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ABSTRACT: A spectroelectrochemical cell is described that
enables confocal Raman microscopy studies of electrode-supported
films. The confocal probe volume (∼1 μm3) was treated as a fixed-
volume reservoir for the observation of potential-induced changes
in chemical composition at microscopic locations within an ∼20
μm thickness layer of a redox polymer cast onto a 3 mm diameter
carbon disk electrode. Using a Raman system with high collection
efficiency and wavelength reproducibility, spectral subtraction
achieved excellent rejection of background interferences, opening
opportunities for measuring within micrometer-scale thickness
redox films on widely available, low-cost, and conventional carbon
disk electrodes. The cell performance and spectral difference
technique are demonstrated in experiments that detect trans-
formations of redox-active molecules exchanged into electrode-supported ionomer membranes. The in situ measurements were
sensitive to changes in the film oxidation state and swelling/deswelling of the polymer framework in response to the uptake and
discharge of charge-compensating electrolyte ions. The studies lay a foundation for confocal Raman microscopy as a quantitative in
situ probe of processes within electrode-immobilized redox polymers under development for a range of applications, including
electrosynthesis, energy conversion, and chemical sensing.
KEYWORDS: Raman microscopy, redox polymer, polymer-modified electrode, confocal, thin film

■ INTRODUCTION
Electrode-supported redox polymer films have a long history1,2

and continue to be important in the advancement of materials
for applications that include energy conversion and storage,
electrosynthesis, and chemical sensing (cf., refs 3−9).
Strategies have focused on the development of polymers that
mediate charge transport through a self-exchange-based
electron conduction mechanism and remain active and stable
during use.3,4,10−12 Alongside the progress in synthetic
approaches that improve current densities, polymer film
durability, and, in the case of bioelectrocatalytic mem-
branes�biocompatibility, have been improvements in meth-
ods for the study of processes that limit material perform-
ance.1,2,5,10,11,13,14 Spectroscopic techniques capable of probing
electrode-supported redox-active layers in real time under
reaction conditions have been greatly sought-after.5,11,15,16

Infrared and surface-enhanced Raman spectroscopy are well
suited to in situ investigations of phases near monolayer
coverages on electrodes. (cf., refs 17−23) In the study of thin
film and multilayer materials, however, these vibrational
spectroscopic techniques are not as easily adapted. Sensitivity
is lost as surface-enhanced electromagnetic fields decay and
spectral band distortions develop in response to optical
dispersion effects.15,24,25 As a step toward overcoming these

limitations, we recently investigated confocal Raman micros-
copy for quantitative in situ measurements within electrode-
supported redox polymer films.26

A confocal Raman microscope records spectra from
microscopic spatial regions within a sample.27−30 The objective
brings the excitation beam to a tight, diffraction-limited spot
(focal volume), and Raman scattered radiation is collected
from the region through an aperture that restricts light from
outside the focal volume from reaching the detector.27−29 The
dimensions of the aperture and excitation beam focus define
the primary location probed within the sample. This so-called
confocal probe volume region typically occupies a few
femtoliters in measurements that employ high-numerical-
aperture (NA) oil-immersion objectives.28,29,31 In recent
years, confocal Raman microscopy has emerged as a unique
and powerful tool for conducting rapid, sensitive chemical
assays based on detection within individual high surface area
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chromatographic particles (cf., refs 31−34). With the confocal
probe volume positioned centrally within a particle, the analyte
extracted into the pores can be easily quantified, label-free at
subnanomole levels.31−33 The latest work, centered on studies
of DNA hybridization, has demonstrated spectral subtraction
as effective for enhancing sensitivity.33 Reflecting the high
stability of the confocal probe volume, the difference
measurements revealed exquisite details of base pairing and
enabled detection at the level of a single nucleotide
polymorphism.33

