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R
echargeable Li�O2 batteries have
been the subject of significant re-
search efforts because of their poten-

tial as efficient energy storage devices in
electric vehicles. A “practical” Li�O2 cell
may have a gravimetric specific energy 2
to 5 times higher than that of the current
state-of-the-art Li-ion battery,1,2 allowing a
vehicle powered by this device to travel
more than 300 miles between charges.3

Among many challenges, a lack of chemical
stability of the positive electrode mate-
rial,4�6 along with poor catalytic activity
toward oxygen reduction reaction (ORR
and OER),3 remain key obstacles that pre-
vent the utilization of Li�O2 batteries in
commercial applications. Initial investiga-
tions5,7�9 utilized mostly carbon-based po-
sitive electrodes because of their low cost
and weight, high electrical conductivity,
high surface areas, and structural versatility.
Oxidation of carbon upon contact with
Li2O2 and/or battery operation in a highly
oxidizing environment during charge4�6,10

has been proposed to explain the widely
observed coformation of Li2CO3, which ac-
cumulates with cycling and causes rapid de-
gradation in performance. Select oxides,11

carbides,12 and noble metals13 can signifi-
cantly improve the chemical stability
against oxidation when compared to car-
bon. For example, Thotiyl et al.12 found that
in cells using dimethyl sulfoxide (DMSO) as
electrolyte solvent, a TiC nanoparticle cath-
ode produced 40 times less Li2CO3 at the
end of the fifth discharge compared to a
carbon electrode, which ultimately led to
98% capacity retention after 100 cycles.
Nanoporous Au foils have also been re-
ported as chemically stable electrodes cap-
able of high cyclability.13 The discharge
product morphology for these reportedly
stable electrode materials has not been
systematically investigated, which is critical
for developing design principles for using
these materials as structured electrodes.
Early efforts in this area focused on elec-

trode structure design to maximize useable
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ABSTRACT We demonstrate the feasibility of using a 3-dimensional gold

microlattice with a periodic porous structure and independently tunable

surface composition as a Li�O2 battery cathode. The structure provides a

platform for studying electrochemical reactions in architected Li�O2 electro-

des with large (300 μm) pore sizes. The lack of carbon and chemical binders in

these Au microlattices enabled the investigation of chemical and morpholo-

gical processes that occur on the surfaces of the microlattice during cycling.

Li�O2 cells with Au microlattice cathodes were discharged in 0.5 M lithium-

bis(trifluoromethane)sulfonamide (LiTFSI) in a 1,2-dimethoxyethane (DME)

electrolyte, with lithium metal foil as the anode. SEM analysis of microlattice cathodes after first discharge revealed the presence of toroidal-shaped

500�700 nm particles covering the surface of the electrode, which disappeared upon subsequent charging. Raman and FTIR spectroscopy analysis

determined these particulates to be Li2O2. The morphology of discharge products evolved with cycling into micrometer-sized clusters of arranged

“platelets”, with a higher amount of side reaction products such as Li2CO3 and LiOH. This work shows that properly designed 3-dimensional architected

materials may provide a useful foundation for investigating fundamental surface electrochemistry while simultaneously enabling mechanical robustness

and enhancing the surface area over a factor of 30 compared with a thin film with the same foot print.
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pore volume and to minimize O2 transport losses.
Chemical stability issues ultimately delayed prog-
ress in this area, which shifted the attention toward
identifying stable electrode�electrolyte configura-
tions.9,12�17 As a result, recent efforts have been
focused on understanding electrochemical processes
using rotating disk electrode (RDE), which permit
minimization of O2 transport losses and monitoring
of kinetically controlled electrochemical processes.
RDE experiments require beaker cell setupswith excess
electrolyte, rendering investigation of electrolyte de-
composition challenging. Morphological and chemical
characterization of discharged disk electrodes in such
setups is also challenging, and extrapolation to struc-
tured electrodes with porosity is not straightforward.
Microlattices are cellularmaterialswith aperiodic struc-

ture and a tunable density to as low as 0.9 kg m�3.18 The
typical unit cell size ranges from hundreds of microm-
eters to a few millimeters. Some microlattices, called
microtrusses, have been investigated for a wide range
of applications such as thermal insulation, shock or
vibration damping, and acoustic absorption.18 The
macroscopic well-structured pores make these mate-
rials potentially useful as positive electrodes in Li�O2

