FYKOS Solution XXXVIII.V.S

Problem V.S ... Electrochemistry 5—transfer of mass and RDE 10 points

1. In the Levich equation, physical quantities on the right-hand side appear with non-integer
exponents. Verify that both sides of the equation have the same units. — 1 point

. In a beaker intended for a rotating disc electrode, we dissolved 0.63¢g of seventy per-
cent perchloric acid in 750ml of pure water and mixed everything thouroughly. Then,
on a platinum working electrode with a circular shape and a diameter of 5.0 mm, we
varied the voltage for the hydrogen formation reaction until we reached the limiting cur-
rent of 0.29mA. After measuring it, we started spinning the electrode at a frequency
of 3600 rpm, where the limiting current was 11.5mA. Determine the diffusion coefficient
and the thickness of the diffusion layer before spinning. The kinematic viscosity of water
is v =0.9mm?s~!. — 3 points

. Find the highest power that a galvanic cell with the following parameters can provide and
determine the corresponding load. For simplicity, consider the Tafel regime with a Tafel
slope of 100mV /dec and a parameter Iy = 2:10~% A. The ohmic resistance is Rg = 55 mSQ.
The open-circuit voltage is 1.18 V. Neglect the diffusion regime. — 3 points

. Derive the Koutecky-Levich equation as presented in the serial text. Start from the deriva-
tive of the Levich equation in the case where c(z = 0) = ¢® # 0. — 3 points

Jarda wanted to include hydrodynamics, but even he didn’t understand the inner workings.

Problem 1
We take the Levich equationm

Liim = O.62nFAD2/3u71/6w1/2cb

and gradually write out the SI units of all the quantities:

]
(0.62] =1,
[74 =1,
[F] = Cmol ™',
4] = m?,
[D] = m?st,
v] = m2.s7! ,
W] =571,
]

where, to recap, t1im is the limiting current at the electrode, 0.62 is a dimensionless constant,
n is the number of electrons in the reaction, F' is Faraday constant, A is the electrode surface

thttps://en.wikipedia.org/wiki/Levich_equation
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area, D is the diffusion coefficient, v is the kinematic viscosity of the solution, w is the angular
rotation rate of the electrode, and finally, ¢, is the bulk concentration of the reactants in the
solution.

Let us now rewrite the equation in terms of units:

A=Cs'=1-1-Cmol 'm?- (m2~s_1)2/3 . (m2~s_1)_1/6 . (3_1)1/2 ~molm ™ =

—C-mol ! -m2. m%3.g72/3 . 2/6 41/6

2-344/3-2/6  1/6-1/2-2/3 _

S m s1/6 .72 ol - m™3 =

=C-mol't.

=C-mol® m®.s'=Cs ' =A.

m

Thus, the equality is confirmed.

Problem 2

In the case when the electrolyte is not moving, we can derive the expression for the limiting
current® as

Istatic = nAF?cb .

There are currently two unknowns: the diffusion coefficient D and the diffusion layer thick-
ness §. The electrode area is A = nd2/4, F' is the Faraday constant, and n is the number of
electrons per reaction. In our case, n = 2 because the hydrogen evolution reaction occurs at
the platinum electrode as

2H" +2¢” — H,.

We also need to calculate the concentration of reactants (i.e., protons) in the solution volume.
The solution was prepared using macia = 0.63 g of 70% perchloric acid, which means the actual
mass of HClOy, is mucio, = 0.7Macia = 0.44g. Perchloric acid is considered a strong acid, so
we can assume that all its molecules dissociate in water into H and (ClO,)”. The number of
released H' ions (in moles) is therefore the same as the original number of acid molecules, i.e.

mHClO4

ng+ = nHClO4 = = 00044m01,

Mucio,

where MHc104 = 100.46 g-rnor1 is the molar mass of the acid (not to be confused with the
number of electrons per reaction n = 2). For simplicity, let us assume that the volume of the
electrolyte did not change upon adding the acid since we added only a small amount relative
to the initial volume (the density of pure acid is 1.67 g-cm™2, which is close to the density
of water, justifying our assumption of a negligible volume change). The molar concentration
of HY added by the acid is therefore

e = “HE = 0.0059 M = 0.0059 mol1~*.

Let us note that even pure water always contains some dissolved amount of H* and (OH)~
ions. At room temperature, however, this is several orders of magnitude lower than the concen-
tration created by dissolving the aci E Thus, we can neglect the inherent proton concentration.