In our first adaptation of confocal Raman microscopy for in
situ studies of processes at electrodes,26 drawing from an
earlier design,35 the cell was fitted with an optically
transparent, electronically conductive indium tin oxide
(ITO)-coated coverslip that functioned as both the cell
window and working electrode. After entering the cell through
the coverslip, the confocal probe volume was positioned ∼3
μm from the ITO surface and served as a fixed-volume
reservoir for the quantification of redox-active species within
the diffusion layer.26 The reported work advances the platform
through modifications that enable the use of conventional disk
electrodes, which are more widely available and have
considerably better electronic conductivity than ITO-coated
glass. Precision-machined, the cell operates with the working
electrode surface held parallel to the cell window (Figure 1).

As shown previously,36 the ability to employ conventional disk
electrodes greatly extends the application of confocal Raman
microscopy for in situ studies of electrode processes and
materials for energy and sensing applications. Herein, cell
performance is demonstrated through studies of ionomer films
containing exchanged redox ions supported on carbon
electrodes. Using a Raman system with high collection
efficiency and wavelength reproducibility, spectral subtrac-
tion33,37 achieved excellent rejection of background carbon
interferences and uncovered reversible swelling and deswelling
of a polymer framework under the influence of an applied
potential. The strategy opens opportunities for performing in
situ measurements within micrometer-scale thickness redox-
active films supported on conventional disk electrodes.3−9,38

■ EXPERIMENTAL SECTION

Reagents
Nafion perfluorinated resin (10 wt % in water, product number
527106), methyl viologen (MV) dichloride (98%), potassium
hexacyanoferrate (III), and potassium chloride were obtained from
Sigma-Aldrich (Saint Louis, MO, USA). Sustainion (XA-9, 5 wt % in
ethanol) was obtained from Dioxide Materials (Boca Raton, FL,
USA). All were of reagent grade or better purity and used as received.
Aqueous solutions were prepared from 18 MΩ cm water dispensed
from a Barnstead Nanopure UV water filtration system.
Electrode-Supported Films
Just prior to film deposition, glassy carbon disk electrodes (3 mm
diameter C disk (CHI-104 in 8.0 cm long sheath), CH Instruments,
Austin, TX USA) were polished in a slurry of aluminum oxide powder
(0.3 and 0.05 μm, Buehler, Bluff, IL) followed by copious rinsing in
deionized water aided by brief sonication in an ultrasonic bath. Nafion
films were deposited to ∼25 μm thickness by casting 15 μL from the
stock dispersion. After allowing the film to reach dryness at 60 °C, the
electrode was immersed in 1.0 mM MV2+ for 10 min and
subsequently rinsed in 0.1 M KCl before transfer to the
spectroelectrochemical cell. Adherent Sustainion films (∼20 μm)
were prepared similarly by casting from 15 μL of the stock reagent
followed by drying under ambient temperature. The film-coated
electrode was immersed in aqueous 40 mM K3Fe(CN)6 containing
0.1 M KCl for 10 min and subsequently rinsed in 0.1 M KCl before
transfer to the spectroelectrochemical cell.
Electrochemistry
A WaveNow (Pine Research, Durham, NC USA) potentiostat
running AfterMath software was used to record cyclic voltammograms
and control the electrode potential during Raman spectral measure-
ments. A Pt wire shaped to form a ring at one end served as the
counter electrode, and a KCl-saturated silver−silver chloride electrode
was the reference. In experiments with MV2+, the solution was
degassed by bubbling with Ar and the cell was purged with Ar prior to
measurements. All experiments were performed at ambient laboratory
temperature (21.0 ± 0.5 °C).
Confocal Raman Microscopy
The confocal Raman microscope was constructed based on earlier
designs.26,29 Details are given in the Supporting Information. Raman
scattering was excited by a 660 nm single-mode diode-pumped solid-
state laser [Gem 660 (0.75 ± 0.15 mm beam diameter), Laser
Quantum, Fremont, CA, USA]. The laser beam was expanded (7×,
Special Optics, Denville, NJ, USA) and directed toward the rear
entrance port of an Olympus IX73 inverted microscope (Olympus,
Waltham, MA, USA). The microscope objective [100×, 1.45 NA,
Olympus (UPLXAPO, 130 μm working distance, 5.2 mm rear
aperture)] brought the excitation radiation into the electrochemical
cell through a film of immersion oil in contact with a glass microscope
coverslip [no. 1.5 (0.17 mm thickness), BK-7 glass, 22 mm × 22 mm]
that was mounted to the bottom of the cell (Figure 1). Backscattered
Raman light was collected through the same microscope objective.
After passage through a final long-pass filter (LP02-664RU-25,
Semrock), the radiation was focused onto the entrance slit (50 μm) of
a grating monochromator (Shamrock 500i, 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). The resolution achieved was
1.66 cm−1/pixel. The confocal aperture was defined using the
entrance slit of the monochromator in the horizontal dimension and
by binning three rows of pixels on the CCD camera (45 μm) in the
vertical dimension.28,39 Unless stated otherwise, the acquisition time
for each spectrum was 60 s and the excitation laser power measured at
the back of the microscope was 3 mW.
Data Analysis
Spectral data were processed on desktop computers using custom
scripts executed in MATLAB (version R2022a; MathWorks, Natick,

