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Abstract. Confocal Raman microscopy was applied to quantify redox species present within the
diffusion layer adjacent to an electrode surface under potentiostatic control. A glass microscope
coverslip with a thin indium tin oxide (ITO) coating served as both the working electrode and
optical window for a microscope-stage mountable spectroelectrochemical cell. A high numerical
aperture objective mounted in an inverted microscope frame just below the stage brought
excitation radiation through the coverslip window and to a tight focus a few micrometers above
the ITO film surface. Species diffusing into the confocal probe volume defined by the excitation
beam focus and the collected light region were detected, identified and quantified based on their
Raman scattering frequencies and intensities. In measurements that interrogated the
interconversion of ferrocyanide and ferricyanide ions as a function of applied voltage, least-
squares regression analysis of spectral datasets predicted the formal potential and relative surface
concentrations of the ions in good agreement with the expected Nernstian response. Preliminary
studies of methyl viologen reduction at an ITO film / Nafion membrane interface were conducted
and show the possibility for estimation of mass transport coefficients of redox species within ionic

polymer materials.
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1. Introduction

As strategies for performing in-situ spectroscopic measurements of electrode processes
advance, infrared and Raman techniques remain at the forefront as versatile probes of interfacial
molecular composition and structure.'"® Many applications leverage the innate surface sensitivity
of the reflectance infrared and surface-enhanced infrared and Raman spectroscopy to detect
adsorbed molecular species and to investigate the effects of adsorbate coverage and orientation on
charge transfer processes.!**”8 In the study of nano- and micron-scale thin films on electrodes,
however, these spectroscopic approaches are not as effective. Optical dispersion effects cause
spectral band distortions in reflectance measurements, and sensitivity has limited spatial extent as
surface enhanced electromagnetic fields decay with distance from the electrode.*!! In recent
years, Raman microscopy sampling has been advanced for probing chemical environment within
polymer electrolytes and redox-active thin films in contact with electrodes.'>!® Operando
measurements on low-temperature fuel cells have been demonstrated and factors unique to the
spectroelectrochemical platform that affect sensitivity have been evaluated.'>!*!> More recently,
Raman and scanning electrochemical microscopy techniques have been combined to explore
structure/reactivity correlations within localized regions of redox-active materials important for
energy conversion and storage.'*!8

The reported work adapts confocal Raman microscopy to detect and quantify species present
within the diffusion layer that develops at an electrode in response to changes in applied potential.
The confocal Raman optical arrangement aligns the excitation beam focus with an aperture in the
image (detection) plane to restrict light from outside the focal volume from reaching the
detector.'®?° The region of the beam focus from which detected scattered light originates is referred

to as the confocal probe volume.?’ For a Raman excitation source in the visible or near infrared



frequency region, the confocal probe volume occupies a few femtoliters when the beam is focused
to a diffraction-limited spot within a sample.'**°

The spectra presented herein were recorded with the confocal probe volume of a Raman
microscope positioned within an electrolyte-filled spectroelectrochemical cell and focused a few
micrometers from the working electrode surface. The confocal probe volume sampled species
present within the diffusion layer adjacent to the electrode. For a reversible redox moiety
([Fe(CN)6]*"*) in an aqueous electrolyte solution, the concentrations of the oxidized and reduced
forms at the confocal probe volume position were determined from spectra collected as a function
of applied potential. Least-squares regression analysis of the spectral datasets predicted the formal
potential of the redox couple and the steady-state concentrations of the oxidized and reduced forms
at each potential in excellent agreement with the expected Nernstian response. Spectra that track

the concentration front of a slowly diffusing redox species electrogenerated within a polymer

electrolyte are also presented.

