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In order to elucidate the mechanism of ethanol oxidation, a simple cylindrical diffusion-surface reac-
tion was developed on a platinum disk electrode. An ethanol electro-oxidation mechanism was proposed,
in which electrochemical reactions proceed without adsorption of any electro-oxidation products (C2
type) on the surface. After the simulation of the proposed mechanism, it was seen that the model can
explain ethanol electro-oxidation behavior without any surface CO formation. The simulation of the
mechanism indicated that the formation of acetaldehyde through the oxidation of bulk ethanol is the
rate determining step between 0.6 and 0.75 V vs. RHE. After 0.75 V vs. RHE, the formation of surface
acetate through bulk ethanol becomes the rate determining step. According to the proposed oxidation
model, around 0.7 V vs. RHE, acetaldehyde coverage becomes the major surface species, and acetate
formation starts around 0.7 V vs. RHE. Surface species profiles of the proposed model show that C2

type species play an important role in ethanol electro-oxidation.
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Introduction

Today, low temperature polymer electrolyte membrane fuel cells operated by direct injection of liquid fuels
are gaining importance every day because of their large application potential in portables, stationary systems,
and vehicles and also because of their simplified system without any external reformer.

Liquid fuels, used in polymer electrolyte membrane fuel cells (PEMFCs) are low molecular weight
alcohols (such as methanol and ethanol) exhibiting higher energy densities and better energy efficiency than
gaseous fuels. Furthermore, alcohols can also be stored and transported easily. Today, short chain alcohols
such as ethanol other than methanol, which is relatively toxic, are being tested for direct liquid electro-
oxidation PEMFCs. Ethanol is safer and has more energy density (316.83 kcal/mol) than methanol (166.77
kcal/mol).? Ethanol is also environmentally friendly and can be easily produced by the fermentation of sugar
containing raw materials.

In order to make ethanol an effective fuel for direct alcohol fuel cells, many research groups have
studied the adsorption and oxidation of ethanol to identify reaction intermediates and products. Since
ethanol is electrochemically oxidized through different pathways on different catalytic surfaces, it is more

difficult to elucidate the mechanism of ethanol electro-oxidation than methanol.?
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In this study, we developed a simple ethanol electro-oxidation model on a platinum disk electrode,
performed a kinetic study for the proposed oxidation model, and determined the surface concentration

distributions.

Theory and Calculations

Model

A cylindrical diffusion-surface reaction model was developed on a platinum disk electrode for the electro-
oxidation of ethanol. Mass transport was included in this model in order to see the contribution of diffusion
current (in z and r directions) to the total current during ethanol electro-oxidation. Our model consists of
2 layers (Figure 1):

Layer I: The electroactive species adsorb or desorb at the same time and electrochemical surface
reactions take place. This layer can also be assumed to be an outer Helmholtz plane where the reactant
moves close to the electrode surface and the electron is exchanged on this layer.

Layer II: Diffusion rate is equal to adsorption plus desorption rate of soluble species.

Mass transfer rate= Adsorption, desorption rate

Electrode i §=50A

< Depth of electrolyte solution >
100 A

Figure 1. Representation of the anode electrode surface layer considered for the ethanol oxidation model.
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In the model, the surface layer is composed of 2 layers as mentioned above and the thickness of each

layer is assumed to be 50 A (and the thickness of the surface layer is less than 100 A).

Layer 11

Initially, for layer II, 3 main soluble species were considered for our diffusion model. These species are ethanol
(C2H50H), acetaldehyde (CHOCHj3), and acetic acid (CH3COOH), which were identified by spectroelectro-
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chemical and chromatographic techniques.*~® The diffusion of these soluble species during ethanol oxidation
occurs in both z (depth of electrolyte solution) and r (radius of the disk) directions in the electrolyte solution.

Differential species material balance in the electrolyte solution is given in Eq. (1) below:

Fort >0, L>2z>0d,,1,>7r>0

(where 6,, L, and r, denote the thickness of layer II, the depth of electrolyte solution, and the radius
of the disk electrode, respectively.)