Figure 1. Sketch of the microscope stage mountable cell for confocal
Raman microscopy studies of films supported on conventional disk
electrodes. A photo of the cell on the microscope stage is shown on
the inset. The working, counter, and reference electrodes are labeled
WE, CE, and RE, respectively. See text for details.
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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).40−42 Spectral baselines
were corrected using a rolling-circle43 high-pass filter. Further analysis
and subtraction manipulations were performed using Microsoft Excel
(Redmond, WA, USA) and OriginPro (Version 8.0, OriginLab Corp.,
Northampton, MA, USA).

■ RESULTS AND DISCUSSION
The cell constructed for in situ confocal Raman microscopy
studies of electrode-supported films was designed for the stage
of an inverted microscope (Figure 1). A glass microscope
coverslip serves as the optical window and forms the bottom of
the electrolyte-filled reservoir. The coverslip is positioned
within a chemically inert, electronically insulating base
machined from the fluoropolymer Kel-F. A circular opening
in the base allows light to pass to the window. The base is
pressed into a microscope stage plate constructed from
aluminum. A polytetrafluoroethylene (PTFE) cylinder fab-
ricated with a flange at one end forms a chamber for the
electrolyte solution. The cell is assembled by positioning the
cylinder in the cell base with the flange against the coverslip. A
Kel-F compression ring sandwiches the coverslip between the
flange and Kel-F cell base to form a water-tight seal.

The electrodes are admitted to the cell through drilled holes
in the PTFE cap. The cap was precision-machined to fit the
open end of the PTFE cylinder and secure the electrodes
snuggly with the disk working electrode surface oriented
parallel to the plane of the glass coverslip. The working
electrode is adjustable vertically. The objective working
distance is sufficient to enable free transport into the
electrode-window gap, contrasting the thin-layer configuration
(∼5 μm) that can limit mass transport and accuracy in
potential control in in situ reflectance infrared measure-
ments.16,44 There is also flexibility to add ports to the cap for
sample introduction and removal and to facilitate measure-
ments under an inert atmosphere.

