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Electrochemical Energy Conversion

• Solid-Oxide Fuel Cells: Chemo-mechanical instability of solid electrolytes associated 
with oxygen vacancy formation critically influences lifetime and performance of these fuel cells.   

0–10 V manometer signal that drives a PID pressure controller
(MKS Instruments Inc., Andover, MA), allowing direct control of
log PO2. This method has advantages over gas blending, which is
limited by slow residence times or gas-phase diffusion at low PO2,
and a broad range of PO2 can be covered using a single sensor.
Also, the PO2 can be changed almost instantaneously (in !5–10 s)
at any PO2. This feature is especially critical to obtain accurate
transient measurements at a low PO2. Additional details will be
forthcoming.
Figure 1 shows equilibrium expansion measurements for LSCF

6428, as a function of temperature and oxygen content, acquired
between 700° and 900°C and between PO2 " 1.0 and 1.0 # 10$4

bar. Oxygen content is expressed in terms of the oxygen vacancy
mole fraction (xv " !/3, based on the nonstoichiometry %), and
uniaxial expansion ε(T, xv) is expressed in parts per million (ppm)
from an arbitrary reference point of ε " 0 at T0 " 890&C and xv0 "
0.020 (PO2 " 0.10 bar). Vacancy concentration data15 were
interpolated as a function of PO2 and T using a modified rigid-band
model10 (details forthcoming).

III. Results and Discussion

These data show that expansion with respect to both tempera-
ture and vacancy concentration are significant. Figure 3 shows a
raw expansion trace for a bar of LSCF 6428 raised in temperature
from 25°C to 792°C in oxygen and then reduced at a constant
temperature from PO2 " 1.0 atm to 1.0 # 10$4 atm. This plot
shows that one decade of reduction ('log10 PO2 " 1) results in
expansion equivalent to a temperature change of 100°C. If this
difference in PO2 were imposed as a gradient, many ceramic
materials would have insufficient strength to withstand the result-
ing stresses. Figure 3 (inset) shows an SEM micrograph of a 5
mm # 5 mm bar that broke as a result of chemical stresses when
the PO2 was reduced too quickly.

(1) A New Thermodynamic Definition of Expansion
To better describe expansion in a material that undergoes

changes in oxidation state, let us start from a thermodynamic
viewpoint and consider the dependence of the specific volume, V̂,
on oxygen composition, as well as temperature and pressure:

V̂ " V̂(T,P, xv) (2)

Extending Guggenheim,16 the total differential volume is

d ln V̂ " *t dT # *c dxv # + dP (3)

where $t " V̂$1(%V̂/%T)P,xv is the thermal expansivity,
17 & "

V̂$1(%V̂/%P)T,xv is the compressibility,
17 and $c " V̂$1(%/V̂%xv)T,P

is a new property introduced to embody chemical expansion. This
approach separates thermal and chemical strain and relates them to
fundamental thermodynamic properties of the material: $t and $c.
In analogy to thermal expansivity, let us call this new property $c
the chemical expansivity.
Expansion in each of three space directions can be resolved by

considering the relationship of specific volume to the strain tensor
!. For a differential change in expansion, we expect tr(d!) " d ln
V̂. Thus, in the absence of mechanical stress (including pressure),
the uniaxial strain for an isotropic solid is given by

dε "
1
3 tr(d!) "

1
3 *t dT #

1
3 *c dxv (4)

Fig. 1. Equilibrium uniaxial expansion of a dense, square prismatic bar of
LSCF 6428 as a function of oxygen content and temperature. The lines on
the graph are a simultaneous fit of all the data from Eq. (5). Inset SEM:
surface morphology of the , 98% dense bar.

Fig. 2. Vacuum PO2 control system.