2. Materials and Methods

2.1. Reagents. Aqueous solutions were prepared from 18 MQ-cm water dispensed from a
Barnstead GenPure UV water filtration system. 2-propanol (Optima, > 99%) solvent was from
Fischer Scientific (Waltham, MA, USA). Methyl viologen (MV) dichloride (98%) was from
Sigma-Aldrich (Saint Louis, MO, USA). Potassium and sodium chloride (Macron Chemicals) and
potassium hexacyanoferrate(Il) and (III) (Aldrich) were reagent grade or better and used as
received. Nafion 112 (50 um thickness) membrane was from Ion Power (Newcastle, DE, USA).
A sample of approximately 5 mm x 5 mm was cut and cleaned by brief boiling in 0.1 M NaCl

containing 0.3 % H»0,.2° After rinsing in deionized water, the sample was transferred to boiling



0.1 M NaCl to complete the ion exchange. The sample was rinsed in boiling deionized water to
remove excess salt and stored dry until use. Just prior to spectral measurements, the sample was
soaked in aqueous 10 mM MV?" for 30 min and subsequently rinsed in deionized water to
eliminate excess MV species from the membrane.

2.2. Electrochemical cells. For spectroelectrochemistry, in this work a microscope-stage
mountable cell designed for fluorescence microscopy imaging of probe ions at a potential-
controlled interface was adapted.?! The cell was constructed around a glass microscope coverslip
containing a sputter-coated indium tin oxide (ITO) film on one side (22 mm x 22 mm, 15-30 Q/cm,
SPi Supplies, West Chester, PA, USA). The ITO-coated coverslip served as both the working
electrode and window for coupling light into the cell. Intended for use with an inverted
microscope,! the coverslip also formed the bottom of the electrolyte-filled reservoir for the cell.
A poly-tetrafluoroethylene (PTFE) insert was sealed against the coverslip to form a chamber for
the electrolyte solution and the counter and reference electrodes.'® A gasket at the foot of the PTFE
insert pressed a thin metal foil serving as the lead for the working electrode against the ITO-coated
surface, while isolating the metal foil from contact with the electrolyte solution. When secured to
the microscope stage, the objective contacted the outer (glass) side of the ITO-coated coverslip
through a droplet of immersion oil (IMMOIL-F30CC (n = 1.51), Olympus (Waltham, MA, USA)).
Prior to cell assembly, the ITO-coated coverslip was cleaned by first rinsing in 2-propanol
followed by 18 MQ-cm water and subsequently treatment in a UV/ozone cleaner.?! The cell was
used with a platinum mesh counter electrode and a saturated calomel electrode (SCE) reference.
During spectroelectrochemical measurements, the electrolyte solution was at ambient temperature

(21.0 £ 0.5 °C) and exposed to the laboratory atmosphere. Cyclic voltammetry performed with a



platinum working electrode employed a conventional glass cell and platinum mesh counter and
SCE reference electrodes.
2.3. Instrumentation. The confocal Raman microscope system is based on a previously reported
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pumped solid-state laser operating at 660 nm (Gem 660, 1 X
Fe(CN)g* + e —l" Fe(CN)g*

design.!®?? The excitation source was a single-mode diode-

Laser Quantum, Fremont, CA, USA). The laser beam was

Excitation , Raman
. scattering
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toward the rear entrance port of a Nikon Eclipse TE-200

) ) ) Scheme 1. Depiction of the in situ
inverted microscope (Nikon, El Segundo, CA, USA), where  confocal Raman spectro-

electrochemical measurement. The
it was spectrally filtered (Semrock, Lake Forest, IL, USA) inset axes show the axial (z) and in-
plane (x) directions. The y

and reflected from a dichroic mirror (Semrock) to slightly ~ direction (not shown) is in-plane
and orthogonal to x and z.

overfill the rear aperture of a 100x, 1.49 N.A. oil immersion

objective (Nikon, CFI Apochromat TIRF). The objective focused the beam into the
spectroelectrochemical cell through the ITO-coated glass coverslip. The near diffraction-limited
probe volume was positioned ~3 um above the ITO-electrolyte interface (Scheme 1) using
reflection from the ITO-electrolyte interface as a guide to axial positioning.!”>* Raman scattered
light was collected back through the same microscope objective. The radiation passed through the
dichroic mirror and a final long-pass filter (Semrock) before being focused onto the entrance slit
(50 wm) of a grating monochromator (Shamrock 5001, Andor, Belfast, UK). The diffraction
grating, 300 lines/mm blazed at 760 nm, dispersed Raman scattered light from the slit image onto
a charge-coupled device (CCD) camera (iDus DU416A, Andor), achieving a limiting resolution

of 1.66 cm/pixel. To match the spectrograph slit width, every three pixels were binned

horizontally, giving a spectral resolution of 5 cm™'. The confocal aperture was defined using the



entrance slit of the monochromator in the horizontal dimension and by binning five rows of pixels
on the CCD camera (75 pm) in the vertical dimension.'%-*>*