19 aC; 9 ac;\ _ 9C;
?'E'(Di'r'6r>+$'<Dz'az>_at (1)

Equation (1) shows that the unsteady state diffusion of soluble species takes place between layer II and
the depth of electrolyte solution (semi-infinite medium). The 2-dimensional, elliptic, second-order, partial
differential equation (Eq. (1)) was solved by the finite differences method.?

Finite differences approximation of Eq. (1) is given in Eq. (2) below:

Fort - n,r —1i,z —j
Ci(i,j,n+1) = Ci(i,7,n).(1 — At.D; )i/ Ar? — 2.At.D;/Ar? — 2.At.D;/ Az%)+
Ci(i —1,4,n).(At.D;/Ar?) + Ci(i + 1,4,n) (2)

(At.D; /i) Ar?) 4+ Ci(i, j + 1,n).(At.D;/AZ?) + C;(i, 5 — 1,n).(At.D;/ Az?)
In order to solve Eq. (1), we need 1 initial and 3 boundary conditions given below,

Initial condition:
Fort=0,L>z>0d,,1o>1>0,

Ci ¢ = 0, where Ci s denotes the concentration of surface species (mol/cm?),

Cy = 4.47 nmol/cm?, where Cy, denotes the surface density of vacant surface sites,

)

Coamson = 0.5 mol/ecm?, where Coamson denotes the bulk concentration of ethanol in the electrolyte,

Ccrocus = 0 mol/cm?’, where Copgocns denotes the bulk concentration of acetaldehyde in the
electrolyte,

Comzcoorn = 0 mol/cm?, where Comszcoon denotes the bulk concentration of acetic acid in the
electrolyte,

Cr20 = 2.2 mol/ecm?, where Cpoo denotes the bulk concentration of water in the electrolyte,

Boundary conditions:

Boundary condition 1,
Fort>0,2=0,,ro>1r>0

dCi (50, T, t)

d = kads : Ci (507 T, t) : CV (Tu t) - kdes : CiS (Tu t) (3)
z

-D; -

Boundary condition 1 shows that at layer II diffusion flux is equal to the adsorption and desorption rate of

the soluble species.
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The finite difference approximation of Eq. (3) is given in Eq. (4):

Ci(i, 1,n+ 1) = (Ci(i, 2,n+ 1) — kdes,i.Cis(i, n+ 1)AZ/DZ)/(1 — kads’i(n).Az/Di.Cv(i, n+ 1)—

(4)
ki(n).Cv(i, n -+ 1)AZ/DZ)

Boundary condition 2,
For t>0,z=L,r,>r>0

dC;
dz

-0 (5)

Boundary condition 3,
Fort>0,r=0,r,, L>2>6

dC;
— =0 6
dr (6)

Boundary conditions 2 and 3 imply that the concentration of bulk species approaches a finite value at the
bottom of electrolyte solution and at the center and the edge of the disk electrode.

After species material balance (Eq. (1)) was solved by finite differences approximation, diffusion
current can also be evaluated in the r and z directions (Eq. (7)):

oC;
I, = F.A.Zzi . D;. 5

0C;
z

(7)

"
Finite difference approximation of Eq. (7) is given in Egs. (8) and (9),

Diffusion current in z direction:

Idz(i,jn+1) = F.AY (D (Ci(i,j+ 1,n+1) — Ci(i, j,n +1))/Az) (8)

Diffusion current in r direction:

The diffusion coefficients of soluble species in the electrolyte (as seen in Eqs. (1), (3), and (7)) were

estimated by Stokes-Einstein equation'®!! (Eq. (10)):

kp-T

D=2
f.ﬂ'.’r‘.?’]

