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I
onically conducting oxides are essential
components of various types of solid-
state electrochemical devices. In solid

oxide fuel cells (SOFCs) and oxygen sensors,
these oxides selectively conduct oxide ions
through oxygen vacancies and are com-
monly employed as electrolytes.1,2 One of
the key limitations for these oxides is the
sluggish oxygen surface kinetics at the gas�
electrolyte interface, which significantly hin-
ders oxygen incorporation. Hence, optimiz-
ing the surface kinetics of these oxides is
crucial for improving the electrochemical
performance.
Early results of oxygen exchange studies

using mass spectrometric analyses of the
isotopic composition of the gas phase over
various oxide surfaces have been compiled
by Winter3 and reviewed extensively by
Boreskov and Novakova.4,5 Ignoring homo-
geneous (i.e., homophase) exchange within
the gas phase, which is not relevant to the
present study, two mechanistic pathways
for the heterophase exchange reactions be-
tween the oxide surface and the gas phase
oxygen isotope were postulated. One in-
volves exchange between the molecular

oxygen isotope (i.e., 18O18O(g)) and a single
atom on the oxide surface (i.e., 16O(s)), while
the other mechanism involves two atoms in
the solid oxide (16O�16O(s)) participating in
the exchange reaction. The net reactions for
single and multiple exchange can be sum-
marized respectively by

18O18O(g) þ 16O(s) ¼ 18O16O(g) þ 18O(s)

ð1Þ
18O18O(g) þ 16O-16O(s)

¼ 18O-18O(s) þ 16O16O(g) ð2Þ
These reactions are envisioned to occur
at the outermost surface layers of oxides
involving the cooperative participation of
triatomic or tetra-atomic surface and sub-
surface oxygen intermediates.6 As expected,
oxygen exchange is a thermally activated
process. Isotopic exchange depth profiling
measurements on yttria-stabilized zirconia
(YSZ) and gadolinia-doped ceria (GDC) using
secondary ion mass spectrometry (SIMS) in-
dicated an abrupt change in the activation
energy for exchange at around 700 �C,
from 0.7 eV (67 kJ/mol) for YSZ and 0.6 eV
(58 kJ/mol) for GDC below 700 �C to 2.3 eV

* Address correspondence to
ccchao1@stanford.edu;
joongspark@lbl.gov.

Received for review November 2, 2012
and accepted February 11, 2013.

Published online
10.1021/nn305122f

ABSTRACT Ion conducting oxides are commonly used as electrolytes in electrochemical

devices including solid oxide fuel cells and oxygen sensors. A typical issue with these oxide

electrolytes is sluggish oxygen surface kinetics at the gas�electrolyte interface. An approach to

overcome this sluggish kinetics is by engineering the oxide surface with a lower oxygen

incorporation barrier. In this study, we engineered the surface doping concentration of a

common oxide electrolyte, yttria-stabilized zirconia (YSZ), with the help of atomic layer

deposition (ALD). On optimizing the dopant concentration at the surface of single-crystal YSZ, a

5-fold increase in the oxygen surface exchange coefficient of the electrolyte was observed using

isotopic oxygen exchange experiments coupled with secondary ion mass spectrometer

measurements. The results demonstrate that electrolyte surface engineering with ALD can have a meaningful impact on the performance of