batteries because they could, in principle, accom-
modate large amounts of discharge product while
minimizing transport losses. Their three-dimensional
architecture yields a true surface area up to 30 times
that of its projected flat footprint, which provides
access to much lower surface area-normalized dis-
charge currents. The versatility of microlattice fabrica-
tion lends itself to producing a variety of low-density
materials like Ni�P alloys and metallic glasses, metals
(Cu), and ceramics (SiO2), which invokes the unique
advantage of RDE experiments, which is the ability to
change the electrode material without influencing

electrode structure or transport.19 This ability to ratio-
nally tune surface composition independently from
electrode structure can permit fundamental, well-
controlled surface studies of the intrinsic activity differ-
ences of different electrodematerials towardORR/OER.
Microlattices can be assembled in closed Li�O2 cells
withmore realistic electrolyte quantities than in beaker
cells, allowing investigation of chemical stability and
morphological evolution during electrode cycling.
In this work, we use Au as the prototype electrode

material because of its chemical stability and DME as
the electrolyte because of its high yield of Li2O2 upon
first discharge.10 We observed the formation of Li2O2

toroids with 500�700 nm diameter on the surface of
themicrolattice at a lowdischarge rate of 70nAcm�2

true

(current density normalized over electrochemically ac-
tive surface area, hereon denoted “true” surface area);
no toroids were observed when discharge rates were
higher, 210 nA cm�2

true. The morphology of the dis-
charge product evolved during cycling, and by the
fourth discharge, it was comprised of clusters of plate-
lets with the cluster size ranging from 5�10 μm in
diameter. Themechanical robustness of themicrolattice
allowed it to retain its integrity during testing, and the
large pore size permitted investigation of the morphol-
ogy and composition of the discharge products using
SEM, Raman, and FTIR spectroscopic analysis.

RESULTS AND DISCUSSION

Fabrication of Hollow Au Microlattices. The fabrication
procedure of the microlattices is shown in Figure 1(a).
Step 1 shows the fabrication of a 3-dimensional poly-
mer scaffold by exposing a 2-dimensional mask with a
pattern of circular apertures over a thiolene based
photomonomer. Within the photomonomer, self-pro-
pagating photopolymer waveguides originate at each

Figure 1. (a) Schematic of the step-by-step fabricationprocess of hollowAumicrolattices. (b) Optical imageof Aumicrolattice
cathode, with a diameter of 17 mm and a height of 3 mm. (c) A top down SEM image of a Au microlattice, with exposed and
hollowed out beams in the field of view. (d) SEM image of an individual beam showing the hollow interior.
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aperture in the direction of the UV collimated beam
and polymerize, forming an interconnected solid
structure.20 The octahedral geometry of the unit cell
originates directly from this exposure method and is
thus intrinsically linked to the fabrication method. The
minimum feature size of 100μmfor the diameter of the
individual beams is imposed by the UV light diffraction
limit within the thiolene based photomonomer. Next, a
seed layer of Au is sputtered onto the polymer scaffold,
on which ∼5 μm of Au is further electrodeposited to
allow the structure be mechanically robust enough to
maintain its original geometry upon cell assembly and
disassembly. The true surface area of the fabricated
microlattice cathode was determined by cyclic voltam-
metry (CV) using standard practices adapted from
metal electrocatalyst surface area measurements.21�23

Rate Capability and Cycling Tests. The galvanostatic
discharge behavior of Au microlattices is shown in
Figure 2. A discharge voltage plateau is observed at
2.6 V at 70 nA cm�2

true, which decreased to 2.5 V as the
rate increased to 210 nA cm�2

true. A sharp decrease in
voltage occurs toward the end of the discharge, im-
mediately followed by a more gradual slope until the
potential reaches 2 V. Further tests are needed to
probe the origin of this sloping profile, which could
potentially result from ohmic limitations through the
deposited films. In previous reports on nanoporous Au
in DMSO, Peng et al.13 observed a discharge voltage
around 2.5 V, with a capacity of 0.6 μAh cm�2

true at the
discharge rate of 1.0 μA cm�2

true. The highest rate of
210 nA cm�2

true used in this work was significantly
lower than that reported previously and yielded a
capacity of 1.0 μAh cm�2

true; the lowest rate of
70 nA cm�2

true yielded a discharge capacity of
7.0 μAh cm�2

true. The relatively low specific surface
area of∼140 cm2 g�1 offered by these Aumicrolattices
causes the true surface-area normalized capacities to
be significantly higher than those in literature, which
enables the investigation of the product chemistry and
morphology for more practical discharge capacities.