Cyclic voltammograms were recorded using a WaveNow (Pine Research, Durham, NC USA)
potentiostat running AfterMath software. A Pine AFCBP1 bipotentiostat was used to control the
cell potential during in situ confocal Raman microscopy measurements.

2.4. Data Analysis. Spectral data were processed and analyzed on desktop computers using custom
scripts executed in Matlab (version R2020b; MathWorks, Natick, MA, USA). After subtraction of
a dark current offset, Raman spectra were corrected for instrument response by ratioing to a
recorded spectrum of emission from a standard reference halogen source lamp (SL1-CAL,
StellarNet, Tampa, FL, USA).2>?7 Spectral baselines were corrected using a rolling-circle?® high
pass filter. Scripts for factor analysis®’ and least-squares regression analysis***! utilized the Matlab

pca and fminsearch functions, respectively. Non-linear least-squares fitting was performed using

the Microsoft Excel Solver add-in (Redmond, WA, USA).

3. Results and Discussion

3.1. Ferricyanide reduction. Figure 1 contains cyclic voltammograms recorded with an ITO-

coated glass coverslip mounted in the spectroelectrochemical cell and serving as the working
electrode. In the absence of a redox probe, only charging current is evident in voltammograms
obtained with the ITO surface in contact with clean 0.2 M KCl electrolyte (Figure 1, bottom).
Redox waves begin to appear following the addition of ferricyanide to the cell (Figure 1, middle).
A cyclic voltammogram recorded using a platinum working electrode is included (Figure 1, top)
to show the anticipated response associated with reversible electron transfer. The formal potential

estimated from the voltammogram (0.22 V) is in good agreement with earlier reports for



] , ferricyanide and ferrocyanide species in KCl
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Figure 1. Cyclic voltammograms recorded in 0.2

M KCl with (top and middle) and without surface layer derived from confocal Raman
(bottom) added 4.0 mM KsFe(CN)s. The

working electrodes used were a platinum wire  gpectra are as expected for a reversible reaction.
(top) and an ITO film coated glass microscope

coverslip (middle and bottom). The scan rate was

20 mVJ/s. Ferricyanide (and ferrocyanide) have often

been used to assess the performance of spectroelectrochemical detection strategies.>** In addition
to the stability and quasi-reversible response of the redox couple, the complexes have prominent
C = N stretching vibrational features that are convenient for evaluating sensitivity in cells designed
for coupling to infrared or Raman probes. Figure 2 displays Raman spectra collected with the
confocal probe volume positioned in the spectro-electrochemical cell a few micrometers above the
ITO film (Scheme 1). As a guide to positioning, the excitation beam was first brought to a sharp
focus at the coverslip-solution interface and then raised to a position approximately 3 um above
the ITO film surface, a height that ensures the axial extension of the confocal probe volume at 90
% detection efficiency (vide infra) is well beyond the coverslip. When the ITO film is poised at
0.7 V, the experimental spectrum is dominated by a strong band near 2131 cm™! characteristic of
the overlapping vi (Aig symmetry) and v3 (E2g symmetry) C = N stretching vibrational modes of

