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Capturing Nano-Scale Inhomogeneity of the Electrode
Electrolyte Interface in Sodium-lon Batteries Through
Tip-Enhanced Raman Spectroscopy

Sirshendu Dinda,* Shivam Trivedi, Ananyo Roy, Frank D. Pammer,
and Maximilian Fichtner*

A prime challenge in the development of new battery chemistries is the
fundamental understanding of the generation of the electrode—electrolyte
interface (EEI) and its evolution upon cycling. Tip-enhanced Raman
spectroscopy (TERS) under an inert gas atmosphere is employed to study the
chemical components of the anode/cathode electrolyte interface in a
sodium-ion battery. After the first cycle, TERS reveals that the EEI mostly
consists of organic carbonate/dicarbonate, oligoethylene oxides,
a,B-unsaturated vinyl ketones/acetates, and inorganic species ClO,~, ClO,~,
and Na,CO;. Whereas after 5x cycling, the EEl composition has evolved to
contain long chain monodentate or bridging/bidentate carboxylates and
alkoxides. The TERS map reveals the nano-scale heterogeneity present in the
EEI layers and elucidates a multilayered nano-mosaic coating structure. The
sheer volume of Raman signature present in the TERS signal can completely
unravel the mysteries regarding the chemical composition and may shed light

systems as these secondary cells provide
practical convenience, long service life,
and high efficiency. Sodium-ion batteries
(SIBs) are regarded as one of the most
usable next-generation ESSs owing to
the abundance, and low-cost of sodium.
The working principle and required man-
ufacturing methods that are similar to
lithium-ion batteries (LIB).I") In the past
decade, tremendous amounts of research
have been invested into the development
of the active components of SIBs (cath-
odes, anodes, and electrolytes).l?] Grow-
ing demand of sustainability also puts
emphasis on the physical properties of
EESs, such as long cycling stability, good
rate capability, efficient ion transport, and

to the physicochemical behavior of the EEI.

1. Introduction

Environmental friendly renewable energy such as solar and wind
power faces huge commercial/practical barrier because of their
regional and intermittent scarcity. Large-scale energy storage sys-
tems (ESSs) are needed to work in sync to overcome this hur-
dle. Rechargeable batteries are promising candidates for storage
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thermal safety.>3] A key property of LIBs
that guarantees their stable operation of
multiple charge/discharge cycles is the
formation of stable electrode—electrolyte
interfaces (or interphases) (EEI) at cathode and anodel*!: During
electrocycling, both the highly reducing environment at the an-
ode and the oxidizing conditions at the cathode degrade the elec-
trolyte and a composite of the organic and inorganic decomposi-
tion products is deposited on the respective electrode surface.®!
The degraded multicomponent materials form a thin EEI inter-
phase on top of cathode/anode and act as an ion-conductive pro-
tective mask.[®] The ideal EEI shows high ionic mobility, elec-
tronic resistivity, uniform coverage, and interfacial stability.*”] It
acts as a passivation layer that prevents further electrolyte degra-
dation and enables the sustained cycling stability of the LIBs.!®]
A thin and robust solid electrolyte interface (SEI) layer is formed
on the surface of the graphite anode in LIBs that resists electron
flow to the electrolyte and sustains reversible lithium ion inter-
calation/extraction in the subsequent cycles. Depending on the
electrolyte composition, working conditions, and electrode types,
a variety of SEI formations have been observed. To understand
the physicochemical nature of the final SEI in LIBs have been
modeled as multilayer, mosaic, dual layer, plum-pudding struc-
ture, etc.l”) However, despite these extensive efforts, the complex
electrochemical reaction mechanisms during the EEI formation
are yet to be fully understood.
The situation is even more challenging for the less well-
developed SIBs. SIBs suffer from a short cycle life partly at-
tributed to the larger size of sodium ions compared to lithium,
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and the associated larger mechanical stress due to larger volume
changes induced by (de-) sodiation.l'”! The SEI in SIBs is also rel-
atively unstable and continuously evolves during electrochemical
cycling.['!! The chemical compositions of the electrolyte in a cell
determines the physicochemical nature and passivating quality
of the EEIs. The chemical nature of the EEI depends on the com-
position that regulates the cycling stability of the SIBs. In this re-
gard, fewer works have been directed at understanding the chem-
ical compositions of the SEI or the cathode/electrolyte interface
(CEI) in SIBs.