Fig. 3. Raw expansion trace for LSCF 6428, illustrating the similar
magnitude of thermal and chemical expansion. Inset: Tensile stresses in the
middle of a LSCF 6428 bar initiated a radial crack at a large interior defect
following an excessively rapid change in PO2. The change in crack
morphology from center to edge of the bar serves as archeological evidence
of the oxygen vacancy concentration gradient (and resulting stress profile).
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Crack formation in LSCF (La1-xSrxCo1-yFeyO3 ) electrolyte 
upon excessively rapid change in PO2

Adler et al., , J Am Ceram Soc., 2001.
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such as gas turbines, SOFC efficiencies are 
size independent; making them effective for 
applications ranging from 1 Watt to multi-
Megawatts. Examples of these applications 
include:

•	 1 – 100W personal device power packs;
•	 100W – 10kW uninterruptible power 

supplies;
•	 2 – 5kW tractor trailer hotel load and/

or refrigerated trailer auxiliary power 
units;

•	 1 – 10kW unmanned aerial, ground, 
and underwater vehicles;

•	 1 – 15kW natural gas pipeline metering 
stations, radar stations, cell-phone 
tower power units, and infrastructure 
support applications;

•	 100W – 100kW distributed solar energy 
and smart grid energy storage applica-
tions;

•	 20 – 40kW automotive hybrid units;
•	 60 – 90kW automotive power plants;
•	 1kW – 10MW residential, commercial, 

and industrial applications; and
•	 100 – 500MW central power stations.

SOFCs also have the ability to utilize 
a variety of fuels and energy-carriers 
(hydrogen, ethanol, biofuel, gasoline, natural 
gas, syngas, landfill gas, jet-fuel, etc).7,8 
Debate currently exists on whether CO2-free 
energy-carriers (such as hydrogen), or CO2-
neutral energy-carriers that uptake/release 
CO2 when they are produced/consumed 
(such as bio- or solar-derived hydrocarbons) 
are best for use with renewable electricity 
generation. However, ~80% of annual world 
energy demand is projected to be met with 
hydrocarbon fuels for at least the next 30 
years,9 suggesting that R&D into the clean 
use of hydrocarbons should remain a world-
wide priority. This is especially true for 
the United States, where new hydrocarbon 
recovery technologies (such as hydraulic 
fracturing) have lowered natural gas costs10 
and are projected to:

•	 make the U.S. the world’s largest oil 
producer by 2017,11

•	 make the U.S. the world’s largest 
natural gas exporter by 2020,9 and

•	 make natural gas the most-used 
domestic fuel by 2030.11

This new era of cheap, domestically-
produced natural gas is an opportunity to 
develop and deploy SOFCs and SOECs 
that can reduce the environmental impact of 
today’s hydrocarbon based economy while 
simultaneously providing the infrastructure 
for a CO2-neutral economy utilizing 
biofuels, solar fuels, or hydrogen.

SOECs for Energy Storage, Carbon 
Capture, and Chemical Synthesis.—
SOECs have many characteristics which 
make them attractive for renewable (solar, 
wind, tidal, etc.) energy storage. First, 
SOECs have the highest fuel production to 
consumed electricity ratios of any electrical 
to chemical energy conversion technology, 
thanks to their reversible catalysts and their 
high operating temperatures.17,18 Unlike 
batteries, SOEC electrodes remain inert 
during the energy storage process, allowing 
them to store as much energy as desired. 
Further, SOECs can store this energy in 
liquid hydrocarbons that have 2-5 times the 
gravimetric and volumetric energy densities 
of Li-ion batteries.7,19 Alternatively, SOECs 
can store electrical energy by converting 
H2O and/or CO2 into H2 and/or syngas 
(CO + H2), and SOFC/SOEC combinations 
used for energy storage and conversion have 
modeled efficiencies of 60% (which is more 
than double those encountered today).20