electrochemical devices.
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(222 kJ/mol) for YSZ and 3.3 eV (318 kJ/mol) for GDC
above 700 �C.7 Interestingly, high-temperature values
for the activation energies are nearly half the value for
the corresponding band gaps for YSZ and GDC, sug-
gesting that the availability of electrons during ex-
change at temperatures above 700 �C may be rate
limiting. Exchange parameters such as activation en-
ergy and exchange ratemay depend on various factors
including the electrostatic lattice energy, impurity
segregation, surface basicity, the heat of formation of
the oxide, oxygen-to-oxygen lattice distance, and the
pretreatment history of the oxide prior to exchange.
For example, Winter8 reported the activation energy
for isotopic exchange on ZrO2 that was pretreated in a
vacuumat 550�650 �C to be 63 kJ/mol, while this value
doubles to 125 kJ/mol for pretreatment in oxygen,
suggesting that the role of oxygen vacancies at or near
the surface may be important. Winter also reported
that the activation energy of 77 kJ/mol for isotopic
oxygen exchange on Y2O3 pretreated in oxygen is
significantly lower than for ZrO2, while the measured
exchange rates for Y2O3 pretreated in oxygen or in a
vacuum were consistently higher than on ZrO2. More
recently, surface-sensitive low-energy ion scattering
(LEIS) studies on YSZ clearly demonstrated the impact
of impurities and impurity phases segregating to ex-
ternal surfaces and grain boundaries and forming a
blocking layer that impedes oxygen exchange.9,10 Fur-
thermore, isotopic oxygen exchange measurements
by SIMS on ion-implanted YSZ single-crystal surfaces
have shown that Bi and Ce implantation enhanced the
exchange coefficient at 700 �C.11 These results collec-
tively suggest that the nature of surface termination
and the presence of ionic and electronic defects are
important for the exchange properties of YSZ.
Reactions 1 and 2 represent a simplistic picture of

the overall exchange process since both involve sev-
eral intermediate steps including the dissociative ad-
sorption of molecular 18O2 or 18O16O on the oxide
surface and, correspondingly, the associative desorp-
tion of either 16O16O or 18O16O from the oxide surface.
There is no direct evidence that summary reactions 1
and 2 proceed via simple chemical exchange between
the gas phase oxygen and the oxide ion residing on the
outer surface of the solid oxide without the participa-
tion of electronic and ionic defects. Assuming single
exchange for simplicity and ignoring the isotope nota-
tions, the overall exchange reaction most likely in-
volves the following intermediate steps.

Adsorption=desorption : 1=2O2(g) þ�(s) ¼ Oad(s) ð3Þ

Charge transfer : Oad(s) þ 2e0 ¼ O00
ad(s) ð4Þ

Incorporation :

O00
ad(s) þ V••O(YSZ) ¼ OX

O(YSZ) þ�(s) ð5Þ

Net reaction :

1=2O2(g) þ V••O(YSZ) þ 2e0 ¼ OX
O(YSZ) ð6Þ

Here, *(s) indicates a surface site for adsorption, O00
ad(s)

denotes a doubly electronated oxygen on the oxide
surface, V••O(YSZ) represents an oxygen vacancy in YSZ,
and OX

O(YSZ) is a lattice oxygen in YSZ in Kroger�Vink
notation. So the oxygen exchange process is expected
to involve the participation of vacancies, which con-
stitutes the testing premise of the present study.
Dopant segregation to YSZ and GDC surfaces and

grain boundaries has been reported previously.12�14

Recent theoretical work15 and surface-sensitive LEIS
measurements16 have provided strong evidence that
dopant cations segregate to surfaces accompanied
with the segregation of oxygen vacancies. Accordingly,
we postulate that engineered YSZ surfaces enrich
the availability of vacancies at the surface, leading to
enhanced kinetics of oxygen exchange. The present
study is designed to test this hypothesis.
YSZ is considered to be one of the most common

electrolyte materials for SOFCs.17 The slow oxygen
exchange kinetics of YSZ at low temperatures is a
critical bottleneck to reducing the operating tempera-
ture of SOFCs. One major material property of YSZ
electrolyte is the yttria doping concentration, which is
typically 8 mol % for maximizing oxygen ion con-
ductivity.18,19 This doping concentration affects the
oxygen ion vacancy concentration in the electrolyte,
which in turn affects oxygen exchange and transport
properties. The oxygen surface exchange coefficient is
a measure of the neutral oxygen exchange flux across
the surface of the electrolyte, where the availability of
oxygen vacancies plays a role in the exchange process
(see reaction 5). Moreover, previous studies on mixed
conducting oxides have shown a “near linear” relation-
ship between the surface vacancy concentration and
oxygen surface exchange coefficient.20,21 By locally
changing the doping concentration at the electrolyte
surface, it is possible to tune the oxygen exchange
property without affecting the oxygen transport prop-
erty (oxygen ion conductivity) of the electrolyte. In a
previous study, Chao et al. improved the electroche-
mical performance of an SOFC by introducing ALD YSZ
surface modifications.22 This preliminary finding indi-
cated that ALD can be an effective tool to engineer the
surface of YSZ electrolytes.
In this study, we explored the effects of surface

engineering, by depositing YSZ surface modification
layers (SMLs) on a single-crystal YSZ electrolyte. With
the help of isotope exchange/depth profiling (IEDP)
using SIMS, we acquired detailed information about
surface exchange and transport properties of our
surface-modified YSZ electrolytes. This information
helped us identify the SML recipe that produced the
highest surface exchange coefficient, which can be

