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Isotope Exchange Raman Spectroscopy (IERS): A Novel
Technique to Probe Physicochemical Processes In Situ

Alexander Stangl,* Dolors Pla, Caroline Pirovano, Odette Chaix-Pluchery, Federico Baiutti,
Francesco Chiabrera, Albert Tarancón, Carmen Jiménez, Michel Mermoux,
and Mónica Burriel*

A novel in situ methodology for the direct study of mass-transport properties
in oxides with spatial and unprecedented time resolution, based on Raman
spectroscopy coupled to isothermal isotope exchanges, is developed.
Changes in the isotope concentration, resulting in a Raman frequency shift,
can be followed in real time, which is not accessible by conventional methods,
enabling complementary insights for the study of ion-transport properties of
electrode and electrolyte materials for advanced solid-state electrochemical
devices. The proof of concept and strengths of isotope exchange Raman
spectroscopy (IERS) is demonstrated by studying the oxygen isotope
back-exchange in gadolinium-doped ceria (CGO) thin films. Resulting oxygen
self-diffusion and surface exchange coefficients are compared to conventional
time-of-flight secondary-ion mass spectrometry (ToF-SIMS) characterization
and literature values, showing good agreement, while at the same time
providing additional insight, challenging established assumptions. IERS
captivates through its rapidity, simple setup, non-destructive nature, cost
effectiveness, and versatile fields of application and thus can readily be
integrated as new standard tool for in situ and operando characterization in
many laboratories worldwide. The applicability of this method is expected to
consolidate the understanding of elementary physicochemical processes and
impact various emerging fields including solid oxide cells, battery research,
and beyond.
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1. Introduction

Many types of advanced solid-state electro-
chemical devices, spanning over a large
range of applications from energy conver-
sion, transport, and storage, environmental
gas sensing to neuromorphic comput-
ing, are built upon versatile ionic and/or
electronic conducting materials, where ion
kinetics are key to the functional properties.
Oxides are at the center of this emerging
materials class.[1] Accelerating the devel-
opment of tuned metal oxides is therefore
an integral part toward high performance
and miniaturized electrochemical sys-
tems. This strategy requires innovative
approaches to materials synthesis[2] and
nano-engineering,[3] as well as a con-
stantly expanding toolbox for deeper
fundamental understandings. Time and
cost intensive techniques based on large
scale facilities or lab based cutting edge
experimental setups (e.g., synchrotron,
in situ transmission electron microscopy
(TEM),[4] near-ambient-pressure Xray
photoelectron spectroscopy (NAP-XPS),
etc.[5]) contribute with outstanding insights
into highly relevant physicochemical
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processes with remarkable spatial and temporal resolution.
However, the widespread availability of advanced characteriza-
tion techniques, especially focusing on in situ and operando
characterization,[6–8] is essential for the efficient and timely mate-
rial studies with high-throughput capabilities. Traditionally, oxy-
gen transport properties are addressed by three approaches: elec-
trochemical impedance spectroscopy (EIS), electrical conductiv-
ity relaxation (ECR), and isotope exchange depth profiling cou-
pled to secondary-ion mass spectrometry (IEDP-SIMS). Each
one is characterized by certain benefits and limitations in terms
of applicability, costs, information depth, and preservation of
sample integrity. Here, we aim to expand the scientific toolkit
by introducing a novel, readily accessible in situ methodology
based on the coupling of isotopic exchange with micro Raman
spectroscopy for the characterization of mass-transport kinet-
ics in real time, without the need of expensive and/or time-
consuming techniques.

Raman spectroscopy is known as a powerful and efficient, yet
standard tool for assessing the microstructure and defect land-
scape of various types of materials including metal oxides. In par-
ticular, it has a long lasting and successful history for in situ char-
acterization of catalyst materials[9–11] and lithium intercalation in
battery electrodes[12–15] using visible light. Raman spectroscopy
is generally considered a vibrational spectroscopy technique and,
as such, sensitive to the mass of the atoms constituting a crystal.
The isotopic substitution thus provides a mass contrast, which
can be utilized for the assignment of vibrational modes,[16] the
study of isotopic fractions,[17] or irradiation effects[18] and to in-
vestigate bevelled surfaces for isotopic depth profiling.[19,20] How-
ever, there are only a few works that combine in situ Raman
spectroscopy with 18O/16O isotopic substitution,[21,22] focussing
on surface structures,[23–25] rather than exchange kinetics. Oxy-
gen self-diffusion in Y2O3–ZrO2 bulk has only been addressed
indirectly by Raman spectroscopy by following the amount of 18O
tracer atoms in the ambient gas.[26] Finally, and only very recently,
in situ Raman measurements have been employed to extract ki-
netic coefficients via hydrogen/deuterium exchange by tracking
the fraction of Raman band intensities.[27–29]