Fe(CN)s> ions.>>¢ As the potential is stepped negative, additional bands begin to appear at 2092
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reduction at the ITO film surface. At 0.2 V, near
Figure 2. Left: Raman spectra recorded with the

the formal potential for the  confocal probe volume positioned ~3 pum from
the surface of an ITO-coated glass coverslip
ferrocyanide/ferricyanide couple,?? the  serving as the working electrode in a microscope

stage mounted spectroelectrochemical cell. The
experimental spectrum in Figure 2 clearly cell was filled with 0.2 M KCI electrolyte
containing 4 mM KsFe(CN)s. Spectra were
recorded with the working electrode poised at the
indicated potentials. The acquisition time for
each spectrum was 25 s, and the laser power at
the sample was approximately 30 mW. Right:
) Spectra calculated from the product of the least-
stepped ~ further  negative, features  of  squares optimized pure spectral component

matrix and concentration coefficient matrix.

indicates the two redox species are present at the

electrode-solution interface. As the potential is

ferrocyanide become dominant. Raman spectra

of aqueous solutions containing ferricyanide and ferrocyanide are included in Figure 3 and confirm
the spectral bands observed in Figure 2 arise from Fe(CN)¢>~ and Fe(CN)s* complexes.

3.2. Modeling. Least-squares regression analysis was applied to the spectral dataset in Figure 2 to
develop a quantitative understanding of the potential-dependent response. This approach
decomposes a matrix of spectral data (D) into a matrix of pure-component spectra (A) and a

coefficient matrix (C) that defines the relative contribution of each pure component at a specific



state (e.g., equilibrium potential) of the system.?’3! The relationship is given by the following
equation: D = A x C. When the spectra in D are in columns, the pure-component spectra in A are
also in columns and the elements of C (c(i,j)) specify the fractional contribution of the associated
pure component (i) to the total response measured for the system in each state, j. Through a
theoretical model of the chemical system, constraints can be applied to guide the least-squares
optimization of the spectral vectors in A and coefficients in C.?>3! However, in decomposing the
potential-dependent spectra in Figure 2, only initial estimates of the pure-component spectral
vectors in A, acquired at the ends of the applied potential range, were applied. No model
constraints were otherwise imposed, in order to allow testing of a Nernstian model of the system
response.

As a first step in the analysis of the experimental data in Figure 2, a D matrix composed of
spectral intensities covering the region of the dominant bands (2000-2200 cm™) was prepared. A
factor analysis®® was performed on D and F-testing of the returned eigenvectors confirmed the
presence of two potential-dependent components in the dataset. From knowledge of the chemical
system under study, and inspection of the recorded spectra, one pure component is expected to be
linked to ferricyanide and the other to ferrocyanide formed in the reduction reaction.

With the columns in A fixed at two, A was initialized using the first spectrum (0.7 V) and last
spectrum (0.3 V) in D as approximate pure-component spectra, and a least-squares estimate of C
(C) was obtained as follows:

C =[ATA]'ATD. (1)
The elements in € were then compared to expectations based on the Nernst equation. Assuming

ferrocyanide and ferricyanide complexes are in the following equilibrium at the electrode-solution



interface: Fe(CN)s> + e- = Fe(CN)¢*, the surface concentrations of the redox species will be
governed by:

R _ 10-f'(E-E) (2)

Co
In Eq 2, f” = 2.303F/RT, where F is the Faraday constant, R the universal gas constant and 7 the
absolute temperature, £° is the formal potential, £ is the applied potential and Co and Cr are the
concentrations of Fe(CN)¢>~ and Fe(CN)e*, respectively, at the electrode surface. Applying the
constraint Co + Cr = Co*, where Co* is the bulk solution concentration of Fe(CN)¢> (4.0 mM),

Eq 2 can be rearranged in terms of the surface Fe(CN)s* mole fraction:

G 107 e 1] 3)

or the surface Fe(CN)s*> mol fraction:

-1

0= |10 EED 41| @)
The Nernstian relationships in Equations 3 and 4 map to the c(i, j), which represent the mole
fraction of species i (Fe(CN)s> or Fe(CN)s*) present at the electrode surface at potential £()).

