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The high interface sensitivity in the ellipsometric phase shift, A, makes total internal reflection ellip-
sometry (TIRE) a useful tool to study redox reactions on the electrode surface. Electrochemistry - total
internal reflection ellipsometry (EC-TIRE) is proposed to observe the refractive index change induced by
the reduction of the dissolved oxygen (DO) on Clark electrode. In order to analyze the TIRE signal change
caused by the reaction, we have calculated the refractive index variation on the surface of Clark electrode.
We have found that the calculation under the thin layer boundary condition is more persuasive than that
under the semi-infinite boundary condition not only in the steady state measurement but in the dynamic

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Total internal reflection ellipsometry (TIRE) technique has been
proved as a powerful tool to study the corrosion of thin copper films
[1], the adsorption and removal of substances from milk on metal
surfaces [2] and the protein monolayers on thin gold films [3], for
it is highly sensitive to various physics, chemical and biochemical
processes on a substrate surface. The high interface sensitivity of
TIRE arises from the fact that its detection is based on evanescent
wave. Under total internal reflection condition, an evanescent wave
would occur at the interface when light propagates from a dense
medium to a rare one. Although the intensity of the evanescent
wave at the interface can be amplified, larger than that of the input
beam, it decays exponentially with the distance less than the wave-
length from the interface [4]. By optimizing the incident angle, the
polarization of the light beam and the thickness of the introduced
thin gold layer [5], we use TIRE as the biosensor to detect cluster
of differentiation 146 (CD146), a cell adhesion molecule used as a
marker for endothelial cell lineage, quantitatively [6]. Despite many
successful applications, it is seldom reported to use TIRE to monitor
electrochemical reactions.
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The measurement of DO is of great importance in industrial [7],
medical [8] and environmental applications [9]. Clark electrode is a
membrane-covered polarographic DO probe. When we polarize the
electrode with a potential of —800 mV (vs. Ag/AgCl), DO is reduced
on the gold surface as follows [10]:

Cathodicreaction: 03 +2H,0 +2e~ — Hy0, +20H™

H;05 +2e~ — 20H™

Anodicreaction: Ag+Cl™ — AgCl+e™

Overallreaction : 4Ag+ O, + 2H,0 + 4Cl" — 4AgCl + 40H™

Because of the reduction, the reaction produces alkalinity in the
medium with a small amount of hydrogen peroxide [11].

In general, Clark electrode works under a steady state condition
when the current reduced from DO approaches stable. However,
examples require relatively fast concentration change measure-
ment [12-14]. The dynamic measurement of Clark electrode has
been proposed, which measures the transient response of the elec-
trode during the response time.

In this paper, we have demonstrated that the interface sensitiv-
ity in the ellipsometric phase shift, A, makes TIRE an alternative
to study electrochemical reactions in which neither reactants nor
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products bind to the surface of the electrode. Then, we use EC-
TIRE to study DO reduction on Clark electrode. To analyze the TIRE
signal change caused by the reaction-induced index variation of
refraction, a thin layer model under finite boundary condition is
developed not only in the steady state measurement but in the
dynamic measurement. The results have extended a new trial of
TIRE technique.

2. Methodology and Experimental
2.1. EC-TIRE Principle and Operation

For the electrochemical reactions in which neither reactant- nor
product- binding happens on the electrode surface, S. Wang, X.
Huang, X. Shan, K. ]. Foley and N. Tao have proposed that the SPR
response by the reaction-induced refractive index change near the
electrode can be given by [15]

9(f)=3/ [oCo(x, t) + arCr(x, )] exp(—x/1)d(x/1) (1)
0

where Cp and Cg are the reactant and product concentrations, oo
and o, the local complex refractive index changes per unit con-
centration for the oxidized and reduced molecules, respectively.
B is the sensitivity constant for a given SPR and reaction. The
decay of evanescent wave from the metal into the solution phase
is described by the exponential term in the integral and the decay
length I, is around 100 nm. Although, in principle, [ is also a function
of Cp and Cg, a first order of approximation makes [ a constant.