In this study, we take advantage of the mass sensitivity of Ra-
man spectroscopy and demonstrate the possibility to follow con-
tinuous temporal changes in the vibrational frequency spectra
as a function of the isotopic concentration of oxygen by in situ
Raman spectroscopy for the characterization of tracer exchange
and diffusion properties and thus, make oxygen movement in-
side a material visible. To the best of our knowledge, this is the
first time that oxygen tracer exchange processes can be directly
followed in real time by any means. This methodology can be
readily expanded to other fields of application, including e.g., the
study of isotopically labeled Li in Li-ion batteries and O in new O-
ion batteries,[30] heralding a new era of tracer-based experiments.

In the following section, the fundamentals of the isotope ef-
fect on the Raman spectra are briefly introduced and the novel
in situ isotope exchange Raman spectroscopy (IERS) methodol-
ogy is presented, including a discussion on requirements, advan-
tages, and limitations. Finally, surface exchange coefficients with
corresponding activation energies and in-plane diffusion coeffi-
cients for Ce0.8Gd0.2O2 −𝛿 thin films are reported for in situ mea-
surements and compared to values obtained by the conventional
ToF-SIMS approach and literature.

2. Methods

2.1. Isotope Effect in Raman Spectroscopy

As vibrational spectroscopy technique Raman spectroscopy is
sensitive to the mass of the atoms constituting a molecule or a
crystal. Within the framework of the harmonic approximation,
the wavenumber, 𝜔, of a specific vibrational mode is proportional
to:

𝜔 ∝
√

k
𝜇

(1)

where k is a spring constant and 𝜇 the reduced mass. Here,
the effective reduced mass provides chemical and/or isotopic
information. The virtual crystal approximation (VCA) is usu-
ally introduced for a crystal containing several isotopes in or-
der to recover the translational invariance lifted by the isotopic
disorder, meaning that masses of these isotopes are simply re-
placed by their average weighted relative abundances, m̄.[31,32]

This approximation allows to understand the one mode be-
havior observed for monoatomic crystals as well as for crys-
tals with different elements in the primitive cell, i.e., the iso-
topic mass disorder is only a weak perturbation of the crystal
properties.

While IERS can be applied using different isotopic tracer el-
ements, including 6Li and 18O, we will restrict ourselves in the
following to the latter. The analysis for O-dominated or purely
oxygen related vibrational modes is straightforward. The mass of
the virtual crystal atoms is given by:

m̄ = 18C ⋅ m̄18O + (1 − 18C)m̄16O (2)

with the atomic weights m18O = 17.999 u and m16O = 15.995 u of
18O and 16O, respectively and the 18O isotopic fraction:

18C =
[18O]

[18O] + [16O]
(3)

Since the force constants, in the harmonic approximation, are
constant, the relative shift due to isotopic substitution, can be es-
timated within the VCA model using Equation 1:

𝜔(18C)
𝜔ref

=
√

𝜇ref

𝜇(18C)
=

√
m̄ref

m̄(18C)
(4)

and thus 𝜔 ∝ 18C−1/2

2.2. In situ Isotope Exchange Raman Spectroscopy

IERS is based on the sensitivity of Raman spectroscopy to iso-
topic fractions. Upon thermal activation of oxygen isotopic ex-
change by heating a sample in a gas atmosphere of isotopic
concentration different from the specimen, the Raman shift
can be followed in situ with time and spatial resolution (see
Figure 1). IERS can be applied to study the exchange (i.e., in-
troducing 18O into the sample) as well as the back-exchange
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Figure 1. Schematic of novel IERS methodology to study surface and dif-
fusion limited processes, based on isotopic Raman shifts.

(i.e., removing 18O from the sample) as a function of tem-
perature, pressure, humidity, gas constituents, etc. in a non-
destructive manner. Studying the back-exchange, however, allows
to drastically reduce the tracer gas consumption and enables
the use of conventional temperature cells. To obtain meaning-
ful transients, exchanges must be performed under isothermal
conditions.

We developed two scenarios for the application of in situ IERS.
The first one, for the direct characterization of the tracer surface
exchange coefficient, k*, is restricted to the study of surface lim-
ited reactions and thus to thin films and (nano-) powders. The
measured transients can be related to a kinetic model, as outlined
in the next section.

