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ABSTRACT: Spectroscopic detection of reaction intermediates upon a variety of
electrode surfaces is of major interest within physical chemistry. A notable technique in
the study of the electrochemical interface has been surface-enhanced Raman
spectroscopy (SERS). The drawback of SERS is that it is limited to roughened gold =
10 and silver substrates. Herein we report that shell-isolated nanoparticles for enhanced
11 Raman spectroscopy (SHINERS) can overcome the limitations of SERS and has
12 followed the oxygen reduction reaction (ORR), within a nonaqueous electrolyte, on
13 glassy carbon, gold, palladium, and platinum disk electrodes. The work presented
14 demonstrates SHINERS for spectroelectrochemical studies for applied and fundamental |
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15 electrochemistry in aprotic electrolytes, especially for the understanding and develop-
16 ment of future metal—oxygen battery applications. In particular, we highlight that with the addition of Li*, both the electrode
17 surface and solvent influence the ORR mechanism, which opens up the possibility of tailoring surfaces to produce desired

18 reaction pathways.

19 Understanding the electrochemistry of oxygen in non-
20 aqueous electrolyte media is of great interest, in
21 particular, for the development of metal-air batteries,"”* where
22 the formulation of a stable electrolyte is a major challenge and
23 50 far has inhibited their development.’ > The oxygen
24 reduction and oxidation reaction mechanisms can be complex,
25 involving multiple intermediates, and are highly dependent
26 upon the solvent used.”” There have been a number of recent
27 studies on the development of the electrolyte media,”’ using a
28 variety of analytical and spectroscopic techniques.” "> In
29 particular, surface-enhanced Raman spectroscopy (SERS)"
30 has been shown to be a valuable technique; however, it is
31 limited by the surfaces that it can be used to analyze, essentially
32 gold and silver."*"

33 The Raman effect is very weak (1 photon in ca. 10 million is
34 inelastically scattered).'® The signal can be enhanced up to ca.
35 10" by roughening the electrode surface, using an electro-
36 chemical oxidation/reduction cycle (ORC)."” SERS is a
37 nondestructive and noninvasive technique; it can be used to
38 investigate the chemical bonding of surface species, making it a
39 valuable technique to study in situ the oxygen reduction and
40 evolution reactions (ORR and OER), taking place at the
41 electrode interface.® SERS has been used to study the ORR
42 and OER reaction on Au in metal—oxygen batteries'” and has
43 shown the effect of varying the alkyl chain length in the
44 supporting salt.”” SERS studies with respect to ORR have so far
45 been limited in the main to Au surfaces, but there is significant
46 interest to study these reactions on non-SERS surfaces, such as
47 carbon, a prominent option as a future cathode material.*'
48 Unlike SERS the use of SHINERs (shell isolated nanoparticles
49 for enhanced Raman spectroscopy) is not restricted to precious
s0 metal surfaces. Adding a near-monolayer of SHINs can enhance
s1 the Raman signal by ca. 10%.** SHIN’s consist of a gold core,
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surrounded by a very thin (2 to 3 nm) uniform SiO, shell ¢,
(Figure 1). The shell thickness is very important; a shell greater s3 i

Strong

SiO:shell

Au core

¢) — 10nm

Figure 1. (a) Schematic diagram of SHINs on a substrate showing the
electromagnetic field distribution between SHINs (see the graduated
color key where red = strong and green = weak enhancement). TEM
images (b,c) of SHINs at different resolutions with a 2 nm shell and
(d) example of a 3.5 nm shell particle.
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Figure 2. In situ Raman spectra of the ORR in 0.1 M TBACIO,/DMSO electrolyte on (a) smooth, (b) roughened, and (c) SHIN’s drop cast on the
surface of a polycrystalline gold electrode. All potentials versus Li/Li* (SHINERS particles and dioxygen are not drawn to scale).

s4 than 4 nm will drastically reduce the enhancement from the Au
ss core (Figure S1.1). The gold nanoparticle has a strong
s6 electromagnetic field that enhances the Raman signal, while
57 the SiO, shell inhibits any catalytic effect from the gold core.”
s The greatest enhancement from nanoparticles occurs between
s9 two SHINERS particles, where the electromagnetic field from
60 both cores can enhance the nearby molecules, as indicated by
61 the red areas on the scheme (Figure la). SHINERs can
62 therefore enhance the Raman signal upon a variety of
63 surfaces,”**° such as carbon that has previously been very
64 challenging to analyze. Validation of uniform silica coating and
6s application of SHINERS are discussed in Figures S1.1-S1.5
66 and Table S1.