A
RTIC

LE



CHAO ET AL . VOL. 7 ’ NO. 3 ’ 2186–2191 ’ 2013

www.acsnano.org

2188

used to improve the oxygen exchange kinetics at the
electrode/electrolyte interface for SOFCs. In particular,
the oxygen exchange kinetics at the interface was en-
hanced up to 300% by adding 5 to 10 nm of a surface
modified layer.

RESULTS AND DISCUSSION

Tomaintain a consistent platform for comparing the
effect of SML recipes, we used impurity-free polished
single-crystalline YSZ as test substrates (500 μm thick,
8mol% yttria doping, (100) surface orientation, surface
roughness <5 Å) and followed a well-controlled pro-
cedure to prepare the surface-modified YSZ samples
for the isotope tracer experiment. By analyzing the
oxygen isotope tracer profile, we determined the sur-
face oxygen exchange coefficient and the oxygen iso-
tope self-diffusion coefficient of the surface-modified
YSZ electrolyte. This approach is commonly used in
solid-state electrolytes, for characterizing surface ex-
change and transport properties.7,11,20,23�31

Deposition of YSZ followed the recipes listed in
Figure 1a. Each ALD YSZ SML had 10 repeats of a
“supercycle”, and each supercycle contained eight
ALD cycles of zirconia or yttria. The doping concentra-
tion in the SML was simply controlled by the number
of yttria cycles contained in the supercycle. Figure 1b
shows the correlation between the SML recipe and the
measured yttria doping concentration after ALD cycles.
The recipe 1Y7Zr produced a doping concentration
similar to the YSZ substrates (6�8mol %). The thickness
of the 10-supercycle SML was approximately 7 nm, as
shown in the cross section TEM (Figure 1c). A detailed
characterization of ALD YSZ film morphology and crys-
tallinity is reported elsewhere.32

The SMLs with different doping concentrations were
relatively thin compared to the electrolyte (7 nm vs

500 μm), so that only the surface properties of the
electrolyte were affected. The surface-modified elec-
trolytes were subsequently infused for 2 h in a 150 Torr
oxygen isotope atmosphere (18O2) at 200, 250, and
300 �C and analyzed with SIMS depth profiling to
acquire the oxygen isotope tracer profile.
To analyze the isotope tracer profiles, we con-

structed a one-dimensional model for oxide ion iso-
tope diffusion. The diffusion profileswere calculated by
solving the diffusion equation

Dc18
Dt

¼ D
Dx

D18
Dc18
Dx

� �

with the boundary conditions

k(cg � c18jx¼ 0) ¼ �D18
Dc18
Dx

�����
x¼ 0

and c18jx¼ L ¼ cbg

where k denotes the surface exchange coefficient,
cg denotes the 18O isotope fraction in gas phase, cbg
denotes the natural abundance of the 18O isotope, and

L denotes the sample thickness. Diffusivity of the 18O
isotope is defined by a step function:

D18 ¼ Ds at 0 < xes
Dbulk at s < xeL

�

The solution was computed with COMSOL Multiphy-
sics 3.5a, a commercial finite element analysis (FEA)
software package. Diffusivity (D18) and surface ex-
change coefficient (k) values were allowed to change
to obtain a least-squares fit to the experimental data. For
benchmarking, the isotope tracer profile of a “reference”
YSZ sample (single-crystalline YSZ without the SMLs) is
overlaid with the other fitting results in Figures 2 and 3.
We extracted D18 (Dbulk) and k of the surface-mod-

ified electrolytes with different SML recipes (0Y8Zr,
1Y7Zr, 2Y6Zr, 3Y5Zr, 4Y4Zr), and the fitted diffusivity
values are well matched with a previously reported
value.26 The introduction of SMLs did not affect the
oxygen transport property of the YSZ electrolyte
(Figure 2b). However, the surface exchange property
demonstrated a strong correlation to the SML recipe
(Figure 2c). The surface exchange coefficient, k, in