Early studies of electrode-supported redox polymers
employed the cation-exchange material Nafion as a host
matrix owing to its convenience and ability to strongly extract
and electrostatically bind a wide range of redox-active
cations.1,45−47 Building on this foundation, the cell in Figure
1 was initially tested on Nafion films containing exchanged
MV2+ ions. MV2+ and its reduced radical cation (MV+•) have
rich vibrational spectra, and when excited near 660 nm,
electrogenerated MV+• can be sensitively detected by
resonance Raman scattering.48

Figure 2 shows Raman spectra that capture the formation of
MV radical cation (MV+•) as it is electrogenerated from MV2+

ions within a Nafion layer supported on a carbon disk
electrode. Just before spectral acquisition, the confocal probe
volume was translated into the polymer film and positioned
approximately 5 μm from the carbon surface. The initial
spectrum was collected with the cell poised at 0.0 V where
MV2+ is stable. A weak peak at 1652 cm−1 is evident and
traceable to mixed-ring stretching and in-plane C−C−H
bending vibrations of MV2+.48,49 Several bands in the
spectrum, those marked with a star symbol, arise from
Nafion26,50 and the broad features centered near 1300 cm−1

(carbon D band) and 1620 cm−1 (carbon G band) reflect
(resonantly enhanced)51 scattering from the underlying glassy
carbon electrode.37,52 As the potential is stepped toward more

negative values, the spectra remain relatively unchanged
(Figure S1) until −0.5 V is reached where a strong feature
from electrogenerated MV+• appears at 1535 cm−1. When
excited near 660 nm, MV+• has notable resonance Raman
bands near 1534, 1356, and 1028 cm−1.48 While the first and
last of these are prominent in Figure 2, the 1356 cm−1 band is
not discernible above the carbon background until the
potential is held for an extended time period (3 min).

To test the effectiveness of spectral subtraction for removing
the carbon interference in these in situ confocal Raman
microscopy measurements, the spectrum recorded at −0.45 V
was used as the background. The spectrum labeled “difference”
in Figure 2 shows the features that remain after applying the
subtraction to the uppermost spectrum in the dataset (−0.5 V,
3 min). The carbon interference is eliminated, revealing the
1356 cm−1 peak (at 1357 cm−1) and several other bands
(1663, 1252, and 686 cm−1) characteristic of MV+•.48 In
studies of surface-derivatized carbon materials, Ray and
McCreery used spectral subtraction to reduce the impact of
bulk carbon scattering in Raman spectra of covalently bonded
probe molecules.37 The results in Figure 2 show that the
approach eliminates the much weaker carbon background
interference from the spectra of molecules within the confocal
probe volume region33 when the probe volume location is a
few micrometers away from the carbon surface.

The band at 1028 cm−1 in Figure 2 brings to light the
potential for MV+• dimer formation.23,48 However, when
excited at 660 nm, MV+• generates a strong scattering signal at
1028 cm−1 unrelated to the dimer.48 Instead, a band near 664
cm−1 can serve as a marker for the MV+• dimer48 and its
absence in Figure 2 suggests that dimer formation may not be
significant under the conditions of the reported experiments.

A cyclic voltammogram recorded with the cell secured to the
microscope stage and the electrode positioned for spectral
measurements is included in Figure S2. The response is
consistent with voltammograms for MV2+-modified Nafion

Figure 2. In situ Raman spectra recorded from a Nafion film
containing exchanged MV2+ ions. The film was supported on a carbon
disk electrode poised at the indicated potentials (E) in 0.1 M KCl.
The electrode was held initially at 0.0 V and stepped increasingly
negative up to −0.5 V. Peaks marked with an asterisk (*) arise from
the Nafion matrix. The dashed vertical lines trace peaks from MV+•.
The difference spectrum (red, top) shows the uppermost spectrum
recorded at −0.5 V (3 min, dark blue) after subtraction of the
spectrum recorded at −0.45 V (cyan). See text for further details.
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films on carbon53 and other all-organic4 redox polymers. The
potential at the midway point between the voltammetric peaks,
−0.62 V, matches the formal potential for the MV2+/MV+•

couple (−0.62 V on the KCl-saturated Ag/AgCl reference
scale).53 Furthermore, the imbalance in the cathodic and
anodic peak currents, the former being somewhat greater than
the latter, is in accord with the markedly slower diffusion
coefficient of MV+• relative to MV2+ in Nafion.53 The
separation between cathodic and anodic peaks is somewhat
greater than anticipated compared to the benchmark,53

reflecting at least in part the differences in material processing.
The voltammetry in Figure S2 demonstrates a significant
advantage of having an electrochemical cell for in situ Raman
measurements that enables conventional electrodes to be used,
eliminating the resistive effects that can limit electrochemical
measurements with optically transparent electrodes.26