The second case expands the applicability of IERS to diffusion
limited reactions (thin films and dense bulk materials) and gives
access as well to the in-plane self diffusion coefficient, D*. There-
fore the sample is coated with a thin, Raman transparent and
inert conformal capping layer to inhibit oxygen exchange at the
surface. Next, a trench in the coating and film/bulk is opened, ex-
posing the materials surface to the atmosphere and thus allow-
ing oxygen exchange only along one well defined side.[33] This
results in an in-plane isotopic concentration gradient during an
isotope exchange, which can be followed by performing consecu-
tive measurements at different distances from the open surface,
as schematically shown in the lower panel of Figure 1. The dif-
fusion profiles as a function of time, obtained by interpolation
of the transients at each position, can be modeled by Fick’s sec-
ond law to retrieve tracer exchange and in-plane diffusion pa-
rameters. The time and spatial resolution of this technique en-
ables an unparalleled analysis of tracer exchange and diffusion
processes.

2.2.1. Theoretical Considerations on Mass-Transport Laws

The isotopic transitions can be analyzed within the frame-
work of irreversible thermodynamics to obtain tracer surface
oxygen exchange and bulk transport parameters, equivalent
to the analysis performed in various time resolved relaxation
techniques to obtain chemical transport coefficients, including
electrical conductivity,[34] strain,[35] gravimetric,[36] and optical
transmission[37] relaxation. Ideally, the driving force for IERS
measurements is purely of thermodynamic origin, without any
chemical gradients.

The oxygen tracer flux through the surface, J*, can be devel-
oped as a function of the concentration difference across the
interface:[38]

J∗ =
∞∑

i=0

k∗i (18Cgas − 18Csurface(t))i (5)

with the tracer concentration in the atmosphere, 18Cgas and the
outermost surface layer of the solid, 18Csurface(t) and the tracer
surface exchange coefficient, k∗i . For simple homogenous kinet-
ics and small deviations from equilibrium, its expansion is com-
monly cut after the linear term.[39]

Using Equation (5) in its linear form and a plane sheet geom-
etry the solution to Fick’s second diffusion law in the case of a
single rate determining step (RDS) within the surface is given
by:

C′(t) =
18C(t) − 18Cini
18Cgas − 18Cini

∝
𝜔(t) − 𝜔ini

𝜔∞ − 𝜔ini
(6)

=

{
1 − exp−t∕𝜏 (6a)

1 − sin2a exp−t∕𝜏𝛼 − cos2aexp−t∕𝜏𝛽 (6b)

with the normalized isotopic fraction, C′, the 18O abundance
within the sample at t = 0 and the gas phase, 18Cini and 18Cgas,
respectively. The characteristic time constant, 𝜏, in Equation 6a
is linked to the rate-limiting step via 𝜏 = df/k*, with the film thick-
ness, df. However, it is often found that a single exponential decay
does not describe sufficiently well the experimental data, which
is compensated by introducing a parallel contribution using two
time constants, 𝜏𝛼 and 𝜏𝛽 , and a weighting factor, a, as given in
Equation (6b). This is commonly explained by differences in ex-
posed surface areas, such as grain and grain boundary or differ-
ent terminations.[3,40–42] Additionally, we consider the case of a
non-linear reaction rate by expanding Equation (5) to the second
order. For a surface limited reaction the solution of Fick’s law be-
comes:

C′(t) = 1 −
𝜏2(

𝜏1 + 𝜏2

)
exp[t∕𝜏1] + 𝜏1

(7)

with k∗i = df∕𝜏i

2.2.2. Discussion on the Novel IERS Methodology

Before moving on to the results section, we would like to review
the outlined IERS methodology and address several potential
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issues, such as thermally induced stress, time resolution and
laser light related effects. First, fast heating ramps are recom-
mended to minimize isotopic exchange during the heating and
to obtain the best time resolution. However, heating rates have
to be defined within a material specific range to avoid the for-
mation of cracks and thus damage of the oxide surface, as this
could alter the observed isotope exchange rates, e.g., by increas-
ing the exposed surface area, or the exposure of different surface
terminations. For the accurate measurements the material under
investigation must be able to withstand the thermally induced
stress. However, IERS is also applicable to materials that cannot
withstand fast ramps, at the expense of time resolution at the ini-
tial stage. In this case, the isotopic exchange during the heating
ramp can be quantified using a thermal calibration at low temper-
atures, as discussed below. In general, slow heating/cooling rates
can be used when measuring at either reduced temperatures or
for materials with slower mass-transport properties.

Second, the spectrum acquisition time must be small com-
pared to the time constant of the exchange process in order to
provide sufficient time resolution while ensuring an adequate
signal-to-noise ratio and avoiding an artificial line broadening.
This requirement defines a material specific upper temperature
limit for the applicability of IERS.