SOECs can also be used to upgrade 
biomass energy sources, produce high 
energy density liquid transportation fuels 
(such as gasoline) for subsequent use 
in SOFCs, capture carbon in condensed 
phases, and produce designer chemicals. 
For instance, SOEC-produced syngas can be 
used in conventional processes to produce 
fuels, lubricants, fertilizers, plastics, 
adhesives, pharmaceuticals, synthetic 
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because hydrocarbon-fueled SOFCs 
produce ~50% less CO2, ~90% less NOx, 
~90% less SOx, and virtually no particulates 
or volatile organic compounds, on a per 
Watt basis, compared to conventional 
hydrocarbon-fueled power plants.12 In 
addition, SOFC anode exhaust streams can 
provide concentrated CO2 for enhanced oil 
recovery or carbon sequestration. SOFCs 
are beneficial in the long term because the 
percent of renewably generated, CO2-neutral 
H2, biofuels, and/or solar-fuels used in 
centralized or distributed SOFC electricity 
generation facilities could be increased 
without the need for additional infrastructure.

SOFCs can be used in large-scale 
(i.e., multi-megawatt) centralized power 
plants (where they benefit from $/kW cost 
reductions),13,14 or in distributed (i.e., point-
of-use) power generation units (where they 
are less vulnerable to attack and weather-
related power-outages caused by damage 
to the above-ground electricity distribution 
network). In fact, the benefits of distributed 
SOFCs has already led companies such 
as Verizon Communications to install 
cell-phone tower SOFC units.15 If SOFCs 
for distributed combined heat and power 
applications can be made economical, a huge 
market awaits in the 55% of the homes and 
businesses already connected to the U.S. 
natural gas distribution grid.16

Fig. 1. Gravimetric and volumetric power densities for various electricity generation technologies. Note 
that gas turbine efficiency scales with system size, and only large (~1 MW and greater) gas turbines 
exhibit specific powers greater than SOFCs. Also note that batteries have been excluded from this 
plot because they are an energy storage, not an electricity generation, technology.  This figure was 
modified from Ref 7 with gas turbine data from Ref. 56 and 57. Reprinted with permission from AAAS 
with the condition that readers may view, browse, and/or download this figure for temporary copying 
purposes only, provided these uses are for noncommercial personal purposes. Except as provided by 
law, this material may not be further reproduced, distributed, transmitted, modified, adapted, performed, 
displayed, published, or sold in whole or in part, without prior written permission from the publisher.

NSF Solid-Oxide Fuel (SOFC) Cell Workshop Report (2013)

Electrochemical Energy Storage
• Beyond Li-ion Batteries: Practical performance of beyond Li-ion batteries are much 

lower than their theoretical ones due to interfacial and structural instabilities associated with 
reactivity of metal ions with electrolyte and electrodes. 

SEM image of  Tin-Antimony electrode for 
Na-ion Batteries  (after 80 cycles)

Rodriguez-Garcia et al., EurJIC, 2017

Ji et al, Adv. Mater. (2014)

• Electrochemical Reduction of CO2: Poor selectivity and low efficiency of 
electrocatalysts are the major problems for converting CO2 into desirable hydrocarbons.  

which is consistent with the results in Figures 10 and 11; the
slope of Eb(COOH) vs Eb(CO) is 1.16 and the slope of

Eb(CHO) vs Eb(CO) is 0.77. When binding to the sulfur site,
the slopes of both scaling lines are very small. Eb(CO) does not
change significantly vs Eb(COOH) or Eb(CHO) (red lines in
Figures 10 and 11). This can also be rationalized in the same
way. The adsorption of COOH, CO, CHO on the sulfur site
can considered as adsorption of SCOOH, SCO, SCHO on the
dopant metal defect. SCOOH and SCO both have a valency of
1, while SCO has a valency of zero. Therefore, the slopes of the
Eb(SCOOH) vs Eb(SCO) and Eb(SCHO) vs Eb(SCO) scaling
lines should both be very low. As shown in Figures 10 and 11
(red lines), the slope of Eb(COOH) vs Eb(CO) on a sulfur site
has a slope of 0.28, and that for Eb(CHO) vs Eb(CO) is 0.37.
Because of these two dramatically slopes, the strongest binding
energies for the adsorbates generally shift away from transition-
metal scaling and toward the desired region of high efficiency
for CO2 reduction.