One of the major challenges regarding the characterization
of the EEIs is the evolution of the chemical composition dur-
ing cycling. In literature, the chemical compositions of EEIs
in LIBs have been characterized mostly by X-ray photoelec-
tron spectroscopy (XPS), FTIR spectroscopy, NMR spectroscopy,
and small-angle neutron scattering (SANS).1'?l The applied tech-
niques generally give a rough information of the average chem-
ical components present in the thin EEI layer and provide a
basic statement on chemical components. These techniques
do not provide any information regarding the heterogeneity
or surface distribution of the material, especially in the nano-
scale. Indeed, there are very few analytical techniques avail-
able that can provide comprehensive chemical information of
these thin EEI films. Moreover, some are associated with pho-
ton/neutron beam damage, induced in XPS/SANS. Raman spec-
troscopy is a very powerful nondestructive analytical tool that
provides explicit chemical fingerprint but fails to detect thin or-
ganic/inorganic SEI layers due to its low cross-section for Ra-
man scattering. Surface-enhanced Raman spectroscopy (SERS)
and shell-isolated nanoparticle-enhanced Raman spectroscopy
(SHINERS) use plasmon resonance of metal nanostructures to
enhance the Raman signal and circumvent the above-mentioned
limitation. In LIBs both SERS and SHINERS have been used to
elucidate the SEI, but only provide rough chemical information
from a diffraction-limited spot on the electrode surface.!*’!

Tip-enhanced Raman spectroscopy (TERS) is a highly surface-
sensitive method that brings nano-scale spatial resolution and
chemical information by coupling scanning probe microscope
(SPM) and Raman microscopy.'*] TERS has been used to charac-
terize single molecules bound to atomically smooth metallic sur-
faces and in ideal cases can detect structural conformers of sin-
gle molecules.!'] Tt has been demonstrated that TERS can probe
RNA strands and can identify single bases.['®! So far, only a sin-
gle publication reports the use of TERS to determine nano-scale
heterogeneity of the SEI formed during electrochemical cycling
on an amorphous silicon surface.l'’] In this work, a nanomosaic
multilayer SEI structure was identified, consisting of carboxylate
and fluorinated species that have been reported as SEI compo-
nents when lithium hexafluorophosphate (LiPF(, 1 M) in ethy-
lene carbonate (EC) and diethyl carbonate (DEC) 1:1 by volume
were used as electrolyte.['’] The study is limited to the anode-
electrolyte interface and the amorphous silicon electrode that was
prepared by RF magnetron sputtering. This technique provided
a relatively smooth surface, far from a practical rough electrode
surface. The Raman studies summarized above are all concerned
with the study of LIB anodes and cathodes.

In this study, we have used TERS to map the nanoscale chemi-
cal heterogeneity of the EEIs of an SIB and attempt to identify its
component fragments. The electrodes were prepared manually
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and the electrochemical cycles were done in a half-cell arrange-
ment using an inorganic electrolyte dissolved in non-aqueous
cyclic carbonate solvent. The topography of the EEI and the chem-
ical composition at nanometer lateral resolution are correlated
for hard carbon (HC) anode and Prussian blue (PB) cathode in
SIB. The gradual evolution of the SEI and the CEI are analyzed
after the first and fifth electrochemical cycles in these anode and
cathode mediums, keeping the electrolyte same. Furthermore,
we used density functional theory (DFT) calculations to calculate
Raman spectra of likely SEI components and matched these with
the experimental spectra. We found that organic/inorganic car-
bonate byproducts mixed with carboxylates, and a,f-unsaturated
carbonyl salts are deposited on the electrode surface. Analyzing
the TERS mapping we unveil that the EEIs resemble mosaic
nano-island structures.

2. Results and Discussion

Figure 1a shows the schematic of the TERS setup, where a
scanning tunneling microscopy (STM) is optically coupled to a
Raman microscope. An electrochemically etched gold STM tip
(=30-40 nm tip diameter) captures the morphology of the elec-
trode surface underneath. The STM tip apex acts as a localized
surface plasmon source when it reaches to the confocal plane
of a 633 nm incident laser beam. Not only that, favorable po-
larization of the incident light with respect to the tip shank in-
creases the local charge density at the tip apex. This highly local-
ized charge acts as a non-resonant enhancement source named
as “lightning rod”.[*®! The plasmon resonance together with non-
resonant “lightning rod” effect greatly enhances the local elec-
tromagnetic field and creates a localized “hot spot”. The chem-
ical species within the “hot spot” region exhibit enhanced Ra-
man activity and manifest a high signal-to-noise ratio in the far
field. Combining STM images with chemical sensitivity from en-
hanced Raman fingerprint, a collective picture of nanoscale het-
erogeneity of EEI can be recognized. Though EEI is electronically
insulating, electronic structure of the substrate, film thickness,
interface between several SEI components, band-bending effects
induced by the electric field between tip and sample makes it pos-
sible to measure in STM condition. Use of STM-TERS is coming
from a versatile, cost-efficient solution to a side illumination geo-
metrical setup. TERS-STM tips are relatively easy to prepare than
AFM probes, which brings down the cost of each tip. Metal tips
have a high aspect ratio at the tip apex, crucial for the focusing in
top and side illumination.!'819}