Third, laser induced heating and/or photoenhanced activ-
ity can potentially affect the thermally activated intrinsic ex-
change activity of the material. Photoenhanced activation of
oxygen exchange is long known[43,44] and is understood via
the formation of e′–h• pairs across the bandgap (for h𝜈 >

Egap), which increases the electron concentration in the con-
duction band.[45,46] Provided that electrons are the rate deter-
mining species of oxygen incorporation, irradiation may en-
hance the surface exchange rates. Additionally, it was shown re-
cently that ionic conductivity of CGO grain boundaries can be
significantly improved upon illumination with above bandgap
light.[47] Material dependent effects of laser light irradiation ei-
ther due to direct laser heating or photoenhanced activity have
to be excluded for accurate assessment of transport kinetics, as
discussed below.

3. Results and Discussion

3.1. Structural and Chemical Characterization

Polycrystalline Ce0.8Gd0.2O2−𝛿 thin films were deposited by PLD
on Pt/Si substrates (see experimental for more details). The film
thicknesses of the studied samples were about 120 nm with a
dense structure, nanometric grains (48 ± 23 nm) and low rough-
ness (Rq = 1.6 nm). A summary of their main characteristics is
shown in Figure S1 (Supporting Information).

Cerium oxide has the cubic fluorite structure (O5
h (Fm-3m)

space group). This structure has six optical-phonon branches,
which yield one infrared active phonon of T1u symmetry and one
Raman active phonon of T2g symmetry at k = O. The infrared
and Raman active modes involve the antisymmetric and sym-
metric stretching vibrations of the cation–oxygen O–Ce–O units,
respectively. The Raman-active mode therefore only involves the
motion of oxygen atoms. For undoped cerium oxide, this mode
is observed at approximately 465 cm−1.

The Raman spectrum of an as deposited CGO thin film with
natural 18O isotopic abundance (0.2%) is shown in Figure S1a
(Supporting Information) (see also Figure 2b). While its main
band still arises around 465 cm−1, doping with trivalent rare earth
cations, like Gd3 + creates a symmetry breaking in the lattice, re-
sulting in a long tail evolving on the left shoulder of the band[48]

and two additional features between 550 and 600 cm−1 in the
Raman spectrum of CGO. These additional bands are disorder-
induced modes related to oxygen vacancies created to maintain
charge neutrality when Gd3 + ions are incorporated in Ce4 + sites,
according to 2[Gd

′

Ce]=[V⋅⋅
O].[49] The contribution of the Si substrate

is effectively blocked by the metallic Pt buffer layer. This buffer
layer is not a requirement for IERS measurements, but allows
for the case of CGO deposited on silicon substrate to improve the
overall Raman signal quality. The T2g mode position is obtained
by line fitting, as exemplarily shown in Figure S2a (Supporting
Information).

Subsequently, some of the CGO films were enriched in 18O.
The elemental and isotopic concentration as a function of film
thickness was analyzed by ToF-SIMS for several samples at dif-
ferent stages of 18O enrichment, as shown in Figure 2a for a CGO
sample exchanged at 640 °C (0.5 h) and two samples partially
16O back-exchanged at 400 °C (1 h and 20 h, respectively). For
all studied films, the resulting 18C curves are flat. The absence
of a diffusion profile indicates that the oxygen exchange is lim-
ited by surface processes, while bulk diffusion is comparably fast.
The depth profiles of selected secondary-ion species are shown in
Figure S3 (Supporting Information) for a CGO sample after 18O
exchange at 640 °C.

The substitution of heavy oxygen into the crystal lattice effec-
tively leads to a modification of the vibrational spectra and results
in a red shift of the T2g mode of about 20 cm−1, i.e., 4.3%, between
the 16O reference and 18O exchanged CGO sample, as shown in
Figure 2b. The strong downshift of the defect-induced lines upon
18O substitution confirms that these modes involve oxygen mo-
tion as well.

The dependence of the maximum position of the T2g mode,
𝜔max, on the isotopic concentration is shown in Figure 2c, with
the 18O filling level measured by ToF-SIMS. The dashed line
shows the best fit of experimental data using the VCA model,
as given by Equation 4. The observed line shifts correspond to
those expected, within the experimental accuracy. Thus, 18C can
be precisely assessed via Raman spectroscopy, see also Figure S4
(Supporting Information).

It is worthwhile to note that in off-resonant conditions (as is
the case here) the penetration depth of the laser exceeds the film
thickness. The isotopic concentration, obtained via the measured
Raman shift, therefore corresponds to an average concentration
across the film thickness. Any inhomogeneous 18O concentra-
tion along the out of plane direction is expected to lead to a mod-
ification of the line shape of the T2g mode, i.e., the peak width
and profile. This is not observed in the present films and a ho-
mogenous oxygen concentration can be assumed, in agreement
with flat SIMS depth profiles. Thus, the T2g mode frequency is
the only information needed to determine the 18O content in the
thin films.