The ability to track the reversibility of the MV2+/MV+•

couple within the polymer is depicted in Figure S3. Temporally
resolved spectra collected at intervals following a potential step
show progressive changes in the amount of MV+• present.
After stepping from −0.3 to −0.5 V, peaks for MV+• become
evident within 20 s and grow as anticipated in response to the
advancing diffusion layer within the electrode-supported film.26

The trend reverses when the potential is stepped to more
positive values, 0.0 V in this case, where MV+• oxidation occurs
at a diffusion-limited rate. The repeatable behavior depicted in
Figure S3 was observed over several oxidation/reduction
cycles.

Spectra recorded from an electrode-supported film that
displays dimensional change during redox transformations are
shown in Figures 3 and 4. Figure 3 tracks the formation of

Fe(CN)64− from Fe(CN)63− ions immobilized within a thin
layer of the anion-exchange ionomer Sustainion54 supported
on a carbon disk electrode. The electrode was held initially at
0.8 V and stepped increasingly negative. The region of the
ligand C�N stretching vibrations is plotted in Figure 3. The
2129 cm−1 peak contains contributions from the overlapping
ν1 (A1g symmetry) and ν3 (E2g symmetry) vibrational modes of
Fe(CN)63−, while the peaks at 2090 and 2054 cm−1 map to the
respective ν1 and ν3 stretching vibrations of Fe(CN)64−

ions.55,56 Comparing the relative amplitudes of the bands for
the two species in Figure 3, the formal potential is expected in
the range where the peaks have roughly equal intensity.26 On
this basis, the spectra suggest that the formal potential lies
between 0.1 and 0.0 V, negative of the anticipated value (in the
0.25−0.22 V range)26,57 but consistent with the 100−200 mV
negative shift reported for Fe(CN)63−/Fe(CN)64− ions at
electrodes modified by thin films of anion-exchange materials
in contact with 0.1 M supporting electrolytes.57−59 The shift
has been attributed to factors that lead to greater stabilization
of Fe(CN)63− compared to Fe(CN)64− ions within the
films.57−59

Figure 4 displays potential difference spectra that reveal
polymer framework structural changes occurring as the film

oxidation state is varied. In progressing from 0.8 to −0.4 V
(Figure 4, bottom), the upward bands reflect species whose
composition within the confocal probe volume becomes
greater at −0.4 V. The pair of peaks near 2090 cm−1 trace
the formation of Fe(CN)64− ions, while the strong peak near
1000 cm−1 and several weaker upward peaks toward higher
frequency arise from the Sustainion matrix (Figure S4). The
appearance of Sustainion bands in the difference spectrum can
be attributed to the contraction of the polymer framework as
chloride ions transfer from the film into the contacting
electrolyte solution in response to the reduction of Fe(CN)63−

ions.13,58 In the study of electrode-supported films prepared by
entrapment of redox-active transition-metal compounds within
inert ionomers,46,47 it has been shown that small mobile ions
derived from the electrolyte redistribute between the film and
bulk solution to compensate for the charge imbalance that
accompanies changes in the film oxidation state.13,58 For
Sustainion containing electrostatically bound Fe(CN)63− ions,
the reaction can be depicted as follows

(Im ) (Fe(CN) ) (Im )Cl e

(Im ) (Fe(CN) ) Cl
n

n

6
3

( 1) 6
4

(aq)

+ +

+

+ +

+
+ (1)

In eq 1, (Im+) represents imidazolium sites54 within the
Sustianion matrix that complex Fe(CN)63−, Fe(CN)64−, and

Figure 3. In situ Raman spectra recorded from a Sustainion54 film
containing exchanged Fe(CN)63− ions. The film was supported on a
carbon disk electrode poised at the indicated potentials in 0.1 M KCl.
The electrode was held initially at +0.8 V and stepped increasingly
negative.