The initial C values derived according to Equation 1 were plotted to confirm consistency with
Equations 3 and 4. Then, with the Co + Cr = Co™* constraint applied, the c(i, j) were refined through
use of the Matlab adapted Nelder-Mead simplex algorithm®’ to minimize the sum of the squares
of the residuals, RT R, where:

R=D-AC. (5)

After convergence, vectors in R were inspected to ensure the residuals were random and reflected
the expected noise in the spectral dataset. Pure-component spectra were calculated by least-squares

projection of the coefficients back onto the data according to:

A=DCT[C C"]. (6)
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A was updated in each iteration of the refinement.

Figure 3A plots the optimized spectral vectors in A derived from the Figure 2 dataset. As

anticipated, the vectors match the experimental Raman spectra of ferrocyanide and ferricyanide

1 Spectral vectors A
4 — 1
1 11rel ct. 2131
1 Fe(CN)es_
] 2057, 12092
2 Fe(CN)s*
3 1
§ L L L
» 1 4mMFe(CN)&4 B
C A 1
[+ —
= |3rel.cts. )2131
g -
Fe(CN)s*
| 2057, 12092
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1950 2100 2250
Wavenumbers (cm-1)
Figure 3. Least-squares
optimized  pure-component
spectral  vectors (A) and

Raman spectra obtained from
aqueous solutions containing 4
mM K3Fe(CN)es. and
K4Fe(CN)g, as indicated (B).

ions in an aqueous solution (Figure 3B). Similarly, the potential
dependence of the refined c(i, j) values (Figure 4) for each pure
component is in accord with the Nernstian response (Equations
3 and 4) and the £°’ and f” obtained are in excellent agreement
with the values expected for the conditions of the experiments.
While it would have been possible to derive best-fit values for
E°’ and f” using Equations 3 and 4 to constrain the least-squares
optimization of the coefficients in C,>*’! instead only initial
estimates of the vectors in A were made through the selection of
spectra that are close to the expected pure components, enabling
the c(i, j) to be determined without assumptions on their potential
dependence. The concentration vectors displayed in Figure 4

follow a trend consistent with the anticipated Nernstian response,

yet they were obtained without reliance on Equations 3 and 4.

The plotted data in Figure 4 also confirms the ability to determine analyte composition near the

ITO film-solution interface quantitatively through confocal Raman microscopy measurements.

The diffusion layer in the quiescent solution adjacent to the ITO film working electrode is

predicted to extend a distance >100 pm from the film surface within the first few seconds of the

25 s spectral acquisition period.*® With the confocal probe volume located approximately 3 pum

above the ITO surface (Scheme 1), the Fe(CN)s>* and Fe(CN)s* concentrations within the
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femtoliter spatial region sampled should be representative of the ion concentrations at the ITO
surface. For a diffraction-limited excitation beam focus, the confocal probe volume can be
expected to have a diameter just smaller than the radiation wavelength (~A/2 or ~0.4 um at 660
nm) and an axial (z) dimension at 90 % detection efficiency of +/- 1.2 um relative to the probe
center.'>?* The microscope immersion objective minimizes distortion from these probe volume
dimensions by providing close refractive index matching to the sample.’**! Thus, the probe
volume position and small size relative to the diffusion-layer thickness ensures spectra in Figure
2 reflect surface concentrations of the ions under study.

In Figure 2, the set of spectra on the right were calculated from the optimized A and C matrices.

The noise reduction that accompanies least- Concentration Vectors
squares refinement is evident along with * Fo(CN)s*
» Fo(CN)s>

improved ability to discriminate spectral = 124

L
features of Fe(CN)¢*> and Fe(CN)¢* ions near E 0.81

5 0.4
the formal potential, where the equilibrium § }
interfacial concentration of each is only ~2 0.01 i i i i

03 00 03 08

mM. More generally, our ability to detect E {V vs SCE)

\ t the millimolar level?® low i . - . .
analyte at the millimolar level™ and below in Figure 4. Optimized concentration vectors derived

. from least-squares modeling of the experimental
the reported work can be attributed to the spectral dataset in Figure 2. The solid line and E°’

‘ . and f” quantities were obtained from non-linear
confocal optical arrangement with its tight  least-squares fitting of the concentration vectors to
Equation 3 (Fe(CN)s*) and Equation 4 (Fe(CN)¢*).
excitation beam focusing and high-efficiency ~ See text for details.
collection of Raman scattered radiation.? Finally, although the cyclic voltammetry of ferricyanide

at the ITO film electrode (Figure 1, middle) does not appear reversible at the moderate scan rate

employed, the confocal Raman measurements that interrogate the near-surface region on a much

12



slower timescale are consistent with the expected reversibility of electrochemical transformations

between ferricyanide and ferrocyanide.