Eq (1) can be used to describe the local complex index of refrac-
tion:

n(t) = / [oCo(, t) + arCr(x, )] exp(—x/1)d(x/1) (2)
0

When the measurement time is larger than the diffusion time of
the reaction species over a distance of [~ 100 nm, we can simplify
eq (2)as:

n(t) ~ apCo(x, t) + arCr(x, t) (3)

where Co(x, ¥, z, t)|=0 and Co(X, y, z, t)|,=0 are the oxidized and
reduced molecule concentrations near the electrode. In dilute solu-
tions, the diffusion coefficient range of most ions and molecules is
from 10~ to 10~ m?/s [16]. For most electrochemical reactions,
the measurement time is at the order of 1 to 103 s, which gives rise
to the diffusion distance around (2Dt)!/2 ~ 1075 to 103 m. Eq (3) is
applicable. Furthermore, Eq (3) implies that local complex refrac-
tive index is the linear function of the concentration of oxidized
and reduced species on the electrode surface.
For a typical redox reaction

O+ne =R

the concentration of the oxidized and the reduced molecules are
described by Fick’s second law [17]:

ic_ i
ot 0x2
where ((x, t) and D are the concentration and the diffusion coeffi-
cient. For a given system, the initial and the boundary conditions
will give us a definite solution.

For diffusion-controlled electrochemical reactions, one of the
boundary conditions is given by [18]
aC, a¢,
2 1z=0 = ~NFDR—= ;o (5)
0z 0z
where jis the current density versus potential or time, which is also
a function of Cp and Cg, N is the number of electrons transferred

(4)

j=NFDg

/ i “““\\ \p
\r: /,,/
medium (0) /

medium (1)

n0>1’l1

Fig. 1. Total internal reflection at a dielectric interface: ¢, angle of incidence over
which the total internal reflection occurs; ng, ny, refractive indices of the media.

per reaction, F is Faraday constant, and Do and Dy are the diffu-
sion coefficients of the reaction species. Comparing eqs (3) and (5),
we can see that both local complex index of refraction and current
are the functions of the reactant and product concentrations near
the electrode. Where the refractive index measures the concentra-
tion in the vicinity of the working electrode surface, the current
measures the local concentration gradient.

To demonstrate further relationship between TIRE signal and
the redox-induced refractive index change near the electrode, a
quantitative calculation should be established.

Considering the total internal reflection at a dielectric interface
in Figure 1, we have [19]

Ipl =115l =1 (6)

U = 45° (7)

(sinzd)o - sinz(zac)l/2
sin ¢ tan ¢

When redox reactions occur at the electrode, the local complex
index of refraction n varies due to the change of Cy and Cg. For dilute
solutions, we could assume the variation of the local refractive
index én is subtle [20]. Thus, the local complex index of refraction
is given by

A = 2arctan

(8)

n(t) = nq + on(t) (9)

whent=0, n(0)=n;.
The critical angle ¢, is a function of the local refractive index n
and the relationship is given by

singe = 1~ (10)
No

Eq (10) indicates that not only will the redox reactions on the sur-

face of the electrode change the local complex index of refraction

n, but also modulate the critical angle ¢.. Substituting sin ¢ in eq

(8), we get

singg — "(t)z] v

2
o

A(t) = 2 arctan 5in go tan G (11)
Expanding A by Taylor expansion, we have

)
SA ~ 2n1npsin” ¢g cos ¢g sn (12)

/) .2
n3sin“gg — n2(n%cos2¢y — nZsin“¢y)
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Or more simply,
SA o én (13)

Since TIRE enjoys the interface and thin-film sensitivity in A for
angles larger than the critical angle [19], we can use TIRE tech-
nique to detect the redox-induced variation of the local complex
refractive index.

For a conventional polarizer-compensator-sample-
analyzer(PCSA) ellipsometric system, the detected intensity
of the polarized light is given by [21]

I= %K|rs|2{[1 + cos 2C cos 2(P — €)]cos2Atan? W

+[1 = cos2Ccos2(P — C)]sinzA +[sin2C cos2(P — €)cos A
— sin2(P — €)sin A]sin 2Atan W} (14)

where P, C, A are the azimuth angles of the polarizer, the compen-
sator, and the analyzer respectively. K is the sensitivity constant
determined by the given TIRE setup.

