eq. 6) delineated as nonlinearity and instability in ε vs. T 
plots (Fig. 18). 

dl
l0

= ε = εT + εC = αTΔT + αCΔδ (6) 

The linear coefficients of thermal expansion under air atmosphere 
(CTE 100-1200 ◦C) are presented in Table 1.

Compared to the undoped cerium oxide [23], the thermal expansion 
coefficient of GDC-10 is smaller and very close to the value of Gd3+do
ped ceria of Baral and Tsur [44]. In the case of co-doped ceria, the 
thermal expansion coefficient is smaller than the coefficients of single 
doping with trivalent ions. The observed influence of the doping ions on 
the thermal expansion of ceria must be considered in the design of ceria 
membranes. As low thermal expansion is a positive factor in terms of 
reducing stresses, GDC-Zr-5/5 is the preferred material for a membrane 
here.

Chemical expansion during reduction under low oxygen atmosphere 
was investigated by isolating chemical and thermal changes using 
isothermal and non-isothermal reduction conditions. During isothermal 
conditions the length change of the sample is only due to the reduction- 
induced chemical expansion of the crystal lattice. The chemical expan
sion is a result of two competitive phenomena, expansion due to change 
of cation radii and bond length and contraction due to the formation of 
oxygen vacancies at higher temperatures [45–48]. For evaluation of the 
chemical length change the sample was heated to the corresponding 
target temperature of 1200 ◦C-1400 ◦C at a rate of 6 ◦C/min under 
vacuum for reduction, and maintained at that level for 120 min for 
further isothermal reduction. Fig. 19 shows the relative change in length 
(ε in %) during the isothermal segment at different temperatures in the 
range of 1200 ◦C-1400 ◦C.

The observed expansion shown here is only the chemical expansion, 
since it is assumed that the sample does not expand further thermally 
when the maximum temperature is reached. The expansion for all 
temperature exhibits similar shapes and differ only in the absolute 
values for each material. However, a comparison of the materials shows 
that significantly higher delta values are achieved with a Zr-co doping at 
a comparably low chemical expansion. For further analysing the curve 

Table 1 
The linear coefficients of thermal expansion of GDC-10 compared to doped 
ceria in the literature.

Sample CTE 100-1200 ◦C (K-1)

CeO2 [23] 14 × 10–6 ± 2 × 10–8

Ce0.9La0.1O1.95 [17] 13 × 10–6 ± 2 × 10–8

Ce0.9Yb0.1O1.95 [17] 13 × 10–6 ± 1 × 10–8

Ce0.9Zr0.1O2 [17] 14.0 × 10–6 ± 0.7 × 10–8

Ce0.9Gd0.1O1.95 [44] 13 × 10–6 (613 ◦C)
Ce0.9Zr0.05La0.05O1.975 [17] 14 × 10–6 ± 1 × 10–8

Ce0.9Zr0.05Yb0.05O1.975 [17] 14 × 10–6 ± 1 × 10–8

GDC-10 13 × 10–6 ± 1 × 10–8

GDC-Zr-5/5 13 × 10–6 ± 2 × 10–8

Fig. 19. Isothermal relative length change of GDC-10 and GDC-Zr-5/5 under vacuum (pO2=6 × 10–7 bar) at 1400 ◦C, 1300 ◦C and 1200 ◦C.
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progression in Fig. 20, the experimental data of T = 1400 ◦C were fitted 
with Origin software (OriginLab Inc., USA) using a standard (ExpDe
cay2) fit equation: 

y = y0 + A1exp
(

x − xo

t1

)

+ A2exp
(

x − xo

t2

)

(7) 

y is here dl/l0, the relative change in length and x time t. t1/t2 then 
corresponds to the relaxation time τ1/τ2.

The first regime up to dl/l0=0.10 % reveals very fast kinetics char
acterised with a short relaxation time τ1 and the second regime with 
slower kinetics characterised by τ2. Compared to GDC-10, GDC-Zr-5/5 
has significantly shorter relaxation times and therefore reaches 

equilibrium more quickly. By extrapolating the fit, an equilibrium can be 
expected after 300 min for GDC-10 and after 200 min for GDC-Zr-5/5. 
Based on the mathematical relationship between dl/l0 and δ and pO2 
at constant temperature, dl/l0∝δ∝Pn

O2 [23,49,50] the difference in τ1/τ2 
can be explained by the coefficient n which is higher for the first regime 
and lower for the second regime. The coefficient n changes by different 
oxygen vacancy distributions [49]. This behaviour has also been 
observed in previous studies and is justified by the fact that the oxygen 
vacancies are statistically distributed at lower δ values and are localized 
in defect complexes at higher δ values [17].