41,42

3.3. MV?" reduction within Nafion. With the ability to probe molecular composition and

transport** within polymer membranes and micron-scale particles, confocal Raman microscopy
should be well suited to the study of polymer-modified electrodes for applications that include
energy conversion, chemical synthesis, and sensing.** To test the strategy, the redox chemistry of
MV?2" and transport of electrogenerated MV** within a Nafion phase was investigated. A 50-pm
thickness membrane was first exchanged with MV?" ions. After rinsing to remove excess MV>*,
the sample was laid over the central region of an ITO-coated coverslip mounted in the

spectroelectrochemical cell. A porous glass frit was pressed to the membrane to hold it firmly

Nafion 112 f MV2* in 0.2 M KCI against the ITO film surface. The cell
Izn""“'* 122 hen filled with electrol
1358 | 1 was then filled with electrolyte
- saaf 1022 TRE 11889 o

D850V solution and the potential was poised at

0625V -0.2 V, well above the formal potential

0800 Vv
for MV?" reduction in the KCI

0.500 V
400V | clectrolyte (ca. -0.7 V vs SCE).**

e
h 0200V Spectral data acquisition began after
'. 16554 Naf

the confocal probe volume was

Raman Scattering

300 600 900 1200 1500 1800 o
Wavenumbers (cm) positioned within the Nafion layer. A

series of spectra recorded in 25-s
Figure 5. In situ Raman spectra recorded with the confocal
probe volume positioned ~3 um into the Nafion phase at  intervals as the potential was stepped
the membrane / ITO film electrode interface. The Nafion
was exchanged with MV?" ions. Measurements were increasingly negative are displayed in
performed in 0.2 M KCIl electrolyte solution. The
acquisition time for each spectrum was 25 s, and the laser
power at the sample was approximately 5 mW. Underlined
peak positions indicate features assignable to MV ™ ions.

Figure 5. A spectrum of Nafion in 0.2
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M KClI is included for reference. Star labels indicate Nafion peaks* that have no overlap with
MV?2" or MV bands. Between -0.2 V and -0.6 V, features other than Nafion are traceable to
MV?2* 464750 Most notable among these are bands near 1654 cm™ and (unlabeled) 1297 cm!, 1191
cm™! and 970 cm’!. In stepping to -0.625 V, growth in the peak at 1532 cm™ and shifting of the
1654 cm™ band to 1659 cm™! signals the presence of MV ™. For excitation at 660 nm, the MV ™
features are resonantly enhanced enabling traces of the reduction product to be easily detected well
below the formal potential for the MV + e- = MV transformation.*® Increasing the potential
negative to -0.65 V, the 1532 ¢cm™! band continues to grow and additional MV** bands become

evident across the 600 cm™ - 1600 cm™ region.

Figure 6 shows the dominant features for MV>* and

J Nafion 112 f MV2* in 0.2 M KCI
MV* at 1654 cm™ and 1532 cm™!, respectively, as they

1582 | 1654 T25rel. cts.
{ M+ 420
evolve over time following a step to -0.65 V. Spectra s

collected at less negative potentials (-0.60 V and -0.62

V) just prior to reaching -0.65 V are consistent with

the presence of MV?*' within the confocal probe

Raman Scattering

volume. Transitioning from -0.62 V to -0.65 V leads

to a slight increase in intensity at 1532 cm™ after 60 s. -0.650 V
The band continues to grow steadily as spectra are 1 0.620 V
-0.600 V

collected on 60 s-intervals with the potential fixed at - 7
1400 1600 1800
0.65 V. During this period, the change in peak Wavenumbers {cm')