To detect the redox-induced local complex refractive index vari-
ation on the electrode surface, the PCSA ellispsmetric system works
under the null and off-null mode: it fulfills the null condition when
no redox reaction occurs and applies the off-null condition when
the redox reaction happens. By Taylor expansion and eqs (6) and
(7), the variation of the intensity of the polarized light caused by
the reaction is given by

8l = —%K sin2A[sin 2C cos 2(P — C)sin A + sin2(P — C)cos A]8A

(15)
Or
Sl 6A (16)
By eqs (13) and (16), we have
8l oc 6n 17)

2.2. Chemicals

Sodium chloride (KCl) is purchased from Sigma-Aldrich and
sodium hydroxide (NaOH) and pure ethanol from Beijing Chemical
Works. All the compounds used in this work are in analytical grade
without further purification. Ultrapure water is obtained from a
MILLI-Q purification system (18.2 M2 at the room temperature)
and used to prepare all the solutions.

To detect the reduction of DO on the gold surface, 0.1 M NaCl
electrolyte is prepared. To avoid the interference of protons, 1 mM
NaOH is added. Different DO concentration samples are obtained
by bubbling mixed oxygen and nitrogen.

2.3. Instrumentation

The Electrochemical experiments are performed using a Ver-
saSTAT 3 electrochemical system (Princeton, U.S.A). To observe
the reaction-induced refractive index change on the gold elec-
trode,a29 mm x 17 mm SF10 glass slide covered with a 2-nm-thick
Cr adhesive under-layer and a 50-nm-thick gold film serves as
both the sensing surface and the cathode of the electrode, a sil-
ver/ silver chloride (Ag/AgCl) electrode as the reference and a
Pt wire electrode as the counter. Prior to each experiment, the
gold film is cleaned with the ultrapured water and pure ethanol
to remove the possible surface contamination and then blown to
dry.

Figure 2 illustrates the EC-TIRE setup used for all experiments
described in this paper. A SF10 trapezoidal prism is used with a
Xe lamp as the light source and a high-speed CCD camera as the

Flow meter

optical signal

Reference signal

mixer electro signal

N2 02
solutio

Light source

Fig. 2. Schematic illustration of EC-TIRE system. The nitrogen is bubbled into the
electrolyte to eliminate the oxygen and then the electrolyte is pumped into the
experimental cell. The redox reaction in the experimental cell is measured by both
an optical system and an electrical system. An external electrochemistry station is
applied for the electrochemical condition. Both the optical and electrical signals are
recorded by a computer.

detector. The 632.8 nm light beam is guided by an optical fiber
and expanded by a collimating system. After passing a polarizer
and a compensator, the polarized collimated beam propagates per-
pendicularly to the prism and onto the sensing surface. When the
incident angle is optimized as 65°, larger than the critical angle, the
evanescent wave appears sharply at the sensing surface to detect
the interactionin very shallow depth from the surface. The reflected
light carrying the surface information is then imaged by a CCD cam-
era after passing an analyzer. The system works under the null
and off-null mode, which almost fulfills the null condition on the
bare gold when no redox reactions occur and detects the refractive
index change under the off-null condition.Combined with an exter-
nal electrochemical working station, this configuration allows for
simultaneously TIRE detection of the index variation of refraction
on the gold surface and the electrochemical measurement.During
the measurement, the complex refractive index change caused by
the DO reduction is recorded by TIRE in grayscale.

Figure 3 depicts the electrochemical cell for Clark type electrode.
The cell is divided into two compartments by an oxygen permeable
membrane: a sample compartment and a electrolyte compartment.
Samples with different DO concentrations are pumped into the
sample compartment. The DO in the sample diffuses into the elec-
trolyte through the gas-permeable membrane and is reduced on
the gold surface when a polarized potential —-800 mV (vs. Ag/AgCl)

Ag/AgCl Pt

Electrolyte Input — —» Electrolyte Output

Prism

Fig. 3. The experimental cell for DO reduction. An oxygen permeable membrane
is put on the top of the gold electrode, separating the cell into a sample compart-
ment and an electrolyte compartment. DO in the sample compartment will diffuse
through the membrane into the electrolyte, 0.1 M NaCl with 1 mM NaOH. When a
polarized potential is applied, DO is reduced at the gold surface.