Finally, the evolution of the Raman spectra with tempera-
ture is shown in Figure S5a (Supporting Information). The
T2g mode remains well defined at elevated temperatures, while
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Figure 2. Isotopic Raman shift. a) ToF-SIMS 18O depth profiles for 16O annealed reference sample, 18O exchanged film and two films back-exchanged at
400 °C for 1 and 20 h, respectively. b) 18O-induced shift as observed by Raman spectroscopy. c) Correlation of Raman shift and the isotopic concentration.
The dashed line is the fit of the data to the virtual crystal approximation (VCA).

thermal expansion of the lattice and anharmonic effects both
induce a quite linear shift of its maximum position to lower
wavenumbers, as depicted in Figure S5b (Supporting Infor-
mation), accompanied by a broadening of the mode. The fre-
quency of the T2g mode of both, 16O reference and 18O en-
riched films exhibit a very similar temperature dependence,
i.e., the isotopic shift, Δ𝜔, remains approximately constant with
temperature. Combining Equation (4) with the linear temper-
ature shift, hence allows to obtain in situ the 18C concentra-

tion at elevated temperatures based on the measurement of
Raman frequencies.

3.2. IERS for Surface Limited Thin Film Scenario

The strengths of IERS for the analysis of surface limited kinet-
ics are demonstrated by the study of CGO thin films. The in situ
isotopic shift of the Raman spectrum is shown in Figure 3a for a
back-exchange experiment in dry air atmosphere at 400 °C. The

Figure 3. In situ isotopic exchange Raman spectroscopy. a) Raman spectrum of CGO as a function of time at 400 °C. b) In situ back-exchange transients
at different temperatures in flowing dry air (pO2 = 0.21 atm). Dotted, dashed, and dashed-dotted lines through the 400 °C data set correspond to single
and double exponential fittings (𝜏single and 𝜏parallel) and the non-linear reaction rate model (𝜏non-lin.). c) Shift from initial (𝜔(t = 0)) 18O to (expected) final
16O state in a (𝜔max–T) diagram. d) Arrhenius-type plot of the surface exchange coefficient, k*, obtained by in situ and ex situ techniques. Open/closed
circles and diamonds correspond to short/long annealings, see main text for details.
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shift of the T2g mode to higher wavenumbers is readily visible. As
the FWHM of the T2g band varies less than 5% over the course
of the transition, see Figure S6e (Supporting Information), its
influence on the determination of the peak position can be ne-
glected. It is noteworthy that the employed fast heating ramp of
100 °C min−1 did not impact the integrity of the CGO thin films,
as shown by SEM imaging after a thermal cycle, see Figure S7
(Supporting Information). Possible laser related effects on oxy-
gen exchange activity (i.e., direct laser heating or photoenhanced
activity) were discarded by back-exchanging two samples simul-
taneously, with only one exposed to irradiation, as described in
Figure S8 (Supporting Information). The resulting Raman shift
at room temperature is the same for both samples, as shown in
Figure S8b (Supporting Information) and therefore illumination
effects can be safely neglected under chosen measurement con-
ditions.

On the other hand, Pt is well known as a catalyst for oxygen
reactions[50,51] and the employed Pt buffer layer could—upon dif-
fusion to the surface—lead to modifications of the observed oxy-
gen kinetics of ceria.[52,53] However, no such effect was found
during exchange and back-exchange experiments by comparing
CGO thin films simultaneously deposited on Pt/Si and MgO
single-crystal substrates, as shown in Figure S9 (Supporting In-
formation).

The gradual hardening of the normalized T2g mode is shown
in Figure 3b for different temperatures. Normalization is per-
formed with respect to the theoretical mode position before any
back-exchange, 𝜔(t = 0). A clear thermal activation of the ex-
change process is observed. The (𝜔max–T) diagram in Figure 3c
shows the transitions from the initial 18O to the final 16O state,
whereas the expected temperature evolution of 𝜔(t = 0) and 𝜔(t
= ∞) is indicated with dashed lines. At high temperatures (T ⩾

450 °C), the initial part of the transients cannot be resolved, as
the time scale of the isotopic exchange is comparable to the ac-
quisition time.