intensity at 1532 CIl’l-1 is attributable to MV+. Species Figure 6. In situ Raman spectra that track
MV™ accumulation within the confocal
accumulation in the diffusion layer adjacent to the ITO  probe volume as a function of time after
the potential is stepped to -0.65 V. See text

film surface. Figure 7a depicts this change as a  and Figure 5 legend for details.
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function of the diffusion-layer thickness (0) estimated from a simple one-dimensional model for
MV transport from the ITO surface through the adjacent bulk Nafion layer. The thickness was

calculated from 8 = V2 D t , where D is the diffusion coefficient for MV ™ in Nafion and ¢ is the
time following the step to the reaction potential. D was derived from recently reported studies of
MV?2" and MV** diffusion within Nafion thin films prepared by casting onto carbon electrodes.*®
Assuming a diffusion coefficient for MV™ of ~3 x 10'° cm?/s in the Nafion membrane,* the
diffusion-layer thicknesses predicted are consistent with the expected axial confocal probe volume
dimensions (> 2.4 um) (Figure 7a). A probe with its center positioned 3 um from the ITO surface,
as anticipated in this case, can be expected to begin sensing MV as the diffusional front advances
toward a point 2 um from the ITO surface %

The initially slow change in 1532 cm™! peak intensity (Alis32) after stepping to -0.65 V in Figure
7a likely results at least in part from the presence of dissolved Oz in the electrolyte, since it was

not possible to maintain an inert atmosphere over the solution in these initial tests of the

spectroelectrochemical cell. H>O»

. . J w—40s b
201 . 209 o
]l 85V . 1 >« produced from O; reduction is able to
_g- 109 sz v . _g10'- “\\
R ') . < e oxidize MV™ and lower its
o
00 20 40 60 0050 0075 0400  concentration until an Oz depletion
& (pm) 112 (-12)

layer develops in the near-surface

Figure 7. From spectra in Figure 6 recorded at -0.65 V ) ) ) )
showing the change in Raman scattering intensity at 1532 ~ T€g10n. The effect is evident in the
cm! plotted as a function of (a) the estimated diffusion-layer

thickness and (b) 2. plot of optical response versus '/ in

Figure 7b. The signal from MV ™ ions becomes consistent with diffusional motion at long times,

but MV** accumulation is slow early in the experiment.
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The trend in Figure 7a also is affected by variation in detection efficiency across the axial
dimension of the probe volume.!*?*4%4! The impact of this variation on spatial resolution in the
measurement of analyte front advancement is under study. Strategies for determining the

instrument response function?*°

are being adapted to enable corrections and improved estimates
of mass transport coefficients from spectral datasets that track analyte movement through the
confocal probe volume.

Comparing spectra in Figures 5 and 6, differences in the potential dependence of MV?* and
MV** signals are evident. Sensitivity to probe volume positioning along the z-dimension is an
important factor affecting responses in addition to the potential for O interferences under
conditions of the experiments. The preliminary measurements demonstrate the ability to adapt
confocal Raman microscopy for the detection of electrogenerated redox species within ionic
polymer materials and encourage further studies toward quantitation of mass transport within these
films.

4. Conclusions

Confocal Raman microscopy offers unique capabilities for the study of electrogenerated redox
species and transformations within electrode-supported films.!® The reported work demonstrates
the ability to measure molecular composition to within a few micrometers of the electrode surface
and to follow the transport of an electrogenerated product within an ionic polymer matrix in contact

with the electrode. For the case of a reversible redox couple at an ITO film / solution interface,

least-squares regression analysis applied to spectral datasets confirmed adherence of the system to

30,31 29,43

the expected Nernstian model. More generally, it is possible to adapt least squares™ " and other
types of modeling approaches in a similar manner to derive important physical parameters and

associate values to spatial locations relative to the electrode surface plane as well as in-plane (x

16



and y) locations on the electrode. Finally, with sensitivity toward a wide range of molecular
species, the confocal Raman microscopy spectroelectrochemical technique is applicable to the
study of solvent and electrolyte properties under reaction conditions and changes coupled to redox
processes.
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