374 W. Liu et al. / Electrochimica Acta 142 (2014) 371-377

—100%D0

10 | e 80%00

=== 54%D0

-+ 27%D0

0 200 400 600 800 1000 1200 1400 1600

t/s
(a) The current density change for different DO concentrations.

1184

118.2

Grayscale
=
e
N

117.2

117

116.8

116.6

-+ 27%D0

116.4

0 200 400 600 800 1000 1200 1400 1600
t/s

(b) The TIRE signal change (grayscale) for different DO concentra-
tions.

Fig. 4. 4(a) The current density change for different DO concentrations. The initial
current density indicates a sample without DO. During 300 s, the samples with dif-
ferent DO concentrations have been pumped into the cell, which will increase the
current density. 4(b) TIRE signal change for different DO concentrations. The change
synchronizes with the current density variation, which indicates that EC-TIRE is
capable of detecting DO reduction on the gold surface.

is applied. The distance between the gold sensing surface and the
membrane is about 1 mm.

3. Results and Discussion

Figure 4 shows that the real time EC-TIRE curves for differ-
ent DO concentrations. When the samples with DO have been
delivered into the cell, DO is reduced at the electrode. Thus, the
current changes. The TIRE signal varies synchronously. When the
redox reaches equilibrium, both electric signal and TIRE signal flat-
ten.

3.1. Semi-infinite Boundary Condition vs. Finite Boundary
Condition

S.Wang, X. Huang, X. Shan, K. ]. Foley and N. Tao have developed
an analytical solution for SPR signal under one-dimensional and
semi-infinite conditions [15]. The solution is applicable when the
size of the cell is much larger than the diffusion distance during the
measurement time. By the similar procedure, we have:

t
8Co = _D(;”Z(anl/z)’] / j(o)e - 1)y V2dr (18)
0

t
8n = (agDy "/ — aoDy /2 )(NFrr1/2) ! / it -1 Y2dr (19)
0

Cpo /mmol m
A o e B

~

0 200 400 600 800 1000 1200 1400 1600

t/s

Fig. 5. DO concentration at the surface of the electrode calculated from the mea-
sured current density of 100% DO concentration sample. The calculation is based on
the semi-infinite condition.

For a specific reaction, ag, @g, Dg, Do, n, F are constants, so we
have

on (SCO (20)

By eqs (17) and (20), we can expect that the TIRE signal under the
semi-infinite condition should be proportional to the local reac-
tant concentration. Taking the current density as input, we have
calculated the DO concentration by eq (18) in Figure 5. Both the
steady state and the dynamic process are considered. It can be
seen that the calculated DO concentration from the current does
not agree with the experimental data at all. The reason is that
when the size of the cell is comparable to the diffusion distance,
the semi-infinite condition would fail. For conventional Clark elec-
trode, an oxygen permeable membrane is usually on the top of
the working electrode[22]. The distance between the membrane
and the electrode is at the order of 103 m. Since the measure-
ment time is at the order of 102 to 103s, the diffusion distance
is around (2Dpot)!/? ~10~3 m. Therefore, a solution based on the
finite geometry needs to be proposed.

3.2. Steady State Measurement

Let us consider the one-dimension (along x-axis) diffusion. Dur-
ing the steady state measurement, the concentration is only the
function of the diffusion distance x. Thus, eq (4) degrades to an
ordinary differential equation:

4?Cpo _
ax?

The boundary conditions are given by:

0 (21)

j = NFDpgo d(djﬁo |x=0, at theelectrode surface, wherex =0 (22)
Cpo(l) = C°, at the membrane surface, wherex = | (23)

where (0 is the DO concentration in the sample solution.
By considering the boundary conditions (22) and (23), the solu-
tiontoeq (21)is

_Jx o ! )
CDO(X)_NFDDO+(C NFDpg (24)

Thus, the DO concentration at the electrode surface (x=0) is
given by

_co_ I
Coo(0) = €~ (25)
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Fig. 6. As predicted by eq (29), when the measurement approaches steady, both
electric signal change and TIRE signal change should be proportional to the DO
concentration.