To study the anodic EEI, half-cells consisting of an HC-PVDF
composite and a sodium metal counter electrode were fabricated
and the cells were first discharged to 0.0 V followed by charging
until 2.2 V. The discharge curve can be mainly divided into a slop-
ing and a plateau region that corresponds to filling of Na* ions in
graphitic regions of HC followed by pooling into Nanopores.[?’!
During first discharge, solid electrolyte interphase is formed on
the HC surface due to reduction of electrolyte. This is followed
by irreversible capacity loss in the first cycle (Figure 1b). The
EEI at the cathode has been studied analogously in half cells
charged with PB against sodium that were cycled in the 2.0-
4.0 V range, first discharge cycle was performed. The charge dis-
charge curve of the PB cathode is presented in Figure 1c. In all
cases, 1 m NaClO, in PC:FEC (98:2 v/v) (propylene carbonate:
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Figure 1. a) Schematics of the TERS setup. b,c) charge—discharge profile

charge/discharge current.

Fluroethylene carbonate) liquid electrolyte has been used. The
Raman spectra of the individual carbonate solvent and the com-
bined electrolyte is presented in Figure S1 (Supporting Informa-
tion).

2.1. Solid Electrolyte Interface (SEI) on Hard Carbon Anode

Figure 2a shows the STM topography and Figure 2b-e repre-
sents TERS mapping of several characteristic Raman bands of
the principal components of SEI, present on the hard carbon an-
ode surface after the first electrochemical cycle (1x HC). The to-
pography shows a very rough anode surface that is of the order
of few hundreds of nanometers. It is known that peak positions
of TERS signals highly depend on the polarization of the elec-
tromagnetic field, and hence on the orientation of the polarizing
molecules (organic/inorganic fragments) with respect to the ex-
citation field.[?!) Thus, the TERS maps have been generated by
integrating the area under the curve, rather than relying on the
peak intensity (see Figure S2, Supporting Information). The en-
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hancement factor of the TERS-STM tip on a malachite green stan-
dard sample is ~6.47 x 10° (Supporting Information Enhance-
ment Factor Estimation). Due to rapid fading of tip activity, only a
fraction of the anode surface is selected and mapped. The TERS
maps were generated by considering peaks centered at ~1140,
~1370, ~1481, and lastly 1610 cm™~!. The vibrational bands cor-
responding to the mentioned peak positions and their principal
components are described in the following sections. The lateral
resolution of the TERS image of 1x HC is #18-24 nm (see Figure
S6, Supporting Information). At a glance, an inhomogeneous dis-
tribution of the species can be observed from the TERS map in
nanoscale spatial resolution.

The SEI is a heterogeneous complex consisting of inorganic
and organic polymeric compounds, formed as a result of elec-
trolyte decomposition.l°®?2! Cyclic carbonate based electrolyte sol-
vents such as PC or FEC undergoes one or multi electron re-
duction pathways, which leads to the formation of alkyl carbon-
ates, dicarbonates, alkoxides, and oligo-ethylene glycol deriva-
tives through anionic radical intermediates.’! To analyze the
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Figure 2. a) 2 X 2 um? STM topography of the 1x HC. The STM imaging parameters are I, = 2 nA, V{, = 0.5 V on tip. b) TERS map corresponding to
the integration of the [1120-1160] cm™! region with TERS intensity range of 100-5 x 10° arbitrary units. c) TERS map corresponding to the integra-
tion of the [1350-1390] cm~" region with TERS intensity range of 1007 x 10% arbitrary units. d) TERS map corresponding to the integration of the
[1460-1500] cm™' region with TERS intensity range of 100-6 x 10° arbitrary units. e) TERS map corresponding to the integration of the
[1590-1630] cm~" region with TERS intensity range of 100-8 x 10 arbitrary units. The scale bars in TERS maps (mm) represent 50 nm spatial length.

The details are in the main text.
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Figure 3. a) Waterfall graph of selected TERS spectra of SEI on HC anode after 1x cycle. b—e) comparison plot of TERS spectra collected from various
regions of the TERS map. The spectra number in all the plots are corresponding to the respective pixel number of the TERS raster scan. The spectral
numbers are correlated with (a) and the spectra are taken from pixels separated by ~10 nm.