(10)

In Eq. (10), kp is the Boltzmann constant (1.3807 x 10723 J.K~1); r is the radius of the solute; f is a
constant, which is 6 in water; and 7 is the viscosity of the solvent. From Eq. (10), the diffusion coefficients
of the solubles were estimated to be ~107% m?/s. It was clear that, in an electrolyte solution, the diffusion

coefficients are ranging between 1 and 10 x 1079 m?/s.
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Layer 1

At layer I, the adsorption and desorption of the soluble species along with electrochemical surface reactions
take place. The rate of change of surface species and the anodic faradaic current at layer I can be expressed
as given in Egs. (11) and (12):

Fort>0,r,>r>0, z=layer I

dCiiiEn 3 _ Kiads Ci z=s (r,t)-Cy (7, t) —kides Ci s (7, t)"‘; kj - exp [(1 _;) Tn = (e(t) —€9)| - Cis(11)
Iy = AXv;. Fkj.Cjs(r,t). exp((1 — 7). F.(e(t) — €5)/(R.T))(12) (12)

Numerical integration of Eq. (11) was done by using Euler’s method to find the surface species concentra-
tions, C; s (r,t). After that, C; s(r,t) was incorporated into boundary condition 1 (Eq. (3)). In Eq. (12),
A v, e, € v, and k; denote disk electrode area, number of equivalence for the surface electrochemical
reaction (Butler-Volmer reaction), applied potential, the equilibrium potential, symmetry number (which is
assumed to be 0.5)3, and preexponential factor, respectively.

Change in vacant surface concentration on the platinum surface was estimated by assuming that the
platinum metal has a langmuirian surface (each surface species occupy one site without any interaction with
each other) (Eq. (13)):

Cr =Y Cis(r,t)+ Cy(r,t) (13)

In Eq. (13) above, Cp is the active site concentration on the platinum surface, which is explained in the
experimental section. If the differential of Eq. (13) with respect to time is obtained, the rate of change in

vacant surface concentration (mol/cm?) on the platinum surface can be estimated as given in Eq. (14):

dC, (r,t) " dC;
- : 14
5 o
The rate of change in surface species is also given in Egs. (15) through (18):
dCCHogtH—SS(M) = k1 -exp {(1_57,»):#—2'1? (e (t) - 551)} - Coons0H,2=5 (1, t) - Cr20s (1, t) — (15)

ks - Conocnss (r;t)

dCr20s (1,t)
dt

1—7v)-F

=ks - CH20,2=5 (r,t) - Cy (1,t) — ky - exp [( T (e(t) —€9)| - Cr20s (r,t)  (16)

Lonaltl) — y - exp [—(11}7%F (e() = EZ)} - Cr20s (1, 1)

—ks - exp [% (e) - 88)} -Coms (r,t) - Coamson,z=s (1, 1)
(17)

—kg - exp {(11}7%1? (e (t) = 58)} -Comns (r,1) - Ccnocs,==s (1,1)

—k7 - exp [% (e (t) = 5(7’)} -Comns (r,t) - CocnocHs,z=s (7, t)
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dCCHSCd?OS(M) = ks - exp {(1_1;)?4'1: (e(t) —e8)| - Coms (r,t) - Coamson,z=s (1, 1)

(18)
+k7 - exp [% (e (t) — 8(7’)} -Coms (1,t) - CorocHs,z=5 (1, 1)

In Egs. (15)-(18), k1, ku, ks, k¢, and k7 denote preexponential factors for Butler-Volmer reactions; ko
and ks denote the desorption and adsorption rate constants for acetaldehyde and water. The rate of change
in surface species was derived with respect to the surface reaction mechanism, which is discussed in the next

section.
The adsorption rate constant for water, k3, on a positive platinum electrode was approximated as in

Eq. (19):12-18

2K
B-n-e

A A
ks = 0.0943 - Sinh (Tw> - exp [ﬁ * (— - Sinh (Tw>>] - exp [—2.4635 - T - 0] (19)
In Eq. (19), AV is (¥ — ¥, ) where U is the applied potential and ¥,.s is the equilibrium potential
given in Table 1. T is the Debye Hueckel screening length 100 A, p,, is the dipole moment of water taken as
6.2 x 1073% and § is the diameter of water molecule taken as 2.8 A.