SEM images of the microlattice electrode after first
discharge are shown in Figure 3(a) and reveal that the
sample retained its shape integrity during testing,
which can be attributed to the favorable mechanical
properties of microlattices.18,24 Figure 3(b,c) shows
SEM images of the surface of a microlattice discharged
at 70 nA cm�2

true, which is populated with densely
spaced toroidal-shaped particles averaging 500 nm in
diameter. The size and morphology of these particles
are consistent with the Li2O2 particles found on carbon-
based cathodes with2,8 and without6,8,25 catalysts, and
on TiC12 over a range of electrolytes including DME
and DMSO. No prior literature has reported the ob-
servation of toroidal Li2O2 particles on pure Au surfaces
with no carbon present. These findings suggest that
the electrochemical and chemical processes that lead
to the formation of toroids, and their subsequent
growth, are not limited to carbon. The electrodes dis-
charged at a higher rate of 210 nA cm�2

true (Figure S3)
did not contain toroidal particles, consistent with prior
reports on carbon electrodes25�27 in which toroidal
particles were observed only at relatively low, near-
thermodynamic, currents. Recent publications sug-
gested that Li2O2 toroid growth is also influenced by
water concentration within the electrolyte. Aetukuri
et al.28 proposed that Li2O2 toroidal crystallites are
formed via a solution-mediated electrochemical pro-
cess driven by LiO2 partial solubility in the presence of
H2O, without which only Li2O2 thin films is formed,
regardless of current density. Schwenke et al.29 system-
atically investigated the influence of water content and
true surface area current density on discharge product
morphology. Specifically, the authors observed forma-
tion of toroids 400 nm in diameter on carbon paper
electrodes discharged at 16 nA cm�2

true, with electro-
lyte H2O content of 1000 ppm; when current is in-
creased to 480 nA cm�2

true, the precipitate takes the
form of a film densely covering the surface of the elec-
trode. This trend roughly agrees with our observations

Figure 2. First discharge of Aumicrolattice positive electro-
des over a range of true surface area-normalized currents.

Figure 3. SEM images of (a�c) the surface of a microlattice
after the first discharge at 70 nA cm2

true, with different
magnifications and (d) the surface of amicrolattice after the
first charge at 70 nA cm2

true.
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of toroid formation at 70 nA cm�2
true and lack of

toroids at 210 nA cm�2
true, and while the water con-

centration of our electrolyte during operation is
unknown, it is plausible that continuous moisture
contamination may have taken place during our low
current tests, which typically takes days. Investigations
of possible moisture contamination are given in the
next section. Figure 3(d) shows the surface of a micro-
lattice after the first charge. The visible roughness
corresponds to the polycrystalline nature of the elec-
trodeposited Au film, consistent with the surface tex-
ture of pristine microlattices shown in Figure S1.

Figure 4(a,b) shows the first galvanostatic cycle
at 100 nA cm�2

true and the first three cycles at
140 nA cm�2

true, respectively, for two different truss
electrodes tested with a lower cutoff voltage of 2 V and
an upper cutoff voltage of 4.1 V vs Li. During charging
the potential quickly rose to 3.9 V, after which it
dropped down to 3.75 V at 40% of the total charge
capacity (Figure 4(a)). The voltage then rose gradually
to 4.1 V. Following the first charge, SEM images
(Figure 2(d)) revealed the regeneration of a clean
microlattice surface, with the nearly complete removal
of toroidal particles. Some particles under 100 nm in
diameter, most likely LiTFSI salt, remained whose total
amount was insufficient to generate signals in FTIR or
EDS. With cycling, however, both the discharge and

charge capacities increased considerably, as shown in
Figure 4(b). For example, the discharge capacities
increased with each cycle, from 288 μAh in the first
cycle to 399 μAh in the second and 888 μAh in the
third, while the discharge potential also rose, from the
original 2.60 to 2.75 V during the third discharge.
The increase in capacity during cycling was observed
previously in studies using ether solvents30 and glyme
solvents.31 This work concluded that the higher mea-
sured capacity was a result of solvent oxidation caused
by high charging potential; the capacity measured
after the first discharge was 3 times higher than that
of cells with fresh electrolyte. In another study,32 an
increase in discharge potential was observed in the
cells that suffered moisture contamination, which can
be related to the higher reversible potential for LiOH
formation (3.35 V vs Li) compared to Li2O2 (2.96 V vs Li).