The experimental data is modeled using Equation (6a,b) with
a single and two parallel exponentials, respectively, as well as
Equation (7) derived for non-linear reaction rates, as shown for
the back-exchange transient at 400 °C in Figure 3b with a dot-
ted (𝜏single), dashed (𝜏parallel), and green dashed-dotted (𝜏non-lin.)
line, respectively. The simplest case of a single exponential de-
viates considerably from the in situ data, whereas the other two
models adequately fit the experimental transients. The deviations
of the different models from the experimental data are shown
in Figure S6 (Supporting Information). Two parallel saturation
times are commonly related to different surface areas, such as
grain boundary and lattice surface. It is noteworthy to mention
that the grain size in the studied CGO thin films is much smaller
than the size of the probing laser spot (1 μm2), which means that
different incorporation paths, e.g., within the grains and along
the grain boundaries, will not be distinguished. The surface ex-
change coefficients of the 𝜏parallel model are shown in Figure 3d
(open triangles). Both, k∗

𝛼
and k∗

𝛽
, follow an Arrhenius type be-

havior with an activation energy, EA, of 0.9 ± 0.1 eV. This EA is
comparable to values reported in literature for Gd-doped CeO2
within the analyzed temperature range.[54,55] Due to fast kinet-
ics at 500 °C, only a single surface exchange coefficient could be
estimated, which approximately falls onto the extrapolated Arrhe-
nius law of k∗

𝛼
.

Figure 4. CGO surface exchange kinetics. Tracer surface exchange coeffi-
cients as reported in the literature for different types of Ce1−xGdxO2 sam-
ples obtained by IEDP or PIE, compared to in situ values found in this work:
polycrystalline ceramics (x = 0.1 and x = 0.2 IEDP[55,56]), single-crystal
CGO (x = 0.3 IEDP[57]), and CGO particles (x = 0.2 PIE[54,58]).

For samples not fully back-exchanged (i.e., 18C > 10%), it is
possible to estimate a k* value based on ex situ measurements of
the 18C after the thermal annealing by analysing the room tem-
perature Raman shift and measuring the 18C by ToF-SIMS. This
conventional approach can estimate only a single time constant,
which is shown as well in Figure 3d. Interestingly, these values
fall onto the lines of k∗

𝛼
and k∗

𝛽
depending on their annealing time.

For short annealing durations of less than one hour, fast k* val-
ues are found (open diamonds and open circles), while for an
annealing of 20 h at 400 °C a slow k* value is obtained (closed
symbols, compare as well with SIMS depth profiles in Figure 2a).
A similar effect was observed for the initial 18O exchange in CGO.
We can therefore conclude that simple linear kinetics indeed fail
to model the observed processes and the time resolution of in
situ IERS provides a richer insight into the physico-chemical pro-
cesses than conventional approaches.

Figure 4 summarises surface exchange coefficients from this
study and from the literature on different Gd-doped ceria sam-
ples, ranging from 10 to 31 mol%. Activation energies range from
2.5–4 eV at high temperatures, to around 1.5 eV at intermediate
temperatures and down to 0.5–1 eV at low temperatures, while
k* varies between two to three orders of magnitude for differ-
ent sample types and analysis techniques, including IEDP and
pulsed isotope exchange (PIE). Note that the literature results
presented are all obtained for 18O exchange experiments, while
in this study, we have studied in situ isotope back-exchanges to
minimize the consumption of expensive 18O tracer gas. How-
ever, tracer exchange and diffusion experiments are expected to
be equivalent in both directions[59] and given a suitable tempera-
ture cell, IERS can readily be applied as well for the in situ anal-
ysis of the 18O exchange.

Potential interactions with water vapor,[60] pO2 dependence of
k*,[61] and the presence of catalytically active contaminations[54]

have been discussed previously in the literature, but could
not entangle the observed scatter of surface exchange coeffi-
cients, which is commonly found for many different fluorite and

Adv. Mater. 2023, 35, 2303259 2303259 (6 of 10) © 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 5. IERS for diffusion limited transport process. In-plane diffusion measurements on thin film CGO sample with a 40 nm Al2O3 capping layer.
a) In situ Raman mode shift measured at 450 °C of CGO/Al2O3 with a trench (colored circles), measured at different in-plane distances from the open
surface and uncoated CGO (open diamonds). b) Normalized isotopic fraction as a function of in-plane distance from open surface at 500 °C. Dashed
lines connect interpolated data points at discrete times, ti. Solid lines correspond to FEM simulations (COMSOL) for ti = 1000, 4000, and 11 000 s,
using three parameters (k*, D*, and k∗

Al2O3
). c) Transport parameters as a function of time, obtained by FEM simulation of in situ data at 500 °C.

perovskite-type materials. It is interesting to note that k* values
obtained by Yoo via PIE connect well to our fast k∗

𝛼
values, where

exchange times are very short (10 ms to 10 s), while the exchange
experiments of Kowalski[55] with longer annealing times (4 h)
compare well with the slower in situ time constants (i.e., k∗

𝛽
).

In a scenario of a partially blocking surface (e.g., inert parti-
cles on the surface of the CGO film), one of the two apparent in
situ k* values could correspond in reality to an in-plane diffusion
process,[62] with diffusion coefficients in the range of 1 × 10−14

to 1 × 10−17 cm2 s−1. These values are orders of magnitude lower
than D* values obtained for CGO by in situ Raman spectroscopy
or reported in the literature. Thus, it is implausible that one of
the two parallel processes relates to a diffusion mechanism.