67 Studying the ORR using 0.1 M TBACIO, in dimethyl
6s sulfoxide (DMSO) on a smooth polycrystalline gold electrode
69 demonstrated that Raman spectroscopy on a surface without
70 any enhancement is inherently weak (Figure 2a). The spectrum
71 at open-circuit voltage (OCV) displays DMSO solvent peaks.
72 No spectral bands were observed for the supporting salt. The
73 lack of peaks is likely a result of no surface plasmons to enhance

the inelastically scattered photons of surface adsorbed 74
tetrabutylammonium (TBA). Raman scans were taken at 75
decreasing potentials down to 1.84 V. There was no change 76
observed in peak position or intensity from the OCV spectrum 77
at any potential. 78

The Au surface can be electrochemically roughened prior to 79
experiments using an oxidation—reduction cycle; this created a so
nanostructured surface, which leads to a distribution of charge si
when excited by photons,”® enhancing the local electric field. s
The chemically adsorbed molecules can also undergo charge s3
transfer with the surface that can, in turn, increase the s4
polarizability.”” Roughening the surface displays a notable ss
enhancement (Figure 2b). The same electrochemical system as s6
Figure 2a was used with a roughened gold electrode. At OCV s7
only peaks related to DMSO were visible. The growth of two ss
bands at 1110 (vo_o) and 490 cm™ (v4,_o) was observed so
when the potential was decreased and can be assigned to the 90
formation of adsorbed superoxide (O,”). The position of these 91
peaks agrees well with literature.'””® To confirm the origin of 9
the observed peaks, we ran the experiment without the 93
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presence of oxygen, under argon. (Figure S2), and no peaks are
seen to grow in either the O, or Au—O spectral region, within
similar potential cycling limits.

SHINs are an alternative method of enhancing the Raman
signal of substrate molecules on the electrode surface. In the
same 0.1 M TBACIO,/DMSO electrolyte media the in situ
reaction on a smooth polycrystalline gold electrode was studied
with 2 uL of SHINs drop cast onto the surface (Figure S3).
The OCV Raman spectrum only showed DMSO solvent peaks
in agreement with the polycrystalline surface with and without
surface enhancement. The in situ Raman spectra (Figure 2c)
between 2.84 and 1.84 V observed the growth of two peaks at
1110 and 490 cm™ for the free O, and gold oxide peaks.”® A
comparison of the two sets of spectra for SERS and SHINERS
demonstrated that SHINERS is a useful technique to monitor
the ORR in a nonaqueous electrolyte media without loss of
signal intensity from the different method of phonon
enhancement and has been shown to provide similar data in
different anion salt electrolytes, such as in tetrabutylammonium
triflate (Figure S4). Furthermore, Figure SS shows that SHINs
have no effect on the electrochemistry, as the electrochemical
response with and without SHINS is identical.

The electrochemistry of 0.1 M TBACIO, in DMSO saturated
with oxygen varies between different electrode surfaces (Figure
3). The reversibility of the O, couple is affected when the
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Figure 3. Cyclic voltammograms of 0.1 M TBACIO, in DMSO at 50
mV/s on various electrode surfaces.

electrode surface is changed. Glassy carbon (GC) is the most
reversible (AE = 90 mV), whereas platinum is the least
reversible (AE = 350 mV). The change in reversibility is
accounted for by the interactions of O, with the surface,
whereby Pt has the slowest reaction kinetics of the three
surfaces (Pt < Pd < Au), with O, being the most strongly
chemisorbed, which is in agreement with density function
theory calculations, where O,” is energetically favorable to
chemisorb to the Pt surface.”” There is little interaction with
the surface on the GC electrode, unlike Au, Pd, and Pt, where
dioxygen can chemisorb.”” Pt has the strongest interaction with
O, due to the bonding of the 5d,, and O, 27* orbitals in Pt,
giving a higher adsorption energy and shorter metal—oxygen
bond length than with Au. Au has a filled d orbital, so O, is
not chemisorbed like Pt; a weaker interaction still occurs due to
a distortion of charge density creating an overlap of bonding
orbitals.”” The same principle is applied for Pd (bonding of the
4d,, and O, 27* orbitals); however, Pd has a lower oxygen
binding energy than Pt.** Previous studies have shown similar

behavior on GC electrodes with different solvent electrolytes
such as dimethyl ether, where a change in reversibility is
observed due to the different solubility and kinetics, but a le~
reduction mechanism is still observed.”'