FTIR spectroscopy were used to investigate the
composition of the reaction products and revealed
significant chemical changes as a function of cycle
number. Figure 5 shows the IR spectra for electrodes
after the first discharge and charge, fourth discharge
and charge, along with the powder reference spectra
for Li2CO3, HCO2Li, CH3CO2Li and LiOH. Li2O2 is found
to be the predominant discharge product as indicated
by the broad peak at 500 cm�1, accompanied by
several peaks centered at 1400 and 860 cm�1, which

Figure 4. Electrochemical data of (a) first cycle at 100 nA cm2
true and (b) first 3 cycles at 140 nA cm2

true.

Figure 5. FTIR spectra of discharged, charged and cycled microlattice electrode.
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suggests the presence of small amount of Li2CO3. The
Raman spectra given in Figure S5 supports this claim,
where a peak at 790 cm�1 indicates the presence of
Li2O2; a lack of peak attributed to Li2CO3may be due to
the small amount of carbonate present, and also the
relative Raman inactivity of the C�O bond.33,34 To
determine whether the origin of Li2CO3 comes from
atmospheric CO2 during post characterization or from
the testing of the cell, we collected a spectrum of a
discharged cathode in a N2 glovebox (Figure S4,
Supporting Information). The detection range of this
setup is limited to a range of 4000 to 600 cm�1 (Nicolet
iS5, ThermoScientific, Inc.), suitable for Li2CO3 detec-
tion but not Li2O2whose peak onset is at 675 cm

�1. The
measured spectrum clearly reveals the presence of
Li2CO3 (Figure S3), which indicates that it did not form
as a result of exposure to atmosphere during postchar-
acterization. These results do not conclusively answer
whether Li2CO3 formed electrochemically or chemi-
cally, i.e., by potential leakage during cell testing, which
is the subject of ongoing study. The formation of
Li2CO3 after the first discharge, along with HCO2Li or
CH3CO2Li as indicated by the IR peaks at 1600 cm�1,
agrees with observations by Peng et al.13 using DMSO
and a nanoporous Au electrode: peaks associated with
Li2CO3, HCO2Li and CH3CO2Li were observed after the
first discharge,with their amounts comprising less than
1% of the total discharge product. These authors also
found that the side reaction products were consis-
tently oxidized during charge, a finding reproduced in
this work where the IR data showed no peaks asso-
ciated with any of the above-mentioned products after
the first and fourth charge. We observed substantial
accumulation of Li2CO3, HCO2Li and CH3CO2Li after the
fourth discharge. LiOH was also detected within the
electrode after cycling, as indicated by the peak at
3675 cm�1. The presence of LiOH in the electrode after
cycling could stem from the incorporation or electro-
chemical generation of water with prolonged testing,
which is in agreement with changes in the discharge
voltage and capacity during cycling (Figure 4).32,35 A
direct generation of LiOH as an electrochemical dis-
charge product has also been proposed.36,37 Ongoing
efforts are dedicated to investigating the origin of the
formed LiOH.

SEM images of cycled microlattice electrodes
reveal a corresponding change in discharge product

morphology with cycling. Figure 6(a,b) shows the sur-
face of the microlattice following the fourth discharge,
at different magnifications. Clusters of “platelets” with
cluster diameters between 5�10 μm were observed.
Such Li2O2 “platelet” morphologies have been ob-
served before on nanoporous gold (NPG) discharged
in LiTFSI with dimethysulfoxide (DMSO) as electro-
lyte,38and as freely distributed “platelets” on R-MnO2

nanowires discharged in LiCF3SO3 with tetraethylene
glycol dimethyl ether (TEGDME) as electrolyte.39 The
closest resemblance to our structures comes from
discharge products formed on a 3-dimensional Ni-
Co2O4 nanowire array/carbon cloth cathode (carbon
cloth acting as a template for the growth of the
nanowire array)40 discharged in LiTFSI with DME as
electrolyte. That study observed “porous ball” shaped
discharge products, with diameters ranging from
hundreds of nanometers to a several micrometers.
Selected area electron diffraction (SAED) of those
particles confirmed that the products consisted of
nanocrystalline Li2O2. The spectroscopy results in this
work indicate that these structures represent a combi-
nationof Li2O2, Li2CO3, HCO2Li andCH3CO2Li. Figure 6(c)
shows the surface after the fourth charge. We find
a surface devoid of discharge products with the mor-
phologies shown in Figure 6(a,b).