fragmented species, some selected TERS spectra are depicted
in waterfall plots (Figure 3a). While the TERS spectra contain
very complex information compacted together, a general pattern
can be discerned on close inspection. Most of the TERS spec-
tra contain features in the spectral region between 1000 and
1640 cm™!, which represent the Raman fingerprints of differ-
ent kinds of vibration of organic and inorganic functional groups
such as carbonate (CO,"), chlorate (ClO, "), carbonyl (C=0), car-
boxylate (COO™), dicarbonate [([RO—CO, "), ], etc. In Figure 3b—e,
a collection of TERS spectra are shown that were read off pixels of
the TERS map that are 10 nm apart from each other. Figure 3b
depicts a set of spectra wherein the main Raman bands are cen-
tered at 1143, 1263, 1360, 1463, 1481, 1535, 1590, 1680, and
1723 cm™!. The most intense band is ~1480 cm™!, is assigned

to symmetric O—CO,-bond stretching (vgfcoz) of alkyl carbon-

Adv. Energy Mater. 2023, 2302176 2302176 (4 of 1 1)

ates (RO—CO,~, RO—CO—OR) that is coupled with a shoulder
band ~1465 cm™!, identified as —CH, bending (6-"2) or —CH,
deformation bending (5-¢3).[2] The band near ~1360 cm™ also
attributed to the v_ % yibration in combination with §=Ct5. The
Raman bands at #1590 and ~1680 cm™! are signature bands of
asymmetric stretching of —COO (va‘sgoo). The lower frequency
signifies the presence of monomeric alkyl carbonates, whereas
the higher frequency is the signature band of the dimeric car-
bonate form.[?*] The peak at ~#1143 cm™! appears due to asym-
metric stretching of C—0—C (v %) in (poly) alkyl ethers.(* Al-
ternatively, the Raman band at ~1263 cm™! may originate from
vibrations of C—O—Na-groups (vscy‘O‘N“) or twisting of —CH,
groups (t"“H2). The data summarized above is strongly indi-
cates the presence of alkyl dicarbonate ((ROCO,Me],, R = CH,,
Me,CCMe,) or their sodium salts ((ROCO,Na],). The presence of

© 2023 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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v, O~ band also suggests poly-ethylene oxide (PEO) type poly-
meric chain also present separately or together with dicarbonate
group as MeO,COROCO,Me (R=CH,—0—CH,). The spectrum
in Figure 3c, shows features quite similar to the one in Figure 3b,
although there is a slight frequency shift in some bands. The
most intense bands are located at 1370, 1460, and 1574 cm™!.
The Raman band at 1574 cm™" can be assigned to the v 7 vi-
bration, with Na* coordinated in a monodentate fashion, whereas
1539 cm™! can be assigned to bidentate or bridging coordination
of Na* (see Schematic S1 Supporting Information).[”] The Ra-
man bands centered at #1103 and 1180 cm™ are linked to sym-
metric stretching of G—0—C (v C ©=€)and C—CO (v$~ CO) of PEO
like compounds.[?°]

Sp 85 and Sp 86 in Figure 3d show highly defined Raman sig-
nals with peaks centered at ~787, 841, 926, 998, 1087, 1133, 1162,
1246, 1286, 1337, 1394, 1460, and 1610 cm™!. The most intense
peak at 1610 cm™ can be associated with the symmetric stretch-
ing vibration of a C=C double bond (v ( =) con]ugated with car-
bonyl group. A Raman peak centered at ~1460 cm™! is assigned
to wagging and scissoring motions of C—H—bonds in —OCH,-
groups (w~9¢Hs). Based on these observations, the product is es-
timated to be a vinyl ketone. We have predicted the complete

www.advenergymat.de

Raman spectra of multiple solvents and possible decomposition
products or EEI components, including several vinyl ketones via
DFT calculations (presented under different sections in Support-
ing Information). The relatively lower frequency bands are orig-
inating from combinations of C—H-wagging of CH;-groups and
C—O-stretching of C—=OCH; (w=¢H + v¢~9¢Hs)_ Other bands are
associated with bending and twisting vibrations of —CH, con-
nected with different functional groups. Figure 3e shows the
TERS signature from both carbonate polymer and vinyl carbon-
ate. The difference in intensity as well as band peak position sug-
gests that the functional groups in each pixel have orientational
heterogeneity with respect to the locally enhanced electric field.
Presence of several signature bands in TERS spectra from sin-
gle pixel reveals a mixture of degraded species and the intensity.
Depending on the observation discussed above, the degradation
pathway of the electrolyte can be postulated which is represented
in Scheme 1.

The TERS mappings in Figure 2b-e, were generated by
considering peaks centered at #1140 cm™ (v ©~¢) from PEO

0-CO, | s=cH,
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Scheme 1. Based on TERS measurements the reduction pathways are hypothesized. The mechanistic way shows the possible pathway for the generation
of dicarbonate, PEO-type carbonate, and vinyl ketone-type SEI compounds.[2¢]
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Figure 4. a) Waterfall graph of selected TERS spectra of SEI on HC anode after 5Xx cycle. b—e) comparison plot of TERS spectra collected from various
regions of the TERS map. The spectra number in all the plots are corresponding to the respective pixel number of the TERS raster scan.