For a final evaluation of the chemical length change, it is necessary to 
consider also the chemical length change during heating. The absolute 

Fig. 20. Relative change in length of GDC-10 and GDC-Zr-5/5 at 1400 ◦C (pO2=6 × 10–7 bar) as function of time. Isothermal time dependence of dl/l0 where fit by 
Eq. 7 and extrapolated.
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chemical length change (εdynamic + εisothermal) as function of reduction 
extent δ is plotted in Fig. 21 in comparison to literature data.

The chemical expansion of GDC-10 is in the range of the chemical 
expansion of undoped and Yb-doped ceria of our previous study [17] 
which indicates the influence of dopant radii (La3+ = 116 pm, Gd3+ =

105.3, Yb3+ = 98.5 pm Z = 8 [41]) on the expansion of the crystal 
lattice. The trivalent doping cations like Gd3+ leading to different dis
tances between Ce4+ and oxygen vacancies. The repulsion effect in
creases with increasing ionic radii [17]. In the case of doping with Zr4+, 
the effect is focusing on oxygen vacancies formed during the reduction. 
In the present case the chemical expansion is generally lower in com
parison to GDC-10 due to the shifting of oxide ions towards oxygen 

vacancies facilitated by the smaller ionic radius of Zr4+ compensating 
the Ce4+ relaxation away from the vacancies [52,53]. For classification 
of the results with literature data on Gd and Zr-doped ceria a linear 
fitting was performed analogous to the thermal coefficient of expansion 
by defining a chemical coefficient of expansion: 

εc = αc
(
δ − δref

)

where εC is the chemical expansion induced by non-stoichiometry δ 
relative to a reference δref as written in terms of δ, αC is a unitless 
parameter. The αC values are presented in Table 2. The calculated αC for 
GDC-10 is close to the value of pure cerium oxide and for GDC-Zr-5/5 
between Zr and Gd-doped cerium oxide, as expected.

Beside chemical expansion during reduction also chemical contrac
tion during oxidation was studied. It is assumed that when the pre- 
reduced samples are heated under air, they contract during re- 
oxidation and thus the cations and anions relax in the crystal lattice to 
their original positions. The chemical contraction was measured during 
second heating of reduced samples under air. The relative changes in 
length of a pre-reduced GDC-10 sample when reheated in air atmo
sphere measured with dilatometry are shown below in Fig. 22.

The re-oxidation of GDC-10 occurs very fast and already at temper
atures as low as 200 ◦C. The degree of re-oxidation δ, influences the 
extent of contraction, which relates to the prior expansion during 
reduction. The re-oxidation temperature is also influenced by δ and 
decreases with increasing δ. Commonly, it can be stated that trivalent 
ions and their additional oxygen vacancies favour re-oxidation through 
their enhanced diffusion and surface exchange coefficient [55]. The 
main difference of GDC-10 and GDC-Zr-5/5 contraction could be seen at 
higher reduction. In the case of GDC-Zr-5/5 it can be observed that 
re-oxidation occurs in two stages, this is particularly clear for δ = 0.052. 
This interrupted contraction could be a further hint to different sub
structure phases. It is possible that oxygen vacancies that are present in 
pyrochlore configuration led to a different contraction during reox
idation than oxygen vacancies in fluorite configuration.

4. Conclusions

The present work provides a comprehensive assessment of the 
mechanisms that limit the long-term stability of Gd0.1Ce0.9O1.95 (GDC- 
10) under high-temperature (≥ 1400 ◦C) and low-pressure conditions 
that are typical for solar-thermochemical redox cycles. Prolonged 
exposure of GDC-10 to a high-vacuum environment (≈ 10⁻⁴ bar) at 1400 
◦C induces pronounced morphological degradation: a porous, spongy 
surface layer develops as a consequence of the selective sublimation of 
Cerium. The evolution of this layer follows the Hertz-Knudsen-Langmuir 
relation and reproduces the behaviour reported by Knoblauch et al. 
[17].

Fig. 21. Relative length change as a function of delta of GDC-10 in comparison 
to data of La, Zr and Yb-doped [17] and undoped ceria [23,51].