Binding Analysis of CO*. To rationalize the weak binding
of CO on the sulfur site, a distortion/interaction model24 and
electron density analysis are applied to the CO adsorption of
the sulfur edge, using Ni-doped MoS2 as an example. The
adsorption of CO on the metallic site is 0.25 eV weaker than
the adsorption on sulfur site. As shown in Figures 12 and 13,
we separate the CO adsorption energy into four terms:
(1) The distortion energy of CO, which is denoted as

Edist(CO) and is defined as the energy difference between
the ground state of CO and its distorted geometry in the
adsorbed slab. Edist(CO) quantifies the geometric change
of CO upon the adsorption.

(2) The distortion energy of the slab, which is denoted as
Edist(slab) and is defined as the energy difference
between the energy of the bare slab and its distorted
geometry in the adsorbed slab. Edist(slab) quantifies the
geometric change of the slab upon the adsorption.

(3) The interaction energy, which is denoted as Eint and is
defined as the energy difference between the adsorbed
slab and the separate distorted fragments (slab and CO).
Eint describes the strength of the interaction between the
distorted CO and the distorted slab.

(4) The solvation energy correction for the adsorbed CO,
which is Esol, as determined in previous work.5a

Therefore,

= + + +E E E E E(CO) (CO) (slab)b dist dist int sol

The distortion/interaction analysis shows that the distortion
of the slab is the primary contributor to the 0.25 eV difference
in binding energy between the sulfur and metallic site.
Edist(slab) = 0.99 eV for CO adsorption on the sulfur site,
while it only requires 0.50 eV distortion of the slab for CO to
adsorb on the metallic site. Such change in the slab distortion is
related to the S−Ni bond of the sulfur edge in the Ni-doped
MoS2. Upon adsorption on the sulfur site, CO forms a “SCO”
moiety, which is isoelectronic with CO2. This closed-shell
species binds weakly to the rest of the slab, weakening the
existing Ni−S bond of the sulfur edge, and significant energy is
required for this distortion. In contrast, CO adsorption on the
metallic site creates a “NiCO” moiety, and this open-shell
moiety binds the rest of the slab stronger than “SCO”, and less
distortion is required for CO adsorption on the metallic site.
A similar distortion/interaction argument can be applied to

rationalize the scaling of Eb(CO) vs Eb(CHO) of the sulfur site
of doped MoS2. Compared to the “SCO” moiety of the CO
adsorption, the adsorption of *CHO creates a “SCHO” open-

Figure 9. Binding configurations of CO* and CHO* on the Ni-doped
sulfur edge of MoS2. CHO* binds to the bridging S atoms, whereas
CO* binds to the Ni atoms.

Figure 10. Binding energies Eb(COOH) vs Eb(CO) for the metal and
sulfur site of doped sulfur edge of MoS2, as well as the transition-metal
(111) and (211) scaling relations.

Figure 11. Binding energies Eb(CHO) vs Eb(CO) for the metal and
sulfur site of doped sulfur edge of MoS2, as well as the transition-metal
(111) and (211) scaling relations.
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Binding energies for the metal and sulfur site of
doped sulfur edge of MoS2, as well as the transition-
metal (111) and (211) scaling relations.

Norskov et al., ACS Catalyst, 2016https://www.greencarcongress.com/2010/12/kenis-20101207.html
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Controlling volumetric expansion of 
electrodes via surface modifications
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Figure 4. Strain dependence on capacity and scan rate. a) Exper-
imentally measured strain – capacity relationship of LMO (solid
lines) and Au-LMO (dash lines) electrodes during third cycle com-
pared with analytical predictions for the unconstrained composite
LMO electrode (black square and trend line). For better compari-
son, strain evolution during lithiation cycle is shifted to start from
zero at 4.5 V (initial potential for lithiation sweep) and the absolute
value of the predicted strain is plotted for lithiation.