(vinyl ketones type species). The TERS mapping evidenced that
the distribution of the different kinds of organic and inorganic
polymers, confirming a high degree of spatial and composi-
tional inhomogeneity of the SEI layer. Although it seems, vinyl
ketones are present in high quantity, the band ~1610 cm™!
may also be overlapped by the signature of carbonate vibrations
(~1590-1620 cm™") from monomeric species.

Figure 4a presents the waterfall plot of selected TERS spec-
tra from the HC anode surface after the 5th cycle (5x HC).
The plot shows structured bands in 1000 to 1640 cm™! region
similar to those of 1x HC, whereas a stark contrast is observed
in the lower frequency region (<1000 cm™!). Relatively high
abundance/appearance of low-frequency peaks present in
Figure 4(b,c,e) compared to the counterpart of Figure 3(b,c,e)

Adv. Energy Mater. 2023, 2302176 2302176 (6 of 1 1)

suggests that similar functional groups are present in the
5x HC SEI but with different polymerization. Several Raman
bands with relatively high intensity appear in the low-frequency
regions that can be identified in Figure 4b—e. The most intense
bands in Figure 4b are 853, 1325, 1543, and 1590 cm~!. The
high-frequency bands come from symmetric stretching of car-
boxylates (v, “°°) in monodentate or bridging form. The Raman
bands present at 853 cm™! are accompanied with several shoul-
der bands. These signatures are identified as isolated bending
vibrations of —CH; and —CH, (5~ /5-C2) species or skeletal
vibrations of C—C chains. —CHj, rocking vibration (r~¢%), and
—CH, wagging vibrations (w~“H2) give rise to 1325 cm™
Raman signature. Several other signatures such as 0 ©
(*1050-1100 cm™), 0 (x950-980 cm™'), and 0%
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Scheme 2. Following the evidence from the TERS in 5x HC, possible formation and degradation pathway of dicarbonate to long-chain carboxylate is

presented.

(~870-915 cm™') are also recognizable. The increased in-
tensity of these weak Raman bands emphasizes the presence
of long chain hydrocarbons and suggests the formation of
polymeric carboxylates and alkoxides in the SEI. TERS band at
1057 cm™' confirms the presence of Na,CO, species that are
formed due to decomposition of organic carbonates.

In Figure 4c, a distinct peak appears at ~#931 cm™!, which
arises from the symmetric stretching of the Cl—O (USC);Z—O) in
the chlorate (ClO;~) species.?””] This can be attributed to the
reduction of inorganic perchlorate ion (ClO,™) to chlorate dur-
ing prolonged electrochemical cycling.!**! Surprisingly, TERS
spectra do not show significant amounts of ClO,” (x~950
cm™!) in the SEI layer both in 1x HC and 5x HC anode.
Figure 4e represents a group of highly structured TERS spec-
tra in the range ~1100-1300 cm™'. Among these, the most in-
tense band (%1141 cm™!) originates from a combination of C—O-
stretching of C—ONa-groups and the rocking vibration of —CH,
(vscy’O + r~CH2) [242.28] The other Raman bands are associated with
different types of —CH, deformation,—CH, rocking, —CH, wag-
ging vibration (~1173, 1208, 1246, and 1282 cm™) that are
present mostly on long chain alkoxide salts.[>*2] At the same
time, the carboxylate group identifier Raman bands at #1547 and
1588 cm™ are also present. This suggests, that prolonged electro-
chemical cycling reduces one end of the long-chain bicarbonate
to alkoxides and carboxylates that are absent in 1x HC but present
in 5% HC (Scheme 2).

The STM topographical image of the 5x HC is presented
in Figure 5a. The TERS maps in Figure 5b—e have been gen-
erated by considering v“=° and —CH, deformation vibration
(~1325 cm™') of long chain carbonate/bicarbonates, —CH, wag-
ging vibration (~1428 cm™') of long chain alkoxides, biden-
tate/bridging (~1535 c¢m™!) and monodentate (x~1584 cm™)
U’COO of long chain carboxylate salts. It is clear from the TERS
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map, that the SEI is significantly covered with polymeric car-
bonates, alkoxides and carboxylates. On the other hand, a large
portion of the SEI is still composed of monodentate carboxylate,
which suggests that the concentration of the reduced products is
still low.