Figure 1. ALD YSZ SML recipes for modifying the YSZ
electrolyte surface. (a) ALD recipes of YSZ surface-modified
layer (SML). Each recipe contains one supercycle, and each
supercycle contains eight ALD cycles of zirconia or yttria.
(b) Yttria mol % in YSZ SML as a function of ALD recipe. (c)
Cross section TEM of 10-supercycle SML deposited on a YSZ
substrate. The thickness of the ALD YSZ SML is approxi-
mately 7 nm.
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the 0Y8Zr sample decreased compared with the re-
ference because pure zirconia covered the surface. This
is in agreement with earlier reports that indicated the
activation energy for exchange on ZrO2 is larger than
on Y2O3.

8 The k value increased as the yttria doping
concentration increased and has the highest k values
for the 2Y6Zr recipe, and this agrees well with previous
studies.20,21 The recipe 2Y6Zr produced up to three
times higher k across three different isotope annealing
temperatures compared to the reference sample. The
k values decreased as we further increased the yttria
doping concentration (3Y5Zr and 4Y4Zr). At these
high yttrium doping levels, the mobile vacancy con-
centration is likely reduced due to defect interac-
tions including association. This SML has a yttria dop-
ing concentration of 14 mol % (2Y6Zr), which is

significantly higher than the optimum doping level of
8 mol % known to yield the highest bulk conductivity
value for oxide ions in YSZ. We speculate this diver-
gence was contributed by the different requirements
for surface exchange versus bulk transport with respect
to the optimal yttria doping levels. The surface rough-
ness contribution to k is small, since the surface rough-
ness difference between samples is negligible. These
results are well matched with electrochemical perfor-
mances of YSZ samples with SMLs reported earlier.22

One theory explaining why improved oxygen ex-
change kinetic is found in samples with highly doped
surfaces points to impurity segregation or to the for-
mation of a yttria-enriched layer at the YSZ subsurface
as discussed earlier.9 We ruled out the possibility of
impurity segregation because not only does ALD in-
volve pure precursors and provide a clean environ-
ment that eliminates the possibility of introducing
impurities during deposition, but also cations do not have

Figure 2. Oxygen exchange and transport properties as a
function of SML recipes. Each SML contains 10 supercycles
of repeating recipe. (a) Oxygen isotope tracer profile of
reference YSZ electrolyte annealed at 200 �C overlapped
with fitting result from analytical equation for extracting
D18 and k. (b) D18 and (c) k of surface-modified YSZ electro-
lyte as a function of SML recipe annealed in isotope at 200,
250, and 300 �C.

Figure 3. Oxygen exchange and transport properties as
function of SML thickness. Recipe 2Y6Zr is used in all SMLs.
(a) Oxygen isotope tracer profile as a functionof thenumber
of supercycles. Samples are annealed in oxygen isotope at
200 �C. (b) D18 and (c) k of surface-modified YSZ electrolyte
as a function of the number of supercycles annealed in
isotope at 200 and 250 �C.
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enough mobility during ALD cycles or isotope annealing
at these low processing temperatures below 300 �C.
Hence, enhanced oxygen surface exchange kinetics are
attributed to increased vacancy content in the SMLs.
In addition, we derived the activation energies of the

surface-modified YSZ electrolytes. No significant dif-
ference in the activation energy was observed with
different SML recipes. The activation energies of diffu-
sivity and surface exchange were ∼1.1 and ∼0.8 eV,
respectively, which were similar to the previously
reported values for YSZ.7,8,33

Upon identifying the optimal surface doping con-
centration, we then characterized the effect of SML
thickness by varying the total thickness of SML of a
defined composition. Accordingly, we fixed the SML
recipe as 2Y6Zr and deposited one, five, or 10 super-
cycles on the YSZ electrolytes. The sample preparation,
isotope annealing, and SIMS analysis procedure were
kept identical with the previous sample preparation
procedure. The samples with five and 10 supercycles
produced similar isotope tracer profiles, with 10 super-
cycles showing slightly lower isotope concentration.
The sample with one supercycle produced the lowest
isotope concentration (Figure 3a). We suspect that this
was because the ALD YSZ SML coverage was not
complete at one supercycle. As the number of super-
cycles increased to five, the surface was covered with
ALD YSZ. With further increasing the number of super-
cycles to 10, the surface characteristics remained simi-
lar to five supercycles with full ALD YSZ coverage.