On the other hand, Rutman et al. found a dependence of k* on
the grain size of Gd-doped CeO2 nano powder,[63] increasing by a
factor of five from 5 to 50 nm. As shown in Figure S2b (Support-
ing Information), the samples studied here show a broad grain
size distribution, which could cause the deviation from a sin-
gle exponential behavior. This dependence could be potentially
addressed by novel techniques based on isotope exchange cou-
pled to atomic probe tomography with nanometric resolution,[64]

which is beyond the scope of this study.

3.3. IERS for Diffusion Limited Transport Processes

The capability of IERS for the study of diffusion limited reac-
tions in an unprecedented manner, is demonstrated using a
CGO/Al2O3 model system, where oxygen exchange is enabled
only at a trench along the centerline (see schematic in Figure S10,
Supporting Information). Time resolved isotope diffusion pro-
files are obtained via consecutive line scans perpendicular to the
trench, as shown in Figure 5a at 450 °C. At all x positions, a
smooth transition can be observed, while the Raman mode shift
becomes much slower with increasing distance to the open sur-
face, due to the increasing diffusion length. In comparison to

an un-capped CGO sample (open diamonds, surface limited pro-
cess) kinetic differences are evident. In the next step, each tran-
sient was interpolated via curve fitting, as indicated with dashed
lines, to obtain 𝜔(xi,ti) at discrete times, ti for all measured posi-
tions xi, which can be converted into C′ using the VCA approx-
imation. The resulting isotopic diffusion profiles are shown in
Figure 5b. Exchange and diffusion coefficients (k* and D*) were
retrieved by comparing experimental data to FEM simulations
(COMSOL, the used 2D geometry is shown in Figure S10, Sup-
porting Information). Notably, C′ is flat for x > 80 μm, but in-
creases with time. In the simplest case this can be understood
as a small leakage of oxygen through the alumina capping and
can be considered by the introduction of an additional exchange
coefficient, k∗Al2O3

, at the top surface. Representative least square
solutions are shown for ti =1000, 4000 and 11000 s with solid
lines in Figure 5(b). Resulting diffusion coefficients (D* ≈ 2 ×
10−9 cm s−2) match well with literature values extrapolated to
500 °C (D∗

lit. = 1 × 10−9 to 1 × 10−8 cm s−2)[56,57] and k* ≈ 4
× 10−7 cm s−1 is in reasonable agreement with values reported
above. The exchange through the capping layer is orders of mag-
nitude slower, i.e. k∗Al2O3

≈ 2 × 10−10 cm s−1.
Interestingly, diffusion profiles at different times cannot be fit-

ted with the same set of transport parameters (k*, k∗Al2O3
, and

D*), but must be optimized for each time. Evolution with time
of the best matching values is shown in Figure 5c. Similar to
the surface limited case described above, we find non-simple
reaction kinetics that cannot be described with a single time
constant for the surface exchange (side and top) and diffusion.
This apparent time dependence of the surface exchange coeffi-
cients may be lifted by the introduction of different surface ar-
eas (as for the surface limited case, i.e., two parallel contribu-
tions), or the consideration of non-linear thermodynamics al-
ready for the simple case of a purely entropic driving force in
tracer exchange experiments. Possessing the capability to address
this type of questions renders one of the main advantages of
IERS.

Adv. Mater. 2023, 35, 2303259 2303259 (7 of 10) © 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Finally, in situ measurements are validated by room tempera-
ture Raman mapping of the surface after the back-exchange, as
shown in Figure S11a (Supporting Information). The isotopic in-
plane gradient is readily visible via the wavenumber shift. The
average line profile (solid line in the upper panel in Figure S11a,
Supporting Information) is used to obtain transport properties
via FEM simulations. The obtained values (k* = 4 × 10−7 cm s−1,
k∗Al2O3

= 7 × 10−11 cm s−1 , and D* = 2 × 10−9 cm s−2) are in perfect
agreement with the figures from in situ measurements, obtained
for the last diffusion profile (ti = 11 000 s). This validates that
isotopic exchange Raman spectroscopy is a powerful tool for the
characterization of mass-transport properties of oxide materials
under in situ conditions.

4. Conclusion

Novel isotope exchange Raman spectroscopy (IERS) allows to di-
rectly measure tracer surface exchange and self-diffusion coeffi-
cients in situ with time and spatial resolution, not accessible by
means of conventional techniques. We have used IERS to mea-
sure transport properties and corresponding activation energies
for Gd-doped CeO2 thin films. The obtained values are in good
agreement with classical ex situ approaches and previously re-
ported values. However, thanks to the time resolution of IERS, we
were able to gain additional information depth opening up ques-
tions on the validity of simple linear irreversible reaction kinetics,
which can be further addressed using this new methodology.