The electrolyte for Clark electrode is usually added with the
excessive alkali solution [10], which indicates that the hydroxyl
ions reduced from the oxygen is far less than the bulk hydroxyl con-
centration C". Therefore, the boundary condition at the membrane
is given by

Cou(l) = C* (26)

Using the similar procedure for Cpp, we can get

L (27)

COH(O) =C"+ m

Combining eqs (3), (9), (25) and (27), we have

_ (XQHI O[Dol .
on = (NFDOH - NFDDO) ¥ (28)

By eq (17), the relationship between the current density and the
TIRE signals under the steady state measurement is given by

81 = Msj (29)

where M is the sensitivity constant determined by TIRE setup and
the reaction species.

Eq(29)suggests that TIRE signal would be a linear function of the
current density during the steady state measurement. As is shown
in Figure 6, not only the current density change is proportional
to the oxygen concentration in the sample (y=7.2682x+0.0631,
R2 0.9958), but the TIRE signal variation(y=-1.5386x — 0.0132,

=0.9979). The results prove that TIRE have the potential to be
used as DO probe for steady state measurement.

3.3. Dynamic Measurement

During this measurement condition, the diffusion equation of
the oxygen is

(30)

where Cpo(x, t) and Dpg are the concentration and diffusion coeffi-
cient of DO.

To simplify the question, we assume that at the beginning, there
is no oxygen in the electrolyte, that is

Cpo(x,0)=0,0<x <1 (31)

Thus, we have (see the appendix for the deduction)

o0

(bdarp=mﬁ§:p4wak[abyr

n=0

1/2(2n+1)l}
2

272
n4l ]dr

SISy [ [ LG
NF £ V/5;g;({:7;’ Dpo(t - 7)

(n+1)7°12
~ Dpolt — T)] ar
(32)

I, o[ i©®
— (-1
+NF§( )/ \/DDoT[ t—T

By assuming the amount of hydrogen peroxide is so small that
we do not consider its influence, similarly, we can get the concen-
tration for the reduced species, the hydroxyl ions, which is given
by

%Hw¢0220§:@4fuk[wm¢r”2
n=0

Qn;lﬂ}

n?1?
NF:E:( Rl j[ \/nggfgjji [ Don r-»ri

xdr—NfE:(

_l)n/ Jj(z)
o o +/Donn(t—1)

(n+1)>*12
exp |:_D0H(tf):| dt (33)

Since we assume the initial concentrations for Cpg and Coy are
0 at the electrode surface, according to eqs (3) and (17), we have

8 = Mén = M[apoCpo(0, t) + o Con(0, t)] (34)

where M is the sensitivity constant determined by TIRE setup and
the reaction species.

3.4. Membrane Diffusion Influence

During the dynamic measurement, we assume when a step
concentration is applied to the sample, the concentration in the
electrolyte at the membrane would reach equilibrium with the
sample concentration C° instantaneously. However, because it
takes time for DO in the sample to diffuse through the membrane,
it would be more reasonable to assume the concentration at the
membrane surface is initially zero and approaches an equilibrium
concentration C? exponentially [23], i.e.,

Cpo(l, t) =

where 7, is the sensor time constant, when the sensor response
reaches 63.7% of its ultimate response. Thus, the DO concentra-
tion during the dynamic measurement should be added with a
membrane correction term Gy, i.e.,

COl1 — exp(—t/1p)] (35)

[
N U‘/ _@nt+1y
Z \V4 JTDDo(t— 'L'

@n+1%2  t
—_— d 36
exp { 4Dpo(t—T1) rp T (36)
Figure 7 has demonstrated that during the dynamic measure-
ment, the calculated dynamic curve without the consideration of
the membrane diffusion influence(apoM=-0.2551 grayscale/M,
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Fig. 7. The theoretical calculations of the measurement of 100% concentration DO.
For the steady-state measurement, the stable current density suggests TIRE signal
should be a straight line, as predicted by eq (29). For the dynamic measurement,
although both calculation curves are in agreement in shapes with the experimental
data, the one with the consideration of membrane diffusion influence C,, is a better
fitting.