A similar conclusion can be drawn from the surface
exchange property of the samples with different SML
thicknesses (Figure 3c). The k of the YSZ electrolyte
increased with one supercycle, increased further with
five supercycles, and saturated with 10 supercycles.
The k was up to five times higher than that for the
reference sample. This result suggested that we do not
need more than five supercycles to cover the surface of
the YSZ electrolyte for improving the surface properties.

CONCLUSION

In summary, with the help of IEDP, we studied the
surface of the electrolyte with quantitative evidence of
the surface doping effect, which helped us better
understand the correlation between surface exchange
kinetics and surface doping concentration. We verified
that the addition of SML significantly enhances the
oxygen exchange kinetics at the electrolyte surface
without any negative impact on the oxygen transport.
The SML that produced the optimal surface exchange
coefficient was five supercycles of 2Y6Zr, which corre-
sponds to less than 10 nanometers of 14 mol % yttria
doped YSZ layer. This result indicated that the optimal
doping concentration at the surface required for en-
hanced oxygen exchange is in fact different from that
required for fast transport through the bulk of the YSZ
electrolyte. Consequently, it is indeed beneficial to
have a slightly higher doping concentration at the
surface than in the bulk to optimize both oxygen
exchange and transport properties of the electrolyte.

METHODS

Sample Preparation. Single-crystal 8% yttria-stabilized zirconia
substrates with (100) surface orientation were obtained from
MTI Crystals. The YSZ substrates were chemical mechanical
polished to a surface roughness of <5 Å and precut to a 25 �
25� 0.5 mm sample size. For the isotope annealing, substrates
were diced into 5 � 10 � 0.5 mm pieces, using a low-speed
diamond saw. The substrates were first cleaned in a Piranha
solution (sulfuric acid/hydrogen peroxide = 3:1) to remove
surface contaminants, then immediately coated with ALD YSZ
SML to ensure a good bonding of SML to the YSZ substrate.

The SML deposition followed the recipes listed in Figure 1a.
Each recipe contained eight ALD cycles, with the yttria con-
centration tuned by the number of yttria cycles within each
supercycle. Themetal precursors used for the zirconia and yttria
deposition were tetrakis(dimethylamino)zirconium(IV) (99.99%,
Sigma-Aldrich) and tris(methylcyclopentadienyl)yttrium(III) (99.9%,
Strem Chemicals), respectively. The oxidant used was distilled
water. The deposition of the SML was done at 250 �C in a
laboratory prototype ALD reactor.

Oxygen Isotope Exchange. The SML samples were placed into a
quartz tube reactor, heated to 200, 250, and 300 �C, and
preannealed in research grade oxygen (purity 5.0) at 150 Torr
for more than 6 h. After preannealing, the dosing chamber was
evacuated and immediately backfilled with oxygen isotope
(18O2, purity >99%) to a pressure of 150 Torr. The isotope
annealing time is 2 h. After isotope annealing, the quartz tube
was rapidly removed from the oven and quenched to room
temperature. Preheating samples prior to dosing combined

with rapid quenching at the end ensured an accurate dosing
time.

Secondary Ion Mass Spectrometry. SIMS analysis for the samples
was performed with two devices: Phi 6600 (Evans Analytical
Group, Surface Analysis Laboratory) and CAMECA IMS 7f-GEO
(Caltech, Center for Microanalysis). In CAMECA 7f-GEO SIMS, a
20 nA, 10 keV Csþ primary beamwith normal incidence electron
gun charge compensationwas used in the analysis, and 16O and
18O secondary ions were collected through themagnetic sector.
The primary beam was rastered over a 100 μm � 100 μm area.
In Phi 6600, a 5 keV Csþ primary beamwith 60� off-normal angle
of incidence was used in the analysis, and 16O and 18O second-
ary ions were collected with a quadruple mass analyzer. The
depth of the etch crater was measured with a surface profiler
(Alphastep 500, KLA Tencor).
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