Figure 4. Difference spectra showing changes that occur within a
Sustainion54 film containing exchanged Fe(CN)63− ions when the
potential is first changed from +0.8 to −0.4 V (bottom) and
subsequently returned to +0.8 V (top). The film was supported on a
carbon disk electrode in 0.1 M KCl.
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chloride ions, as indicated, and Cl(aq)− represents the chloride
released from the polymer into the electrolyte solution.

The Sustainion matrix peaks in Figure 4 track the movement
of chloride ions anticipated from eq 1. The film appears to
deswell as chloride is discharged upon reduction of Fe(CN)63−

at −0.4 V, producing the upward pointing peaks in the lower
spectrum of Figure 4. When the direction of the potential
excursion is reversed (Figure 4, top), the conversion of
Fe(CN)64− back to Fe(CN)63− draws chloride into the film.
The swelling that ensues with the re-entry of chloride ions
decreases the concentration of the ionomer within the confocal
probe volume, giving downward pointing peaks for the
ionomer in the difference spectrum.

In Figure 4 (top), the upward peak at 2127 cm−1 and pair of
downward peaks near 2090 cm−1 signal the formation of
Fe(CN)63− from Fe(CN)64− at 0.8 V. In the bottom spectrum,
which tracks the opposite transformation, the 2127 cm−1

feature that accompanies Fe(CN)63− reduction is weaker
than expected. The response may reflect the offsetting effect of
increasing (Im ) (Fe(CN) )n 6

3+ + site concentration within the
confocal probe volume as the polymer framework contracts
with the progression of the reaction in eq 1.

The difference spectra33 in Figures 2 and 4 demonstrate the
ability to uncover signals of interest that are linked to changes
in electrode potential but without subtraction are obscured by
strong scattering from the film matrix or underlying electrode.
In studies of the MV2+/MV+• redox couple in Nafion, spectral
subtraction made it possible to detect clear signatures of MV+•

while probing close enough to the electrode to detect
background scattering from the underlying carbon. Although
not an interferent in studies of the Fe(CN)63−/Fe(CN)64−

couple in Sustainion, spectral subtraction also achieved the
removal of broad bands near 1323 and 1600 cm−1 (Figure S5)
due to bulk carbon. Finally, unlike the sensitivity of the
Sustainion matrix (Figure 4), difference spectra calculated over
the range of potentials studied in Figure 2 did not contain
evidence for Nafion film dimensional change as the potential
was varied. Since several factors (i.e., ionomer ion-exchange
capacity and redox probe size, charge, and loading) can affect
film swelling behavior, further investigation is needed to better
understand the different matrix responses of the two redox
polymer systems.

■ CONCLUSIONS
A precision-machined, microscope-mountable cell that adapts
widely available disk electrodes, including low-cost carbon disk
electrodes, has enabled in situ confocal Raman microscopy
measurements that probe within micrometer-scale thickness
electrode-supported redox polymer films. Owing to the high
collection efficiency and wavelength reproducibility of the
Raman system utilized,26,29,33 spectral subtraction provided
excellent rejection of background interferences and revealed
sensitivity toward potential-induced changes in the composi-
tion and swelling/deswelling behavior of electrode-supported
redox polymers. The advances open opportunities for in situ
characterization of strategically designed, leading-edge redox
polymers that are pushing the frontiers of energy and chemical
synthesis and sensing technologies.3−6,8,9,12,60 With careful
consideration of limiting optical phenomena,27−30 quantitative,
spatially resolved measurements within these materials are
possible.
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