ChemComm

Accepted Manuscript

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been

accepted for publication.
ChemComm

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. We will replace this Accepted Manuscript with the edited
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's

standard Terms & Conditions and the Ethical guidelines still

g;HEm apply. In no event shall the Royal Society of Chemistry be held
responsible for any errors or omissions in this Accepted Manuscript

or any consequences arising from the use of any information it

contains.

ROYAL SOCIETY
OF CHEMISTRY WwWW.rsc.org/chemcomm


http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/

Page 1 of 4

o«

a

=3

w

ChemComm

Journal Name

Cite this: DOI: 10.1039/c0xx00000x

WWW.rscC.org /XXXXXX

wytiairinow MAIUVIT LTINS P

ARTICLE TYPE

In situ Monitoring of Li-O, Electrochemical Reaction on Nanoporous

Gold using Electrochemical AFM

Rui Wen*’ and Hye Ryung Byon™*

Received (in XXX, XXX) XthXXXXXXXXX 20XX, Accepted Xth XXXXXXXXX 20XX

DOI: 10.1039/b000000x

(Li-0,)
nanoporous gold (NPG) is observed using in situ atomic force

Lithium-oxygen electrochemical reaction on
microscopy (AFM) imaging coupled with potentiostatic
measurement. Dense Li,O, nanoparticles form a film at 2.5V,

which is decomposed at 3.8-4.0 V in ether-based electrolyte.

In recent years, extensive studies have been conducted to improve
rechargeable nonaqueous Li—O, battery performance. Despite
large theoretical energy density (~3 kWh kg ') accomplished by
formation and decomposition of insoluble Li,O, product for
discharge and recharge, respectively, parasitic reactions have
afflicted the Li—O, battery with high cathodic polarization
potential and poor cycling performance.'? The origins of
unintended reactions arise from emergence of superoxide (0;"),
as the reduced O, form, during discharge* ® and the high potential
reached during recharge due to the difficulty of electrochemical
decomposition of Li,O, and the presence of side products such as
lithium carbonate (Li,CO;).> The O,  is believed to cause
considerable degradation of aprotic organic solvents via
nucleophilic attack.* > Accordingly, a highly superoxide-tolerant
s electrolyte is needed, and ethers and dimethyl sulfoxide (DMSO)
have demonstrated their suitability.”® In addition, the high
recharge potential results in oxidation of electrolyte and carbon
cathode.”!' Employment of promoters (or catalysts)'” '* and
limited depth of discharge'* have aided in the smooth
decomposition of LiO, at lower recharge potential. Recently,
more endeavors have been focused on restriction of the Li,COj3
formation. One of the attractive ways is to replace typical carbon
cathodes with other conducting electrodes because the carbon
oxidation occurring from as low as 3.5 V (referenced to Li'/Li) is
s involved in the formation of Li,CO3.'" '* Indeed, NPG,” '
indium tin oxide (ITO)' and titanium carbide (TiC)'® cathodes
have exhibited less Li,COj;, thus enhancing the cycling
performance of Li-O, cells albeit with small capacity. In
particular, the NPG cathode has been highlighted as
demonstrating remarkably low overpotentials for discharge and
recharge.”'® This promising result is predominantly attributed to
the unique material properties and interfacial reaction with the O,
gas. Yet, there has been less detailed study for Li-O,
electrochemical reaction accommodated on the NPG such as the
s NPG-0O, interaction and correlated effects for O, reduction and
oxidation reaction. Here, we present in situ visual evidence of Li—
O, products nucleating, growing, and decomposing on the NPG
with respect to operating potentials. In situ AFM imaging of NPG
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surface is conducted under the Li—O, electrochemical reaction in

so the ether-based electrolyte. The dense LiO, nanoparticles form a

film and eliminate during reduction and oxidation, respectively,
with lower overpotentials compared with highly ordered pyrolytic
graphite (HOPG) electrode.”” We suggest that rich active sites
having high O, adsorption affinity on NPG?> ?! is key to
determine Li,0, shape and Li—O, cell performance.