evolution in the composite electrode, εCE , is calculated

εCE = φLMOεLMO +
! −εLMO

1/KPM − 1/KLMO

" !
1

KCE
− φLMO

KLMO
− φPM

KLMO

"

[3]
εLMO is the linear strain of the LMO particles as estimated from the
measured lattice parameter changes in Table S1. KLMO and φLMO are
bulk modulus and volume fraction of LMO particles, φPM is the vol-
ume fraction of the porous matrix (consisting of CMC binder, carbon
black and estimated porosity). KPM is the effective bulk modulus of
the porous matrix calculated by using open cell theory for an isotropic
porous solid. The bulk modulus of the composite electrode, KCE , is
calculated by applying the S-Combining Rule. A more detailed de-
scription of the model calculations is provided in the Supplemental
Material.45

The predicted strain of the unconstrained composite electrode
(Eq. 1) is compared with the measured strain evolution in the LMO and
Au-LMO composite electrodes at different scan rates during delithi-
ation and lithiation cycles (Figure 4). The model accurately captures
the strain evolution in the LMO electrode at the slowest scan rate
(10µV/s). But at higher scan rates, the LMO electrode develops much
larger strains than the model prediction. Although the model does
not incorporate a Au layer, the predicted strain values are also con-
sistent with the experimental strain data for the Au-LMO composite
electrodes over all of the scan rates. Interestingly, our model predic-
tions are based on the assumption of uniform lithium intercalation
into the active LMO particles. The comparison in Figure 4 indicates
that this assumption of uniform lithiation is reasonable for the Au-
LMO electrodes at all scan rates and the LMO electrodes only at low
scan rates. Prior models have shown that lithium ions are localized at
the surface of active particles at higher scan rate due to poor lithium
diffusivity.11–14 Inhomogeneous lithium distribution in turn leads to a
large deformation mismatch strain in the electrode.12 We hypothesize
the different strain response of the Au-LMO electrodes compared to
LMO electrodes may be related to more spatially uniform lithium dis-
tribution at faster scan rates due to enhanced lithium diffusivity and/or
regulation of uniform lithium ion distribution and electron pairing at
the surface.

Conclusions

In conclusion, our results reveal an exciting connection between
Au surface coating of active particles and mechanical stability of
Li-ion cathodes. In situ strain measurements provide new insight
into the mechanisms of electrochemically controlled mechanical re-
sponses of the Li-ion electrodes. We observed a striking difference in
the intercalation induced strain evolution between the LMO (with-
out coating) and Au-LMO (Au coated) electrodes at faster scan
rates. The presence of Au on the LMO surface alleviated the de-
velopment of large strains in the electrodes at higher scan rates.
Our experimental strain measurements were compared with pre-
dictions from an analytical model, which assumed uniform elas-

tic deformations in the composite LMO electrodes. Based on this
comparison, we hypothesize that the Au coating may lead to more
spatially uniform lithium distribution in the LMO particles. The
methodology presented here could also be extended to the investi-
gation of oxide and carbon coated materials. Overall, these results
reveal the importance of materials-based strategies for controlling
strain development and reducing damage during electrochemical cy-
cling.
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Defect-induced Stress Generation
Stress built near oxide-electrolyte 

interface due to anion incorporation

a maximum of about 2.5 N/m at 30 to 40 V, and at higher voltage
decreases to around 1.5 N/m. Therefore, the tensile interface stress
seems to relax during barrier oxide growth. In contrast, the oxide
force steadily increases in magnitude during barrier film growth,
reaching -10 N/m near the onset of pore formation. The nearly
parallel increase of oxide and anodizing force shows that buildup
of elastic stress in the oxide accounts for the increase of
compressive anodizing force during growth of the barrier layer
(Fig. 2).