Comparing SEI on 1x HC and 5x HC, we notice a
stark dissimilarity in the TERS spectra in the region
~1460-1490 cm™! that represents vs(;_coz of the dicarbonate
groups such as EDCNa,, DEDC/DEDCNa,, EDCD/EDCDNa,
etc. The absence of this band in case of 5% HC suggests that
the generation of dicarbonates has been suppressed in PC-FEC
solvents. Dicarbonates decompose to Na,CO, and CO, thereby
imposes destabilizing effects on the SEL[?°) On the other hand,
only trace amounts of the Na,CO; signature where detected on
the 5% HC sample, which reveals the dicarbonates are stable
under cycling. Obviously, the dicarbonate layers deposited in
primary cycle have been effectively covered by shielding layers
of polymeric alkoxides and long chain carboxylates in prolonged
electrochemical cycling that sheds light to the better cycling
stability in PC-FEC based electrolytes. It has been established
that addition of FEC mitigates the formation of Na,CO, and
increase the NaF deposition in the top SEIL[3) The Raman band
of NaF is out of the detection range this measured TERS, but
very low signature of the Na,CO, supports the above mentioned
fact. The vinyl ketone moieties are also absent in the TRES of
5x HC. Instead, long chain carboxylates and alkoxides are the
major part of the SEI in 5x HC. Molecular dynamic simulation
on SEI generation in presence of FEC reports addition of small
amount of FEC favors bridging/dimeric carboxylate whereas
excess FEC is detrimental to the dimer formation.’%) The
amount of dimeric/bridging carboxylates (~1520-1560 cm™')
are higher in 5x HC SEI compared to monomeric carboxylates
(Figure 4d—e). This also approves the amount of 5%FEC is still

© 2023 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 5. a) 2 X 2 um? STM topography of the 5x HC. The STM imaging parameters are I, = 2 nA, V{, = 0.5 V on tip. b) TERS map corresponding to the
—CHj; deformation vibration (1325 cm™") with TERS intensity range of 1006 x 10® arbitrary units. c) TERS map corresponding to the —CH, wagging
vibration (1428 cm™') with TERS intensity range of 100-2 x 10* arbitrary units. d) TERS map corresponding to the bidentate/bridging carboxylate
vibration (1534 cm™') with TERS intensity range of 100-6 x 10* arbitrary units. €) TERS map corresponding to the monodentate carboxylate vibration
(1584 cm™") with TERS intensity range of 100-1 x 10* arbitrary units. The scale bars in TERS maps (mm) represent 50 nm spatial length.

under damaging limit where most of the polymeric carboxylate
and alkoxide products are bidentate/bridging that are more
stable. Thus, the addition of FEC increases coulombic efficiency
by stabilizing the SEL.[2%]

2.2. Cathode/Electrolyte Interface (CEl) on Prussian Blue Cathode

The TERS spectra from the CEI on 1x PB cathodes are presented
in Figure S9 (Supporting Information). The waterfall graph re-
sembles a maze far from well-defined structured graphs of SEI
components. This might be coming from huge number of ori-
entational conformers present on the CEI surface. An analy-
sis yields usual Raman signature bands from different func-
tional groups such as v{? (v1620 cm™), v 79° (~1575 cm™),

asy
vsoy_coz(z1475 cm™!), and 6~ coupled with twisting of —CH,

(1340 cm™!), which can be easily identified. Based on these ob-
servations, the organic components of CEI are similar to the
SEI counterpart. The usual alkyl carbonate, and alkoxides con-
stitute the major portion of the CEI. Conversely, the observed
Raman bands show dense number of peaks at ~#940-960 and
~1065-1075 cm ™' (Figure S9c—e, Supporting Information) with
respect to its anode counterpart. The peak centered at ~955 cm™!
is coming from ClO,~ whereas observed #1065 cm™! band is as-
signed to Na,CO;. Obviously, zeolite water molecules that were
removed from PB lattice during cycling reacted with organic car-
bonate and dicarbonate to form excess Na,CO,.*!l The CEI layer
on 1x PB is thus impregnated with larger amount of inorganic
substrates that act as an artificial layer that protects the electrode
from side effects with the electrolyte. Excellent electronic conduc-
tion properties of the inorganic moieties promote rapid charge
transfer across the CEI interface.

In Figure S10 (Supporting Information), the waterfall graph of
the TERS spectra from the CEI of 5x PB is presented. The TERS
spectra are very well structured and defined Raman bands can be
found in the higher frequency regions (~1500-1650 cm™1). This
indicates a homogeneously oriented organic moieties present on
the CEI surface and suggests a relatively smooth CEI surface of
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5x PB. Raman bands at high frequency ~1590-1650 cm™! are
coming from Vscyo and vacsg vibrations, ~1480cm™" is signature of
Vg—coz of carbonate and ~1156 cm™ is related to 059 + r~¢t
of alkoxide moieties. The absence of low-frequency 6= /§~CH
bands or skeletal C—C chain vibrations in the TERS spectra
suggest the CEI does not contain long-chain carbonate, alkox-
ides, or carboxylates that are present in the SEI components of
5x HC. The CEI surface is also devoid of any signature of inor-
ganic Na, CO, or ClO, ™ species, which again advocate these com-
ponents are buried under newly formed CEI after 5x cycling.