The Pd surface exhibits similar behavior to the Au surface for
the ORR (Figure 4a). A peak at 1108 cm™" for O, is observed
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Figure 4. In situ Raman spectra of 0.1 M TBACIO, in DMSO
saturated with O, on (a) Pd and (b) Pt with SHINSs drop cast onto the
surface. All potentials versus Li/Li".

from 2.74 V and grows in intensity with negative potential,
correlating with cyclic voltammetry data in Figure 3. A
corresponding peak at 486 cm™' for (vpg_o) grows propor-
tionally to the O,” peak. The in situ Raman spectra on Pt
(Figure 4b) showed a variance in the spectral response in
comparison with Au and Pd. At 1108 cm™ a peak assigned to
Vo_o of O,  grew in intensity with increasing reduction
potential, similar to that observed on Au and Pd; however, on
Pt, unlike Au and Pd, the interaction with the Pt surface was
different. Initially, on the Pt surface a peak was observed at the
lower wavenumber of 456 cm™" and initially grew in intensity
with decreasing potential. A second peak at 484 cm™" grew at
more negative potentials at the expense of the 456 cm™ peak,
which then decreased in intensity. In both Figures 2c and 4b, a
small band at 1179 cm™" is observed to appear (and diminish in
the case of Pt); its assignment will be discussed later within this
paper.

The SHINERS data demonstrate variation of O, interaction
between Pt and the other two metal surfaces (Figure S6 and
Table S2). All three surfaces exhibit a shoulder at 456 cm™'; for
Au and Pd this remains a shoulder on the peak around 490
em™!. Pt favors the peak at 456 cm™ at lower reduction
potentials; as the potential decreases the peak at 490 cm™
becomes dominant. It is likely the two peaks originate from
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different vibrational stretching modes of O, adsorbed on the
metal surface.”” At lower potentials, there is a lower surface
coverage of O,  on the Pt, allowing the O, to have a flat
orientation; with increasing negative reduction potentials, an
end on orientation is favored. This could account for the flat
conformation rather than the end on conformation on Pt,
unlike Au and Pd, which favor the end on conformation due to
a weaker interaction with the surface of the electrode.”
Furthermore, the interaction of the solvent with the electrode
surface also needs to be taken into account; at less negative
potentials DMSO may passivate the surface, preventing the
onset of dioxygen adsorption. Future studies using single-crystal
electrodes with SHINERS would be required to clarify the exact
mechanism taking place at the platinum surface, in combination

with appropriate level theory calculations.
The GC surface exhibits different behavior to the metal
surfaces previously analyzed (Figure S). There was no Raman
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Figure S. In situ Raman spectra of 0.1 M TBACIO,/DMSO with O,
on a GC electrode with SHINS drop cast onto the electrode surface.
Potentials versus Li/Li".

peak observed between 400 and 550 cm™ at any potential on
the GC electrode surface. Thereby, there is an absence of a
metal—O,” interaction (area indicated via a #), and this
indicates that the SHINERS particles are pinhole-free (Figures
S1.1—S1.4). This provides strong verification that the O, peak
(vo-0) at ~1110 cm™" originates solely from its interaction at
the GC surface, not with the gold core of the SHIN, with it
being detected solely due to the Raman enhancement from the
SHIN particles. The formation of O,” on the GC surface
occurred below 2.84 V in the reduction sweep at 1107 cm™’,
and the band shifts positively to 1123 cm™ with decreasing
potential.>> At lower potential, O, is bound at more favorable
sites on the surface, and with increasing concentration O, is
forced into less favorable sites, reducing the interaction with the
surface, causing a positive shift in the Raman band; this
coincides with a peak at 1520 cm™" that could be a result of the
interaction of O, with the graphitic rings in the carbon.’* The
interaction of the O,” with the graphitic ring could increase
with decreasing potential, creating greater distortion with the
ring and accounting for the wavenumber shift of the O, peak.
Figure S7 confirms that the 1520 cm™" band is unique to
carbon substrate because it is not observed on Au within an
extended wavenumber range.