CONCLUSIONS

We demonstrated the feasibility of using a 3-D
architected microlattice as a positive electrode for
Li�O2 batteries. Using Au as the electrode material
and DME as the electrolyte solvent, we observed the
formation of toroidal-shaped Li2O2 as the predominant
product after first discharge, their complete removal
upon charge, and the accumulation of Li2CO3, HCO2Li
and CH3CO2Li after multiple cycles. These findings
demonstrate that 3-dimensional architected materials
provide a useful testbedwhen serving as electrodes for
studying fundamental electrochemistry and discharge
product morphology. Optimization of the geometry,
unit cell size and the electrode surface material used in
the microlattices, while beyond the scope of this work,
could be achieved using alternative versatile fabrica-
tion methods, for example, 2-photon lithography,44

microstereolithography,42 interferometric lithography,43

or template directed electrodeposition.41 In general,
optimally structuredmeta-materials for Li�O2 electrodes

Figure 6. SEM images of a microlattice after (a,b) fourth discharge and (c) fourth charge.
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will likely reflect a balance between several design
constraints. These include the need for large pore
volumes for mass transport (O2 and possible dis-
charge intermediate diffusion) and accommodation
of discharge product, as well as maximum total
electrode surface areas to sustain high-rate discharge
or charge reactions with minimal overpotentials. The
ability to decouple themicroscale pore structure from
the selection of surface composition and area, for

example, through manipulation of the coating pro-
cess and surface roughness, therefore represents a
new direction in electrode design for metal-air sys-
tems. Future work studying Li�O2 chemistry on
different material surfaces while preserving the elec-
trode geometry and mechanical integrity will pro-
vide insight on optimizing the chemical stability
and catalytic activity of electrode materials toward
ORR/OER.

METHODS
Fabrication of Hollow Au Microlattices. 100 nm of Au is sputtered

onto the polymer scaffold in an Ar atmosphere (AJA Interna-
tional ATC Orion sputterer, DC current source, 56 W) with a gas
flow rate of 10 sccm, maintaining a working pressure of
3 mTorr.41 To ultimately obtain a sufficiently stiff hollow struc-
ture that can survive handling and maintain its integrity
throughout cell testing, an additional ∼5 μm of Au (TSG-250,
Transene) was electrodeposited onto the initial 100 nm-thick
sputtered layer of Au. The plating temperature was maintained
at 60 �C, and the solution was stirred with a magnetic stir bar to
maintain optimum flux to the surface. The current density was
maintained at∼1 mA cm�2. The surface area used to normalize
the deposition current was estimated by modeling the micro-
truss in CAD, with the unit cell dimensions used as input
parameters. Following electrodeposition, the coated microlat-
ticeswere cut into “pucks” roughly 3mm in height and 17mm in
diameter. The incisions made during this process exposed the
polymer within the interior of the truss to the etching solution
(1.5 M NaOH, in 1:1 v/v methanol and DI water) used to dissolve
the polymer. Etching was performed for 24 h at 40 �C,24 after
which the sample was thoroughly cleaned in DI water. The
resulting structure, shown in Figure 1(b,d), is a 3-dimensional
octahedral network comprised of hollow, 5 μm-thick Au tubes.
SEM images in Figure 1 reveal that the pore size was roughly
300 μm, the diameter of the individual tubes was 150 μm, and
the coating was relatively uniform, with a thickness of 5 μm.