Table 2 
The linear coefficients of chemical expansion of GDC-10 and 
GDC-Zr-5/5 compared to doped ceria in the literature.

Sample αc

CeO2 [23] 0.10
Ce0.9La0.1O1.95 [17] 0.12
Ce0.9Yb0.1O1.95 [17] 0.11
Ce0.9Zr0.1O2 [17] 0.087
Ce0.9Gd0.1O1.95 [54] 0.14
Ce0.9Pr0.1O1.95 [54] 0.087
Ce0.9Zr0.05La0.05O1.975 [17] 0.10
Ce0.9Zr0.05Yb0.05O1.975 [17] 0.099
GDC-10 0.10
GDC-Zr-5/5 0.093

Fig. 22. Relative change in length (ε in %) of GDC-10 during re-oxidation of different reduction states as function of temperature.
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In contrast, identical thermal treatments performed in argon at the 
same temperature and for up to 72 h do not produce comparable 
porosity, demonstrating that the oxygen partial pressure alone is not the 
governing parameter. Instead, the total pressure in the vacuum envi
ronment is identified as the primary driver of Cerium evaporation and 
the ensuing surface degradation.

A series of experiments conducted at 1500 ◦C for 72 h confirms that 
temperature and exposure time are secondary factors; the low total 
pressure remains the dominant variable. Time‑resolved measurements 
at 1400 ◦C reveal that the extent of surface degradation follows a 
parabolic kinetic law up to 20 h, indicating a diffusion‑controlled pro
cess. Energy‑dispersive X-ray spectroscopy shows a marked enrichment 
of Gadolinium around open pores, while closed pores retain the original 
composition, confirming that Gadolinium accumulates where Cerium is 
removed.

Crystallographic analyses (x-ray diffraction (XRD) and Raman) 
detect the formation of cubic Gd₂O₃ and monoclinic Gd₂SiO₅ phases, 
which become more pronounced with increasing exposure time from the 
heating elements of the furnace.

Building on recent observations by Shugurov [18], the effect of Zr 
co-doping was investigated by synthesising Ce₀.₉Gd₀.₀₅Zr₀.₀₅O₁.₉₇₅ 
(GDC-Zr-5/5) via a sol-gel route. Time-dependent experiments and 
exponential fitting reveal a thicker, more porous surface layer for the 
Zr-containing composition, indicative of enhanced Ce⁴⁺ diffusion in 
earlier stages and limiting after 10 h due phase stabilization. Raman 
spectroscopy confirms the emergence of a pyrochlore phase in the 
reduced state, while XRD identifies a cubic Gd-silicate phase and char
acteristic reflection splitting associated with the co-dopant. Compared 
with GDC-10, the Zr-doped material exhibits a saturation of surface 
degradation, suggesting a stabilising effect.

Comparison with Knudsen effusion mass spectrometry and me
chanical properties (dilatometry) studies provided further insights into 
the evaporation mechanism. While the initial CeO2 vapor pressure over 
GDC-10 and GDC-Zr-5/5 is almost the same, the measured vapor pres
sure of co-doped samples is significantly lower after aging. Zirconium 
co-doping reduces chemical expansion, shortens relaxation times, and 
with this improves mechanical stability during redox cycling. Thermal 
expansion coefficients determined between 1200 ◦C and 1400 ◦C are 
comparable to literature values, while the chemical contraction 
observed upon re-oxidation points to more facile diffusion of trivalent 
ions.

In summary, GDC-10 remains a benchmark material for solar- 
thermochemical applications, yet its operational durability is compro
mised under low-pressure environments because of Cerium evaporation 
and the concomitant surface accumulation of Gadolinium. The inte
gration of Zirconium as a stabilizing dopant presents a viable pathway to 
mitigate these effects, combining improved thermodynamic stability as 
well as decreased chemical and thermal expansion coefficients favorable 
for application with retained ionic conductivity. Future work should 
focus on quantifying the impact of Zirconium co-doping on actual fuel 
yield and long-term usage. A special focus should be set on the formed 
Cerium depletion zone and its effect on the operativity. Another 
important and critical point is membrane application with thin- 
membrane layers, which could be impaired really quickly. Further, the 
testing over multiple redox cycles, as well as optimizing microstructure 
and reactor design for scalable deployment are recommended.
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