The NPG was prepared by dealloying of a white gold leaf foil
(Ag/Au = 50/50) via acid leaching and annealing under vacuum
(see ESI Experimental Section for details), which dissolved Ag
and constructed Au ligaments with nanopores. A scanning
electron microscopy (SEM) image in Figure Sla shows the
three-dimensional porous structure of NPG with a size of 30-50
nm for both Au ligaments and nanopores. Elemental mapping
with energy dispersive X-ray spectrometry (EDS) depicts
homogeneous dispersion of the remaining Ag over the Au
ligaments (Figure S1b—d).”*? The atomic % ratio of Ag/Au is
around 30/70 attained from X-ray photoelectron spectroscopy
(XPS) analysis in Figure S2. It is noted that the quantity of
remaining Ag on the NPG is higher than the other NPGs reported
to be around 5 atomic %.?>* The as-prepared NPG with a size of
2 x 2 cm” was put on the rigid HOPG substrate and employed as
the working electrode in a Li—O, model cell. Metallic Li used for
counter and reference electrodes was suspended above the NPG
electrode and fully immersed in Ar or O, gas-saturated
tetracthylene glycol dimethyl ether (tetraglyme) (total 0.9 mL,
H,0 < 5 ppm) containing 0.5 M of LiTFSI (LiN(SO,CF3),). All
cell assembly and electrochemical measurements coupled with
AFM scanning were conducted in an Ar-filled glove box (H,O <
1 ppm). Figure 1 shows representative cyclic voltammetry (CV)
curves at the potential range of 2.0-4.5 V and a sweep rate of 5
mV s~'. Upon the negative-direction sweep under O,, onset of the
oxygen reduction reaction (ORR) occurs at 2.7-2.8 V and the
peak is apparent at 2.3-2.5 V, which are compared with no
significant peak under Ar. Onset of the oxygen evolution reaction
(OER) occurs during the positive-direction sweep at 3.0 V and
with the peak current at 3.2-3.5 V. These ORR and OER are
attributed to formation and decomposition of Li,O,, respectively
(2Li" + 04(g) + 2¢~ > Liy0y(s)). The onset ORR/OER potentials
on the NPG (around 2.7-2.8/3.0 V) are in close proximity to the
thermodynamically reversible Li-O, potential (E,., = 2.96 V),
which are distinguished from those for HOPG (2.5 and over 3 V
for ORR and OER, respectively)."”” The overpotentials for the
ORR/OER on the NPG are also considerably lower than those on
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gold disk,* HOPG,” and glass carbon electrodes.® 2
Representatively, the ORR peak on the NPG is exhibited at 2.3—
2.5 V, which is 200-400 mV higher than that on the HOPG."
Superior ORR on the NPG arises from its catalytic activity. The

s ligament curvatures in the NPG are comprised of concentrated
atomic steps and kinks,”?! which accommodate the active sites
for the ORR. In addition, a high concentration of Ag on the
ligaments can significantly increase O, adsorption affinity
further."® ' Two OER peaks having almost identical peak-current

10 to the ORR one are exhibited around 3.27 and 3.5 V in Figure
1b, which are unlike the HOPG presenting three OER peaks at
337, 3.46 and 3.79 V."” Over 3.8 V, a new oxidation peak
appears in both Ar and O,, which is associated with the oxidation
of tetraglyme electrolyte”’ ' and the redox reaction of the Ag in

is the NPG (Ag" + ¢ < Ag, E,., = 0.80 V vs. SHE (the standard
hydrogen electrode)®) with the corresponding reduction peak at
around 3.8 V.
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Figure 1. Representative CV curves on NPG electrodes in Li—O, model
cells with (a) Ar- and (b) O,-saturated 0.5 M LiTFSI in tetraglyme at a
potential range of 2.0-4.5 V and a sweep rate of 5 mV s'. The NPG
electrodes in (a) and (b) were prepared separately, providing different
capacitance.

The AFM topography images scanned with the CV sweep at

a sweep rate of 5 mV s display in situ formation and

20 decomposition of Li—O, product on the NPG. The AFM scanning
was conducted for an arbitrarily selected area (2 x 2 pm?) at a rate
of 8.5 min per image. Figure 2 and Figure S3 shows the NPG
surface upon potential-controlled ORR and OER where the AFM
scanning direction is denoted by the yellow arrow at the right
25 bottom corner of each image. At the open circuit potential (OCP),
the as-prepared NPG surface consists of the ligaments and pores
(Figure 2a), which are consistent with the SEM image in Figure
Sla. Along the negative-direction sweep of CV trace to 2.48 V,
no notable change on the NPG surface is observed at nanometer
s scale while at 2.48 V insoluble products emerge (Figure 2b). To
clarify the dynamic process of the Li—O, product formation, we
repeatedly obtained the AFM images on the same area whilst
holding the potential at 2.48 V (Figure 2b—d). The nanoparticle-
shaped products gradually grow on the ligaments over time

35 (Figure 2c¢) and cover the NPG ligaments and nanopores (Figure
2d-e). The subsequent positive-direction sweep in Figure 2e-h
shows decreasing particle size after 2.96 V (Figure 2e) and
apparent elimination of product over 3.8-4.0 V (Figure 2f). Such
rapid decomposition of the products contributes to the obscure
40 image at 3.45-3.8 V and some drift after just approaching 4.0 V
in Figure 2f. The ligaments and pores of NPG are exposed
without any nanoparticle product when maintaining the potential
at 3.8 V for 5 min (Figure S4). Over 4.0 V, the bare NPG surface
is revealed and either NPG morphology change or newly

45 deposited product is not significantly observed at nanometer scale
(Figure 2f-h).