Characterization. SEM images were obtained in the FEI Versa
3D DualBeam Scanning Electron Microscope (SEM) under high
vacuummodewith an acceleration voltage of 5 kV. FTIR spectra
were measured on a Nicolet 860 Magna spectrometer with a
Durascope attenuated total reflectance (ATR) unit and a KBr
window to enhance the signal-to-noise detection in the range
of 400�4000 cm�1. Raman spectroscopy was performed on a
Renishaw M1000 Micro Raman Spectrometer System, utilizing
an Ar ion laser at 514.5 nm. Both the FTIR and Raman instru-
ments operate in air. Scans were usually kept under 5 min.
Another FTIR instrument (Nicolet iS5), with a detection window
of 600�4000 cm�1, located in a glovebox, was used to probe
whether the lithium carbonate peaks detected in open air
measurements came from atmospheric contamination or from
electrolyte decomposition. Pristine Aumicrolattices do not have
any Raman or IR peaks in the wavenumber range of interest;
their spectra are not shown in the figures. Reference spectra of
expected discharge products are taken from commercial pow-
ders (assay >99.0%, Sigma-Aldrich).

Cell Assembly and Electrochemical Measurements. Cell assembly
and electrochemical testing were performed at Bosch Research
and Technology Center (RTC) at Palo Alto, CA. Electrodes were
held at 120 �C under a vacuum for 12 h in an oven/antechamber
connected to an Ar glovebox (MBraun, H2O < 0.1 ppm, O2 <
0.1 ppm), before being transferred directly into the glovebox
without exposure to the ambient. The electrochemical cells
were commercially available (EL-CELL GmbH, Germany). As-
sembled Li�O2 cells comprised a Li metal anode, electrolyte-
impregnated separator (0.5 M LiTFSI in DME contained in
binder-free borosilicate glass, 260 μm thick), and microlattice
cathode. DME (anhydrous, water content 10�30 ppm, Sigma-
Aldrich) was dried for several days over molecular sieves in the

Ar glovebox. After assembly, the sealed cells were transferred
out of the glovebox to be connected to an O2 channel (Teflon)
and purged. The gas connection and purging process were
carefully controlled to minimize atmospheric contamination by
blanketing the cell ports with dry O2 and maintaining a positive
pressure of O2 within the cell during purging, with an ultimate
cell pressure maintained at 25 psi. Cells were then subjected
to a rest step at open circuit in O2 for 10 h to stabilize open
circuit voltage (OCV) before discharge (the typical OCV was
∼3.0 V vs Li). Electrochemical testing was performed using an
Arbin BT2000 battery test setup. After testing, cells were opened
and dissembled in an Ar glovebox, washed in DME, and
vacuum-dried at room temperature for a minimum of 30 min
in the antechamber of the glovebox. Samples were then placed
back into the glovebox with no air exposure and placed into
high-density polyethylene (HDPE) bottles (Nalgene, Sigma-
Aldrich) that were heat sealed in airtight foil bags (Sigma-
Aldrich) for subsequent transfer and characterization.

Determination of True Surface Area. Microlattice electrodes were
tested in a three-electrode beaker cell, with a Ag/AgCl reference
electrode and Pt mesh counter electrode. CVs were conducted
in the potential range of 0.4 to 1.4 V vsAg/AgCl in 0.5MH2SO4 at
a scan rate of 50 mV s�1. The first∼15 initial cycles were used to
stabilize the CV curves, after which the CV for surface area
measurement was performed. A typical voltamogramm is
shown in Figure S1(a) (Supporting Information). The anodic
peaks at 1.15 and 1.3 V vs Ag/AgCl correspond to the formation
of Au surface oxides, and the cathodic peak at 0.9 V arises from
corresponding reduction.22 Using charge integration under the
reduction peak while subtracting contributions from double
layer capacitance, the total surface area was obtained by
dividing the integrated value by the charge per surface area
of Au (400 μC cm�2), as adapted from literature.22,23 The experi-
mentally measured value of ∼140 cm2 g�1 were only 15%
higher than that predicted by CAD software. The slightly higher
surface area measured electrochemically likely stems from the
roughness of the Au surface caused by the polycrystalline
microstructure, as well as the initial roughness of the polymer.
Figure S1(b) shows SEM image of the pristine Au microlattice
surface with crystallites up to 500 nm. The XRD spectrum shown
in Figure S2 confirms the polycrystalline nature of the deposited
gold. Such a low specific surface area of 140 cm2 g�1 arises from
the 5 μm-thick Au coating, which is necessary to retain suitable
mechanical stiffness and strength and the relatively smooth
surface of the structure.
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