Depth distributions of oxide stress were calculated from the
open-circuit force transients, as described in the Experimental
Section. The stress profiles in Fig. 4 are shown only to depths of
30 nm, since the calculated stress at larger depths was found to be
nearly zero. The above-mentioned stress concentration near the
oxide-solution interface is manifested by elevated stress levels
within a 3–5 nm thick near-surface layer. The stress in this layer
was tensile at small thickness, but became increasingly compres-
sive at higher voltage, reaching levels of -2 to -4 GPa above 60 V.
Elsewhere, we showed that near-surface tensile stress at low
voltage is produced by the initial application of anodizing current,
and seems to result from electric field-induced transfer of anions
into the interior of the oxide [35]. As the voltage increases, this
tensile near-surface stress is increasingly masked by the compres-
sive oxide stress introduced by anodizing [39]. At potentials of 40 V
or less, compressive stress at a significantly lower level
(-0.1 to -0.5 GPa) compared to that in the near-surface layer was
found in the interior of the film. However, this interior oxide stress
apparently relaxed above 40 V, and at higher voltages nearly all the
oxide stress was located within the surface layer. A likely
explanation for stress relaxation in the interior of the film involves
oxide flow, as discussed in the Introduction.

In summary, the force measurements during open-circuit
dissolution show that anodizing at 5 mA/cm2 produces compres-
sive stress within the oxide, and tensile stress at the metal-oxide
interface. The mechanisms of oxide and interface stress generation
were discussed in detail earlier [35]. We showed that oxide and
interface stress result from reactions at the oxide-solution and
metal-oxide interfaces, respectively. For example, when oxide
growth occurs at the solution interface, a relatively small amount
of oxide can be produced within the film, resulting in volume
expansion and compressive elastic stress. According to the present
stress profiles, nearly all of this internal oxide formation takes
place in a near-surface layer of a few nm thickness; stress is relaxed
at greater depths when the potential is higher than 40 V. The
observed stress accumulation near the solution interface contrasts
with earlier proposals that stress originates primarily from metal
oxidation at the metal-oxide interface [22–24,28,40]. On the other

hand, the compressive surface layer is consistent with our
anodizing model including oxide flow. Model calculations showed
that elevated compressive stress close to the solution interface is
necessary to support the oxide flow pattern revealed by tungsten
tracer studies [6]. The reasons for localization of elastic stress
generation in the surface layer are discussed in the next section.

3.2. Relationship of Stress and Oxide Contamination

Anodic alumina films typically contain significant concentra-
tions of incorporated electrolyte anions [2,3,41]. Since the anion
type strongly influences the porous layer geometry, it is clear that
the anion plays an important, but yet unknown, role in formation
and self-ordering of pores [22]. In this section, oxide composition-
depth profiles are presented for comparison to stress profiles at
equivalent anodizing conditions. Fig. 5 compares phosphate
concentration profiles in the present anodic alumina films
obtained using three different analytical methods. The phosphate
profiles in Fig. 5a were acquired in this work, using Glow Discharge
Optical Emission Spectroscopy (GDOES). Elemental depth profiles
of phosphorus and aluminum in the oxide and underlying metal
are presented for anodizing voltages up to 40 V. At these relatively
low potentials, depth dispersion of the ion concentrations due to
the oxide surface roughness is minimized. The distinct plateaus in
the aluminum profile correspond to Al in the metal substrate and
anodic oxide. The sputtering rate is estimated as 18 nm/s, from the
sputtering time at the oxide-metal interface and the oxide
thickness-voltage ratio of 1.1 nm/V [18]. The phosphorus profiles

Fig. 4. Residual stress profiles in anodic oxides formed to various voltages at
5 mA/cm2.

Fig. 5. Oxide composition measurements for comparison to stress profiles.
(a) GDOES depth profiles of aluminum and phosphorus in the anodic film.
(b) Previously reported measurements of the oxide composition by XPS and
solution analysis after open circuit dissolution. Anodizing in 0.033 M
NH4H2PO4 - 0.067 M (NH4)2HPO4 solution (pH 7.0) [44].
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