aoyM=-0.3071 grayscale/M) is in good agreement with the exper-
imental data in shape (RZ = 0.9314), but the experimental data takes
more time to get stable. As we have mentioned, it is because when a
step concentration is applied, the concentration in electrolyte at the
membrane would exponentially approach to the equilibrium con-
centration C°. When we take into account the membrane correction
term Cp (Tp=341s), the agreement between the theoretical cal-
culation and the experimental data (epoM = —0.5287 grayscale/M,
aoyM=—0.8434 grayscale/M) has been improved (R%=0.9631),
especially during the time 272 to 507 s when TIRE signal jumps.
The difference between the later parts of the curves might owe
to the hydrogen peroxide generated during the reduction. In spite
of the difference, both the experimental data and the theoreti-
cal calculation suggest that when the current reaches 90% of its
steady state current, TIRE signal reaches 92% of its steady state cur-
rent. Thus, TIRE also has the potential to be used as the dynamic
measurement.

Despite the small change of the optical signal, the synchroniza-
tion of the optical and electrochemical signals indicates a new
approach to analyze DO in the liquid and the possibility of using
the TIRE technique to monitor the refractive index change in the
neighborhood of the electrode surface.

4. Conclusion

EC-TIRE has been introduced to observe the reaction-induced
refractive change caused by the DO reduction at Clark electrode.
Compared with the semi-infinite boundary condition, a thin layer
model has been established for both the steady state measurement
and the dynamic measurement. By considering the membrane dif-
fusion influence, the theoretical calculation is in good agreement
with the experimental data in both shape and values. The results
demonstrated that EC-TIRE have the potential to monitor DO con-
centration.

For the diffusion-controlled electrochemical reactions, a small
ratio of electrode area, A, to solution volume, V allows the experi-
ments to be carried out over long time without significant change
of the electroactive species in the bulk solution. Thus, a semi-
boundary condition is applicable for the refractive index change.
However, in a number of analytical measurements, the large A/V
allows electroactive species exhaustion. The thin layer model could
be more suitable to describe the refractive index change.

By introducing an imaging technique, a potential for quick
dissolve oxygen detection can be foreseen. More specifically, dur-
ing the practical measurement, the drift of the electrical signal
can restrict the accuracy of the measurement. To overcome this

disadvantage, a real-time DO measurement by a synchronized
electrochemical and optical approach will be proposed. When
drift occurs, the optical signal can tell whether the change of the
electrical signal is caused by different DO concentration or other
factors.
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Appendix A. DO Concentration during the Dynamic Process

Performing Laplace transform on eq (30), we have

8 Cpo(x, p)
0x2

where Cpo(x, p) is the Laplace transform of Cpo(x, t). The solution
ofeq(37)is

pCpo(x, p) = Dpo (37)

Cpo(x, p) = A(p) exp(—gx) + B(p) exp(qx) (38)

where g% =p/Dpo, A(p) and B(p) are functions to be determined by
the boundary conditions.

At the electrode surface, where x =0, the oxygen concentration
satisfies eq (5). By using Laplace transform to eq (5), we have

~ aC
ip)= nFDDO%b{:O (39)
X

At the membrane, where x =, the oxygen concentration reaches
equilibrium with that in the sample solution ?,

Cpo(lL, t) = C° (40)

The Laplace transform of eq (40) is given by

_ 0
Cooll, p) = % (41)

Thus, by the boundary conditions (39) and (41) and eq (38), we
have

sinh(ql)~

1 qd o0
¢~ NEDpg J(p) (42)

qgcosh(ql) Lp

We express eq (42) in terms of negative potentials and expand
in a series by binomial theorem

Cpo(0,p) =

2C°%  exp(—ql) j(p) 1—exp(—2ql)

Coo(0,P) = == 3 xp(-2ql) ~ NFDpg 1+ exp(=2qD)

o0

pla) oy j(p) n
= Texp(—ql)g(—n exp(-2nal) — o5 ;H)

j(p)

exp(—2nql) + NFDpg

o0
exp(-2g1)) (~1)" exp(~2nql)
n=0
(43)
Using inverse Laplace transform and convolution theorem, we

will have eq (32).
By the similar procedure, we can have eqs. (33) and (26).
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