The topography of 1x PB with the TERS mapping of ClO,~
(~948 cm!), PEO (%1164 cm™), r=M + w2 (%1340 cm ™),
and v, 7°° (¥1565cm™") are presented in the Figure S11 (Sup-
porting Information). The TERS map clearly suggests that the
CEI surface of the 1x PB is covered with ClO,~. STM topogra-
phy alongside with TERS map of 5x PB is reported in Figure S12
(Supporting Information). The TERS map reveals a stark differ-
ence from the 5x HC SEI with respect to the relative amount
and distribution in the monodentate and bridging carboxylate
species. The bridging carboxylates are conglomerated in some
specific part with relatively high concentration, conversely mon-
odentate carboxylates (~1580 cm™!) are dispersed heavily on the
CEI surface.

3. Conclusion

In summary, our results successfully demonstrate that TERS is
a very powerful analytical tool that can identify organic and inor-
ganic components of both SEI and CEI of laboratory cells with
extremely high chemical sensitivity. The combined effort of STM
and TERS mapping provides an excellent topological and chem-
ical view of the EEI surface with very high spatial resolution.
In contrast to normal IR or Raman measurements that provide
ensemble-averaged information from bulk surface or SHINERS
that produce a single point information of EEI, TERS conjure a
comprehensive understanding of the spatial distribution and rel-
ative abundance (to certain degree) of the EEI components.

© 2023 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 6. lllustration of the SEI tomography detection through TERS and its evolution after few cycles. The SEI layer is proposed as nano-mosaic

multilayer structure after few cycles.

The TERS study shows the evolution of the different EEI com-
ponents from 1x to 5X. In primary cycles, mostly alkyl carbon-
ates/bicarbonates, and PEO-like species are present in the EEI
surface. In addition, «, f unsaturated vinyl ketone or «, § unsat-
urated vinyl carboxylates are present on the SEI on 1x HC, which
are absent in 1x PB CEI surface. Through DFT calculation and
comparing TERS data, we have suggested two new EEI species,
dicarbonate DEDCNa, and «, f unsaturated vinyl carboxylates
that are present in the SEI on 1x HC. No inorganic ClO,~ or
ClO; has been found on the 1x HC SEI. Alternatively, CEI on
1x PB cathode contains high amount of C1O,~ and Na,COj, that
enables high ionic conductivity in CEI. In subsequent cycling,
the SEI components on HC anode further reduced to monoden-
tate/bridging carboxylates or alkoxides with long aliphatic chains.
A trace amount of Na,CO, and dicarbonate on the SEI suggests
suppression of the carbonate formation in presence of FEC. Al-
ternatively, the SEI surface is covered with polymeric bridging
carboxylates, which strengthen the EEI layer. On the other hand,
CEI on 5% PB is covered mainly with monodentate carboxylates
and alkoxides. The TERS map elucidates that both CEI and SEI
of SIBs in a half-cell configuration have inhomogeneous, layered,
and mosaic-type structures that is illustrated in Figure 6. The
amount of Raman fingerprint available from the TERS technique
makes it tremendously informative analytical technique but un-
tangling individual spectra signature needs more careful and sys-
tematical evaluation. TERS is currently the only technique that
provides chemical distribution in nano-scale spatial resolution,
which can explain mechanistic behavior and physicochemical na-
ture of EEI such as interfacial transport, electrochemical stability,
and cycle life.

TERS map generated through areas under different Raman
bands shows a nano-heterogeneous distribution, a more robust
statistical analysis tool can further evaluate the exact SEI/CEI
components. To get a more comprehensive information, hyper-
spectral analysis tools such as k-mean clustering, PCR-MCA, or
manifold clustering have been previously used in different fields

Ad. Energy Mater. 2023, 2302176 2302176 (9 O‘FTl)

of Raman spectroscopy.l'’32] Though our results show an over-
all integrity of the SEI/CEI components, above mentioned data
analysis technique can filter out more precise compositional in-
formation.

4. Experimental Section

Sample Preparations of Hard Carbon (HC) Anode: HC was synthesized
from coconut shell-derived charcoal imported from Vietnam. The charcoal
was first ball milled at 400 RPM for 4 h to reduce its grain size. The milled
charcoal was then heated at 600 °C for 12 h in an alumina boat. This heat-
ing step was followed by another heating step at 1200 °C for 4 h in an
argon atmosphere. The furnace was allowed to cool naturally and used as
obtained without any washing.