The strengths of IERS are its simple setup, fast and easy data
acquisition and analysis, economic benefits and resource effi-
ciency, and therefore its wide applicability for the study of func-
tional oxides for energy applications and beyond as a function of
various process parameters under in situ and operando condi-
tions.

5. Experimental Section

Ce1−xGdxO2 (x = 0.2) thin films were fabricated by large-area
pulsed laser deposition (PVD Systems, PLD 5000) equipped with
a 248 nm KrF excimer laser (Lambda Physics, COMPex PRO 205)
under the following conditions: temperature 700 °C, oxygen pres-
sure 7 × 10−3 mbar, target to substrate distance 90 mm, laser
fluency ≈1.2 J cm−2, 10 Hz repetition rate. The oxide thin films
were deposited on top of 10×10 mm2 Si (111) wafers, coated with
a Pt (150 nm)/TiO2 (40 nm)/SiO2 (500 nm) multilayer (LETI,
Grenoble, France). After deposition, samples were cut into sev-
eral pieces using a water cooled diamond saw. Thin (40–90 nm),
conformal Al2O3 capping layers were deposited by atomic layer
deposition (ALD) at 180 °C on top of the 18O filled CGO thin
films. Trenches were opened across the Al2O3 coating and CGO
layer at the center of the sample with a diamond tip, exposing the
out-of-plane CGO surface to the atmosphere.

For the isotope exchange, samples were placed in a sealed
quartz tube, evacuated and purged with Ar for three times, before
18O enriched oxygen was introduced (c(18O) = 98%, p = 0.2 atm,
CK Isotopes, UK). Samples were rapidly heated by rolling on a
tubular furnace with an approximate ramp of 100 °C min−1 to
640 °C. After 0.5 h, the furnace was rolled off. Pre-equilibration
steps in natural oxygen, as commonly performed for tracer dif-

fusion experiments, were omitted, as a high 18O isotopic frac-
tion was desired. For CGO, the oxygen vacancy concentration
within the studied temperature window was fixed by the amount
of Gd doping.[65,66] A temperature difference between the initial
exchange and the subsequent back-exchange, was therefore not
expected to cause an additional chemical driving force.

The chemical and isotopic composition was obtained by SIMS
analysis, which was performed using a ToF-SIMS V instrument
(ION-TOF GmbH Germany) equipped with a Bi liquid metal ion
gun (LMIG) for analysis and a caesium (Cs+) gun for sputtering.
Negative secondary ions were collected and data were obtained in
burst mode operation (six pulses), applying Poisson correction.
Charge effects were compensated by means of a 20 eV pulsed
electron flood gun. Depth profiling was performed by alternating
sputtering of a 300 × 300 μm2 surface area with the Cs+ ion beam
(2 keV, 110 nA) and chemical analysis with the Bi3 + primary ion
beam (25 keV, 0.25 pA, rastered surface area: 50 × 50 μm2). Gen-
erally two SIMS profiles per sample were recorded to confirm
its homogeneity.

Raman spectroscopy measurements were performed using a
Jobin Yvon/Horiba Labram spectrometer equipped with a liquid
nitrogen cooled CCD detector (Jobin Yvon-Horiba Spectrum One
CCD3000V). The blue excitation wavelength (488 nm) of an Ar+

laser was focused onto the surface with an approximate spot size
of 1 μm2. A 50× (long working distance) and a 100× objective
were used for in situ studies and room temperature measure-
ments, respectively. The maximum laser power on the sample
surface did not exceed 0.7–0.8 mW. Spectra were calibrated at
room temperature using a silicon reference sample with a the-
oretical position of 520.7 cm−1. The background was subtracted
for each spectrum using a third-order polynomial.

For in situ back-exchange measurements, a temperature cell
(Linkam THMS 600 and Nextron MPS-CHH) was mounted onto
the Raman stage. The cells were equipped with a ceramic heater
(diameter of 1’’ Linkam, 0.5’’ Nextron) and a sapphire window for
Raman measurements. For spatial resolution, the temperature
cell was mounted onto a motorized linear stage. The tempera-
ture cell was preheated for several hours before loading a sam-
ple to thermally equilibrate the setup and avoid the loss of focus
due to thermal expansion during the measurement. Fast heat-
ing ramps of up to 100 °C min−1 were used to minimise any iso-
topic exchange during the heating. Automatic Raman acquisition
was typically started within 30–60 s after reaching the exchange
temperature, with acquisition times of 120–240 s. Isotopic back-
exchanges were performed under flowing dry air (<100 ml min‒1)
of natural 18O composition at atmospheric pressure.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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