SHINERS on GC also displayed bands at 1179 (as seen in
Figures 2c and 4b), 1230, and 1450 cm™ that coincide with

ORR (Figure S). No potential-dependent electrolyte bands
could be assigned to these peaks nor known reduced oxygen
salts (Figures S8 and $9).2° We speculate that 1179 cm™ could
be assigned to HO,, as its position is close the band at 1165
cm™" identified by the group of Gewirth of HO, adsorbed onto
Au in perchloric acid (HCIO,) solution.”® Concurrently, the
band at 1450 cm™ can be then tentatively assigned as vHO,—
C, with the band at 1230 cm™ remaining as yet unassigned.
Strict drying protocol ensured that all measurements took place
in H,O content below 20 ppm, as determined by Karl Fisher
titration. Thereby we believe the nature of the measurements is
sensitive to trace water contamination. Certainly further
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investigations using SHINERS to understand the effect of 222

water concentration on these bands with the use of isotopic
labeling to strengthen band assignments is warranted.
SHINERS was then employed to investigate ORR in the
presence of Li* in low (acetonitrile—MeCN) and high
(DMSO) donor number solvents, with corresponding electro-
chemistry in Figure S$10. In 0.5 M LiClO,, MeCN (Figure 6a),
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Figure 6. In situ Raman spectra on a GC electrode with SHINs in 0.5
M LiClO, in (a) MeCN and (b) DMSO. All potentials versus Li/Li*.

SHINERS detected the growth of LiO, at 1125 cm™' on GC
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below 2.84 V, with Li,O, not detected, due to the absence of 230

the main peroxide band at 790 cm™'. In addition, a peak at
1500 cm™" was observed in the MeCN Raman spectra at lower
reduction potentials. This peak is likely the result of LiO,
interacting with a vibrational mode of the graphitic ring”*
(Table S3). SHINERS on GC in 0.5 M LiClO,, DMSO (Figure
6b), showed the appearance of Li,O, at 790 cm™ at 2.74 V,
which remained as the potential decreased further to 1.74 V. At
2.74 V, bands pertaining to LiO, at 1128 cm™" and LiO,—C at
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1500 cm™' were also detected on the GC electrode. The
appearance of LiO, is indicative of a mechanism, where both
Li,O, and LiO, are formed as stable products on the GC
surface. The proposed decomposition reaction of DMSO to
dimethyl sulfone (DMSO,) was unable to be established in our
measgl;ements due to the absence of a peak around 1142
em ™

The data reported herein on GC are suggestive of a reaction
mechanism that is both surface- and solvent-dependent. The
solvation of the Li* cation in MeCN is lower due to a positive
Gibbs free energy; therefore, ORR occurs on the surface and
LiO, will be observed on the electrode'® (eqs 1 and 2). The
interaction of LiO, with the carbon surface appears to stabilize
the adsorbed LiO, species, and within the experiment, no Li,O,
formation is observed to occur from a second electron transfer
or via disg)roportionation. This observation agrees with work of
Lu et al.”” that shows the stable cycling of LiO,. In DMSO (egs
1, 3, and 4), a partial surface/solution mechanism occurs,
whereby both Li,O, and LiO, are formed as the major
reduction products, which is contrary to what has been
reported on Au electrode substrates.'” LiO, is also bound to the
carbon surface in DMSO (1500 cm™). LiO, can then desorb
and diffuse into the bulk electrolyte, where it can dispropor-
tionate to give Li,O, in agreement with data published by Ye et
al.*® Li,CO; was not detected during ORR on GC, implying

that the decomposition of the carbon electrode was negligible
during the time frame of the measurement (Figure S9).
O, +e — 02_(ads) (1)
Li" + 0,7 4 = LiOyuay) @)
Li* + 0,7 = LiOy49 5 [Li'—0, I 3)
[Li+_02_](sol) + [Li+_02_](sol) — Li,Oy) + O, (4)

SHINERS has been demonstrated as an effective method of
detecting intermediate species and ORR products on an array
of electrode substrates, such as Pt, Pd and GC, which
previously SERS has been unable to access. The consistency
of SHINERS has been validated by its ability to reproduce data
gathered using SERS in the same electrolyte media on Au
electrode surfaces. Notably the metal-superoxide band shape
varies between the noble metals depending on superoxide
interaction at the surface. The use of SHINERS in the presence
of Li* has shown that both surface and solvent can be harnessed
to influence ORR pathways, which may be critical in designing
electrode/electrolyte interfaces that can minimize side reactions
within Li—O, cells. This work provides a strong platform to
study more complex electrolyte and electrode systems with
SHINERS particles.
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