2https://link.springer.com/content/pdf/10.1007/BF02701653. pdf
3All of these considerations are related to pH, which will be discussed in part 6 of the series.
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We have successfully found the concentration of reactants, but we still need to calculate D
and §. Let us check whether the Levich equation for a rotating disk electrode measurement can
help us solve the problem. For the limiting current, the equation gives

Irpe = 0.62nFA D¥3, 16,12,

where w = 2nf is the angular velocity of rotation with frequency f = 3600rpm = 60 Hz. The
kinematic viscosity of water is given as v = 0.9 mm?-s™!. In this equation, the only unknown
is the diffusion coefficient

I 3/2
D= RDE_ =86-10 "m?st.
(0.62nFA v=1/601/2¢ s

We have thus obtained the value of the diffusion coefficient, which we now use to determine
the diffusion length 0:

6 = nAF

cp, = 0.66mm .
static

This result is relatively high; typically, the diffusion length is on the order of micrometers
or tens of um. This shows that the simple model presented here does not fully capture all the
processes occurring at the electrode surface.

Problem 3

In the Tafel regime, the dependence of current on overpotential follows this formulaE
I1=110"7%,

where b = 100mV /dec is the Tafel slope. Thanks to the properties of exponentials, we can
write

I =1 exp(—ln 10%) ,

from which we express the overpotential as

sk (2)
=10 "\ 1, )

In a galvanic cell, the voltage decreases with increasing current due to electrode kinetic
losses as
Fxin = Ereac + n,

where Fieac = 1.18V is the open-circuit voltage, i.e., at zero current, and 7 is negative as per
the previous equations. These values simulate a fuel cell where oxygen and hydrogen react to
produce water and electrical energy. Additional losses are caused by the ohmic resistance of
the system Rq, which reduces the output voltage by Rql. If we neglect other effects, such as
mass transport, the resulting voltage of the galvanic cell as a function of current is given by

b I
E = Brwe — ——1In( =) — RaI.
In10 n(lo) o

4https://en.wikipedia.org/wiki/Tafel_equation


https://en.wikipedia.org/wiki/Tafel_equation

FYKOS Solution XXXVIII.V.S

The power then becomes

P =FEI = Ereacl — bl 1 (I

27 (L) — Ror?.
1n1on10) Ra

To find the maximum value for power, we differentiate the expression with respect to the
current and set the derivative equal to zero
dP b I b
7:Ereac_7l — ) ——— —2R .IZO7
dl 10 n([g) mio

which leads to the relation

b b Im"xx
Ereac —— =2 ]max =——1 - 5
( lnlO) Ro In 10 n( To )

which we cannot calculate analytically. The numerical value is Imax = 2.9 A.
From the zero-derivative condition, we can substitute into the expression for power, which
simplifies to

Pmax = Imax <L + RQImax) =0.59W.

In10
The voltage at maximum power is then simply
E S + ImaxRo = 0.2V
max — n10 max{1Q = U. .

The corresponding load must draw the current Ima.x and simultaneously have the volt-
age Fmax across it, so it must have the resistance
Emax b

Rmax = Imax = [max In 10 + RQ = OO7Q .

Under these conditions, the power is maximized, but the voltage is relatively low and un-
suitable for practical applications.

Problem 4

Deriving this equation is straightforward. The right-hand side of the integrated equation re-
mains the same, while on the left side, the difference ¢® — ¢® appears. Here, we can write the
limiting current as

I =0.62nFAD* 3, 1/6,1/2 (cb - cs) = liim (1 - %) .
c
The reaction kinetics are described via
s c®
I =nFAkc® = Lin— -
c

Substituting into the previous equation

1 1 1 1
1= Iim 1- 7 = )
! ( Ikin) = 1 Ikin + Ilim
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which completes the derivation.

Jaroslav Herman
jardah@fykos.org

FYKOS is organized by students of Faculty of Mathematics and Physics of Charles
University. It’s part of Media Communications and PR Office and is supported by Institute of
Theoretical Physics of CUNI MFF, his employees and The Union of Czech Mathematicians
and Physicists. The realization of this project was supported by Ministry of Education, Youth
and Sports of the Czech Republic.

This work is licensed under Creative Commons Attribution-Share Alike 3.0 Unported.
To view a copy of the license, visit https://creativecommons.org/licenses/by-sa/3.0/.


mailto:jardah@fykos.org
https://creativecommons.org/licenses/by-sa/3.0/

	S: Electrochemistry 5—transfer of mass and RDE
	Problem 1
	Problem 2
	Problem 3
	Problem 4