Formation and decomposition of Li,O, as the main Li-O,
product can be addressed by the XPS. For the XPS analysis, we
prepared three NPG electrodes and performed ORR at 2.4 (ORR—

50 2.4V), 2.0 V (ORR-2.0V) and OER at 4.5 V (OER-4.5V),
separately, using the potential-controlled mode at a sweeping rate
of 1 mV s, The cathodes were then washed and dried under
vacuum, and directly transferred into the XPS vacuum chamber
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Figure 2. In situ AFM topography images of NPG electrode upon ORR
and OER in Li-O, model cells with O,-saturated 0.5 M LiTFSI in
tetraglyme. The potentiostatic measurement was carried out at a potential
range of 2.0-4.5 V and sweeping rate of 5 mV s™'. Each AFM image was
acquired with 8.5 min scan time. (a) OCP, (b—e) ORR at (b) OCP-2.48,
(c—d) 2.48, () 2.48-2 V, and (e-h) OER at (e) 2-3.45, (f) 3.45-4, (g) 4,
(h) 4.5 V. The AFM scanning direction is indicative of the yellow arrows
at the right bottom corner of each image. Some potential milestones are
also denoted on the left side (b, e, and f). The scale bars are 400 nm. The
z-axis scale bars of all images are shown in Figure S3.

without air exposure. Figure 3 shows spectra obtained by
ss synchrotron X-ray with a photon energy of 650 eV. The lower
photon energy compared to those from Al and Mg Ka sources
(1486.5 and 1253.6 ¢V, respectively) provides a smaller
penetration depth and thus information from a thinner layer of the
surface. The survey spectra in Figure 3a display decrease and
o increase of Au 4f;),, 4fs, (84, 88 ¢V) and Ag 3dsp, 3d;, peaks
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(368, 374 ¢V) upon the ORR and OER, which correspond to
deposition and decomposition of Li—O, products on the NPG
electrodes, respectively. In particular, the disappearance of Au
and Ag peaks on the ORR-2.0V reveals the fully covered NPG
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Figure 3. Synchrotron X-ray photoelectron spectra (photon energy =~
650 eV) of NPG electrodes with different ORR and OER states via
potentiostatic control at a sweeping rate of 1 mV s™'. Spectra in (a)
survey, (b) C 1s, (c) O 1s and (d) Li 1s BE region with ORR at 2.4 V
(ORR-2.4V, bottom orange), 2.0 V (ORR-2.0V, middle green) and
OER at 4.5 V (OER-4.5V, top blue).

s electrode by the Li—O, products, which is consistent with the
AFM images during the deep ORR (Figure 2d—e). All NPG
electrodes show the similar carbon-related peaks (285.5 eV)
deconvoluted to sp3 hybridized carbon (285.2 ¢V) and C-O
(286.1 eV)26 in the C 1s binding energy (BE) region (Figure 3b),
which are indicative of physically adsorbed tetraglyme. The O
and Li 1s BE regions in Figure 3c—d reveal the main Li-O,
product of Li,O,. The O 1s peak at 532.4 ¢V and Li 1s peaks at
56.3 eV on the ORR-2.4V and ORR-2.0V correspond to those
on the reference Li,O, powder (99% purity) showing 532.5 eV
for the O Is and 55.9 eV for the Li 1s peaks under the same
measurement condition (Figure S5). The small tails over 533.5
eV in asymmetric O Is peaks on the ORR electrodes can be
attributed to Li,CO; having O and Li 1s peaks of 533.6 and 56.7
eV, respectively (Figure SS5) whilst its quantity is insignificant.
After OER swept up to 4.5 V, the Li,O, is decomposed as
evidenced by apparently decreasing Li 1s peak on the OER—4.5V
electrode. The C and O 1s BE regions, however, show increasing
carboxylate and carbonate peaks (289.1 and 291.6 eV)" and still
remaining long tail (over 533.5 eV), respectively, on the OER-
4.5V, which indicates the oxidation of tetraglyme over 4 V, °
thus forming organic carboxylate/carbonate and Li,CO3.'" 13

