Electrochemical Energy Engineering, 2019

13. Spectroelectrochemistry 1 (ch. 17A): in situ & ex situ

1. UV & visible spectroscopy

(1) Transmission experiments

(2) Ellipsometry

(3) Internal reflection spectroelectrochemistry: surface plasmon resonance
(4) Second harmonic spectroscopy

2. Vibrational spectroscopy:

(1) IR spectroscopy

(2) Raman spectroscopy

3. Electron & ion spectroscopy

XPS, AES, LEED, HREELS, mass spectroscopy
4. Magnetic resonance methods: ESR, NMR

5. Quartz crystal microbalance

6. X-ray methods: XAS, XRD

A.J. Bard, L. R. Faulkner, Electrochemical Methods, Wiley, 2001.



Electric component of electromagnetic wave
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In a vacuum, v; is independent of wavelength and a maximum
— ¢=2.99792 x 108 m/s

In a air, v; differs only slightly from ¢ (about 0.03% less): ~ c
c=vA=300x108m/s = 3.00x10"cm/s  (6-2)

Wavenumber v: the reciprocal of wavelength in cm (cm1)



The electromagnetic spectrum
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Energy states of chemical species
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Absorption
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Quantitative aspects of spectrochemical measurements

Transmittance T
Absorbance A

Beer’s law A = abc, where a: absorptivity (Lgtcm1), b: path length through the
medium (cm), ¢: concentration of absorbing species (gL™1)

Or, A= ebc, where &: molar absorptivity(Lmol-tcm1), b(cm), c(mol/L)

Absorbing
solution of

concentration ¢

Beer’s law




1. UV & visible spectroscopy
(1) Transmission experiments

Simplest spectroelectrochemical experiment

Photon beam Detector

Solution in cell

Substrate OTE Window

Absorbance change

Optically transparent electrode (OTE): ITO, Au or Pt on glass, minigrids



Electrochemical cuvette

Cuvette Exchange
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Responses for transmission spectroelectrochemistry: absorbance vs. time
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Spectra of cobalt complex at different potentials

Co(ll) at -0.9 V and Co(l) at -1.45V
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Coulometric titration (reduction) of
cytochrome ¢ and oxidase
By methyl viologem (MV?*) T
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In-situ transmittance test

Power meter

Potentiostat
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(2) Ellipsometry
Change of electrode surface — change of reflecting properties
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Polarization of radiation (& &

Ordinary radiation consists of a bundle of electromagnetic waves in which the
vibrations are equally distributed among a huge number of planes centered along

the path of the beam
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Transmission of radiation

Radiation through a transparent substance
Refractive index (= & &) of a medium is one measure of its interaction with
radiation

n=— 6-11)

Vi

The velocity of the radiation in the medium (v;)
Most liquid: n; =1.3~1.8
Solid: 1.3~2.5+

Interaction — polarization(= =, temporarily deformation (10-14~10-1° s) of
atom & molecular species in medium

Interaction — wavelength change — variation of n;, with wavelength,
“dispersion”(= 4t)



Refraction of radiation (=2 &)

Radiation passes at an angle through the interface between two transparent
media that have different densities — refraction as a consequence of a difference
in velocity of the radiation in two media.

sin 6, n, _" 6-12) Snell’s Law

sinf, 1y v

Normal

If M, is vacuum, v, =¢,n, = 1 6, .




Reflection of radiation (2+A})

Radiation passes at an angle through the interface between two transparent media
that have different densities — reflection always occurs

Fraction of reflection

I — )2
Iy  (ny+ny)

|, intensity of the incident beam, I.: the reflected intensity



Reflection

Four types:

Specular reflection: smooth surface
Diffuse reflection

Internal reflection

Attenuated total reflection (ATR)
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Reflection of polarized light from a surface

Plane of incidence

Parallel to incident plane: p
Perpendicular: s

Other angle: resolve p and s



If a linearly polarized beam is reflected from a surface, the parallel and
perpendicular components undergo different changes in amplitude and

phase

Pairs of rays — elliptically polarized (circular polarization: equal amplitides, 90°

phase shift
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Elliptic polarization arising from a phase shift
between parallel & perpendicular components




Elliptical polarization:

In electrodynamics, elliptical polarization is
the polarization of electromagnetic radiation
such that the tip of the electric field vector
describes an ellipse in any fixed plane
Intersecting, and normal to, the direction of
propagation. An elliptically polarized wave
may be resolved into two linearly polarized
waves in phase quadrature, with their

polarization planes at right angles to each other.

Since the electric field can rotate clockwise or
counterclockwise as it propagates, elliptically
polarized waves exhibit chirality.

Other forms of polarization, such as circular
and linear polarization, can be considered to
be special cases of elliptical polarization.
(from Wikipedia)
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Ellipsometry

Change of electrode surface — change of reflecting properties

-Difference in phase angle: A
-Ratio of electric field amplitudes W
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Ellipsometric results for anodization of Al in tartaric acid
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Growth of passive film on Fe at 0.8 V vs. SCE
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Growth of polyaniline film: experiemental (dotted) vs. fiited resluts (solid)
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(3) Internal reflection spectroelectrochemistry

Internal reflection — light absorption by species
at the interface i

Auxiliary electrode

f

Reference electrode |

Rubber O-ring

Exiting beam

Internal reflection T
(blue line)

Tin oxide coated glass

Entering light beam

Cell assembly
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Surface plasmon resonance (SPR)
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Surface plasmon resonance (SPR) is the collective oscillation of valence electron in
a solid stimulated by incident light. The resonance condition is established when the
frequency of light photons matches the natural frequency of surface electrons
oscillating against the restoring force of positive nuclei. SPR in nanometer-sized
structures is called localized surface plasmon resonance. SPR is the basis of many
standard tools for measuring adsorption of material onto planar metal (typically gold
and silver) surfaces or onto the surface of metal nanoparticles. It is the fundamental
principle behind many color-based biosensor applications and different lab-on-a-chip
sensors. (from Wikipedia)
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Surface plasmon resonance (SPR)
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SPR curves for Au and adsorbed monolayers
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(4) Second harmonic spectroscopy

Second harmonic generation (SHG): © — 20

Second harmonic generation (SHG): noncentrosymmetric crystals
If symmetry 1s broken at the solid/liquid interface — SHG signal

SHG signal is sensitive to species at the interface: used to detect adsorbed

species, reaction intermediates etc
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Non-linear optical effects

Polarization (=Zt& M1 S), P=aE
o proportionality constant, E: electric field

At high radiation intensities (lasers) — nonlinear optical effect
P=aE + BE2+ yE3 +..

Otot Ao 2 AW &2t S (AE2H)
ot Ao H (AOIN): 8 M, MM e =R
& 2Bt N2 otH, P = aE sinot + BE, 2 sinwt

sinot = (1 — cos2wt)/2E€ 0| EoHH,

P = aE, sinot + [BE, 2 /2](1 — cos2wmt)
5 ah A= 2 (linear) (at low radiation intensities)
SH M & 8l 4 S (non-linear), frequency Jt 2w, = & AL =1k
F
N

O
“frequency-doubling process”: SHIIF& 20 X D“:EHl 40] %

5t (double)Jt &

Nd-YAG: 1064 nm IR — 532 nm green (30% yield, potassium dihydrogen
phosphate(dielectric 2 &)l & 1) — 266 nm UV (ammonium dihydrogen phosphate

=y



SHG response
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