In the first step, a uniform dispersion of PVDF binder in N-methyl
pyrrolidone (NMP) solvent was obtained by continuous stirring. This
dispersion was then added to HC to achieve uniform slurry such that
HC:PVDF ratio was 90:10. The slurry was hand-processed and coated on
steel current collectors of diameter 1.1 cm. The coated electrodes were
dried at 80 °C for 12 h and then at 120 °C for 4 h. The average mass load-
ing was maintained between 1and 1.5 mg cm—2.

Sample Preparations of Prussian Blue (PB) Cathode: Slurry was pre-
pared by mixing active material (Fe, (CN)g) with carbon super P C65 and
PVDF dissolved in NMP in a ratio of 70:20:10. The slurry mixture was
stirred overnight and then drop casted on 1.1 cm diameter stainless steel
current collector. The casted electrodes were then dried in vacuum for 15 h
at 80 °C and then at 120 °C for 4 h.

Electrochemical Cycling:  Swagelok-type half cells were assembled in an
argon-filled glove box (O,: <0.1 PPM, H,0: <0.1 PPM) using coated elec-
trode as working electrode and sodium metal as the counter electrode.
Two borosilicate glass separators (GF/C) dipped in 1 m NaClO, in PC:FEC
98:2 v/v liquid electrolyte was used as the separating layer between two
electrodes. The HC cells were first discharged until 0.0 V followed by charg-
ing until 2.2 V at a constant current of 10 mAg™". Keeping the current rate
same, PB half cells were also discharged to 2.0V, then charged up to 4.0 V.
These discharge—charge cycles were repeated several times as needed.

The cycled cell was disassembled inside the glove box and the electrode
was carefully taken out. The electrode was washed with dimethyl carbon-
ate (DMC) and dried at 60 °C for 30 min. The dried electrode was then
examined using TERS.

© 2023 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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TERS Measurements: TERS instrument is a commercial state-of-the-
art spectrometer that combines a RENISHAW inVia Raman microscope
with a Bruker nano surface Innova-IRIS scanning probe microscope sys-
tem through an elongated external optical arm. The optical geometry of
the TERS setup is based on side illumination where a long working dis-
tance objective (50x, 0.42 NA) is used to focus laser radiation on the tip
apex. The excitation and collection efficiency in this geometry is relatively
low due to low NA objective and angular collection geometry, but it is nec-
essary to measure opaque of relatively thick surface. The SPM was also
placed in a glovebox atmosphere (O,: <0.1 PPM, H,O: 0.0 PPM) that en-
abled measurements on air/moisture-sensitive EEI surfaces.

In order to established the optical alignments and calibration, STM-
TERS measurement was performed on a commercial malachite green
sample on gold surface. A gold-etched IRIS STM tip from Bruker was used
and 633 nm laser was applied as electromagnetic excitation source. The
tunneling current was set at 2 nA and the tip was approached to the sur-
face slowly by keeping the tip bias potential at 0.8 V. Once the tip was
engaged, the focal point of the laser at the tip was patiently adjusted to
reach at the “hot spot”. The input average laser power was 0.5 mW, the
exposer time was 1s and a 1600 | mm~' grooved grating was used as a
dispersion element. A second stage of TERS signal was also acquired by
lowering the bias voltage to 0.4 V and keeping the tunneling current un-
changed. Throughout the TERS measurements, the parameters of tip bias
0.5 V and 2 nA tunneling current were kept unchanged.

The TERS data were collected through IRIS software that controls the
Renishaw inVia Raman microscope with Bruker Innova SPM. The IRIS soft-
ware reads any topographical image created through STM/AFM image. A
user-defined selected area was scanned by raster scanning and the TERS
signal was recorded. The analyzed (background subtraction, cosmic ray
removal) and all the TERS maps were created using homebuilt MatLab
script (for details see Supporting Information).

Density Functional Theory (DFT) Calculations: Quantum chemical cal-
culations were performed on the bwForCluster JUSTUS 2 at the University
of Ulm, using release C.01 of the Gaussian16 program package. The B3LYP
functional was used with additional empirical dispersion correction (GD3)
in combination with the basis set cc-pVQZ, and the solvent model PCM
with THF as solvent.[*3] All structures were optimized at the same level
of theory and were found to be local minima, according to the frequency
calculations. Raman spectra were extracted from the frequency calculation
using GaussView 6.0.16. Spectra were generated with a peak half-width at
half maximum of 4 cm™".

The Raman shifts (wavenumbers) in computed Raman spectra (Vpgr)
were corrected (v o) With the following empirical formula:

—_ EXY
Veorr = VDFT * e( oF7) (])

a: empirical scaling constant, —9.52381 x 10-6 cm™!
The correction constant a was derived by fitting the computed spectrum
of FEC to the corresponding experimental spectrum.

Supporting Information

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