We consider that the LiO, morphology and its growth
process on the NPG are considerably different from those on the
HOPG electrode. Upon the HOPG,' some of nanoparticle-
shaped nuclei formed along the edge of HOPG during initial
reduction migrate to the HOPG terrace and gradually increase in
the size up to 25 nm (height profile) while most nuclei formed at
the edge during later and deeper reduction, close to the reduction
peak, swiftly grow to nanoplate shape. The Li,O, nanoplates
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formed just above the HOPG surface have large size, such as
axial diameter of hundreds of nanometers, length of micrometers
and a height of 5 nm, whilst the newly deposited Li,O,
nanoplates on the top surface of Li,O, film have much smaller
size with the height being maintained at 5 nm. Unlike the HOPG,
the Li,0, on the NPG retains the nanoparticle shape for the entire
reduction process. In addition, the nanoparticle products do not
migrate but grow on a fixed position. Further evidence for the
nucleation and growth of Li,O, is displayed in high-
magnification AFM deflection images (Figure 4 and S6 for 3D
image). Figure 4a and 4b—f show the NPG surface at the OCP
and time-dependent AFM images at 2.48 V corresponding to
Figure 2b bottom, 2¢ bottom and top, and 2d top and bottom,
respectively (Figure S3). At just after approaching 2.48 V, the
Li,0, nuclei are formed on the ligaments. We can also observe
decreasing NPG pore size (Figure 4b), which indicates that the
nuclei form along the ligament edge at the initial stage. After the
following 5 min, the nanoparticles grow to 30 nm (lateral size)
and the resultant Li,O, film covers the NPG surface (Figure 4c).
This implies that the NPG is attractive to the O, adsorption®”?'
and Li—O, products. The O, molecules adsorb on the ligaments
with high affinity then stabilize and transform to form Li-O,
products, either LiO, as the intermediate of Li,O, (Li* + O,(g) +
¢ — LiO,) or eventual Li,O, (formed by 2LiO,—Li,0, + O, or
LiO, + Li' + e — Li)0,) via charge transfer.”” The strong
interaction with the NPG probably leads these Li—O, products to
adhere to the nucleation sites. In addition, the densely formed
nuclei on the copious active sites over the NPG can restrict rapid
lateral growth like that observed in the formation of nanoplate
shape on the HOPG." Instead, the nuclei gradually increase in
size, whilst maintaining the particle shape. Upon further
reduction, new nuclei form on this Li,O,. In Figure 4d, new
nuclei of small nanoparticles (arrows) with a lateral dimension of
10 nm can be observed on the Li,O, film, which grow at a growth
rate of ca. 4.5 nm min ' as evidenced by an increasing size of 25
nm in Figure 4e. When these nanoparticles are enlarged to a size
of 50 nm and create the second film layer, new nuclei appear as
indicated by the arrows in Figure 4f. These consecutive images
exhibit that the nuclei emerge at the edge of the under-layered
Li,O, nanoparticles containing abundant steps and kinks.”® The
schematic illustration in Figure 4g summarizes the sequence of
this ORR process. The growth process terminates when the thick
Li,0, film hampers the smooth charge transfer.”’ The Li,O, film
is then eliminated during the OER. Rapid decomposition of the
Li,O, at low oxidation potential is revealed by the CV curve
(Figure 1) corresponding to the AFM images (Figure 2e—f). We
believe that the NPG-Li,0, interface where the OER occurs'” is
favorable for the electron transfer owing to high electrical
conductivity of the NPG whilst further study is needed to
understand the OER process.

In summary, we demonstrated in situ ORR and OER process
of the Li-O, electrochemical reaction on the NPG electrode. The
peak potentials for ORR/OER were lower than those on the
carbon-based electrodes. The low overpotential of ORR process
accounted for the high O, adsorption affinity on the NPG, which
could allow construction of the dense Li,O, nanoparticle film.
The highly conductive NPG with favorable interface with the
Li,0, might promote swift decomposition of the Li,O, film
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during the OER.

e Au ligament

o nucleus of Li202
9 Li202 particle new nucleus on Li202

Figure 4. High-magnification AFM images of NPG electrode during
ORR and schematic illustration of ORR process. (a—f) Deflection images
of NPG at (a) OCP and (b—f) 2.48 V with time-dependent ORR process
corresponding to (b) Figure 2b bottom, (c—d) Figure 2¢ bottom and top,
(e—f) Figure 2d top and bottom. The arrows in (d—f) indicate nuclei on
the Li,O, film. The scale bars are 100 nm. (g) Schematic illustration of
ORR process on NPG.
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