The desorption rate constant for acetaldehyde (ko) was defined in Eq. (20):

ko = Ajq - exp [_Edi]

R-T
In Eq. (20), Ed; is the desorption energy and A;q4 is the frequency factor (Table 1).

Table 1. Chemical surface reaction mechanism on layer I.

Possible Non- Frequency Adsorption E, Ed(Desorption
electrochemical  factor, A;4, (1/s) Energy (kJ/mol) (V vs. RHE) energy)

reactions and

adsorption-

desorption steps

CHOCH;3.Pt— ~101327] ~86 kJ/mol??]
CHOCH3; +Pt -

H;O + Pt —

H,0.Pt 40.17%3:24 0.05019]

Surface reaction mechanism

In order to derive the rate of change of surface species on the platinum electrode (Egs. (15)-(18)), ethanol
electro-oxidation products and by-products were investigated on the platinum surface.

According to previous studies, onset of ethanol oxidation starts at a potential of 0.3 V vs. RHE
and acetaldehyde is detected at potentials of 0.35 V vs. RHE. At potentials higher than 0.55 V vs. RHE,
electrochemical oxidation of water leads to a more complete oxidation of adsorbed species to acetic acid
without breaking the C-C bond.*—8

Acetaldehyde, which is a by-product of ethanol oxidation, is an unstable molecule over Pt(III) at
temperatures above room temperature and further oxidation of acetaldehyde operates in competition with

acetaldehyde desorption.?? FTIR results also show that ethanol oxidation on platinum occurs via parallel
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pathways producing CO», acetic acid, and acetaldehyde. Although when the Pt electrode was polarized at
0.5 Vvs. RHE in 1 M CoH50H + 0.1M HCIO4 solution, it was observed that COs production was much
lower than acetic acid and acetaldehyde production according to the FTIR spectra.?!

ATR (attenuated total reflection) and SEIRAS (surface enhanced infrared absorption spectroscopy)
studies indicated that acetate formation happens between 0 and 1.07 V vs. RHE. Electrochemical formation
of acetate requires surface hydroxyl as a source. SEIRA results indicate that acetate has the highest coverage
on the platinum surface together with acetaldehyde. Since surface acetate is strongly bonded to the surface,
it is difficult to oxidize it further to CO, and desorption is unfavorable in the potential range studied.?®
When background-corrected ethanol electro-oxidation on the platinum electrode was analyzed, an oxidation
peak was detected at around 0.65 V vs. RHE. This current peak was attributed to the formation of acetate
mainly. The formation of acetate was also compared with the oxidation of COy, (linearly bonded carbon
monoxide) by FTIR band intensities. Linearly adsorbed CO intensity decreases sharply around 0.3 V vs.
RHE and the intensity becomes negligible around 0.5 V vs. RHE. The source of CO;, was linked to the
strongly adsorbed acetaldehyde and the acetyl (Egs. (21)-(24)):

21
22
23
24

CyHsOH + H20.Pt — CHOCHS5.Pt+2H" + Hs0 + 2~
CHOCH;.Pt+ Pt — Pt.CH3+Pt.CO+ H + e~
CHOCH;.Pt — Pt.CH3;CO+ H" + e~

)
)
)
Pt.CH3CO — Pt.CHs+Pt.CO )

(
(
(
(

In order to see the existence of oxidation currents before 0.5 V vs. RHE and current peak around
0.65 V vs. RHE, ethanol electro-oxidation experiments were performed in a 3-electrode cell environment
(experimental section). No appreciable current was observed before 0.53 V vs. RHE (Figure 4 in experimental
section), which was mostly attributed to the oxidation of surface carbon monoxide. Due to the negligible
oxidation current before 0.53 V vs. RHE, a different mechanism (Eqs. (25)-(28)) for the platinum electrode
in a 0.5 M HsSOy4 electrolyte solution was considered and the existence of the mechanism in the potential

range of concern (0-1 V vs. RHE) was investigated.?’ This mechanism explains the formation of acetate

through weakly adsorbed acetaldehyde and bulk ethanol when free platinum sites are available:

21
25
26
27

CyHsOH + H50.Pt — CHOCHS5.Pt+2H" + Hs0 + 2~
CHOCH;.Pt — CHOCH; + Pt
CyHsOH + OH.Pt — CH3C00.Pt+4HT + 4e™

(
(
(
CHOCHS3. +OH.Pt — Pt.CH3COO +2H" + 2e~ (

)
)
)
)

If we add the formation of acetic acid, water adsorption, and oxidation steps to the mechanism above,

proposed electrochemical scheme takes its final form as given below;

CoH50H + HyO.Pt — ky— CHOCH3.Pt +2H' + HyO + 2e~
CHOCHs3.Pt — ko— CHOCH3 + Pt

H>0 + Pt — ks— H20.Pt

H30.Pt « kg, ky g— OH.Pt + H" + e~

CoHsOH + OH.Pt — ks— CH3COO.Pt +4H™ + 4e™
CHOCH3;+OH.Pt — k¢— CH3COOH + Pt+ H" + ¢~
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CHOCHSs. + OH.Pt — k7— Pt.CH3COO + 2H" + 2¢~ (27)

In the mechanism above, Eq. (25) shows the desorption of the weakly adsorbed acetaldehyde; Egs.
(28) and (29) show the adsorption of water on platinum, which is a potential dependent (Eq. (19)), and
the electrochemical oxidation of water, respectively. Eq. (30) shows the formation of soluble acetic acid
through weakly adsorbed acetaldehyde. ki, ko, ks, ka4, ka,r ks, ke, and k7 in the equations above denote
preexponential factors specific to electrochemical steps, and adsorption and desorption rate constants, which
were explained in the previous section.

If Eq. (12) is used to find anodic faradaic current density, total anodic faradaic current can be

expressed as in Eq. (31):
Ifaradaic = ITI + I4 + IE) + Iﬁ + I7 (31)

In Eq. (31), I; denotes anodic faradaic current by the formation of surface acetaldehyde (Eq. (21)). 14 is
the anodic faradaic current by the oxidation of surface water (Eq. (29)). I is the anodic faradaic current by
the formation of surface acetate through bulk ethanol (Eq. (26)). I is the anodic faradaic current by the
formation of soluble acetic acid through the oxidation of soluble acetaldehyde (Eq. (30)). I7 is the anodic
faradaic current by the formation of surface acetate through soluble acetaldehyde (Eq. (27)). Iy, 14, Is,
Is, and Iy can be expressed in terms of Butler-Volmer equations given below in Eqs. (32)-(36) (which are
similar to Egs. (15)-(18)):

I = n1.F.k1.Coamson(2,7,1).Cr20.5(r, t).exp((1 — 7). F.(e(t) — €7)/(R.T)) (32)
Iy =ny.F.[ks.Choo. s(r, t).exp((1 —v).F.(e(t) —e3)/(R.T))] (33)
Is = ns.F.ks.Coamson(z,r,t).Con..s(r, t).exp((1 — 7). F.(e(t) — €2)/(R.T)) (34)
Is = ng.F.ke.Conocus(z,7,t).Con..s(r, t).exp((1 —7).F.(e(t) — e§)/(R.T)) (35)
I =n7. F.k7.Conocns(z,1,t).Con..s(r, t).exp((1 —7).F.(e(t) —e9)/(R.T)) (36)

In Egs. (32) through (36), the unit of preexponentials ki, ks, kg, and k7 are cm®.mol~1.s7! and ky
is cm?/s. n; is number of equivalence (neq/mol) specific for each faradaic current step. Electrochemical

parameters to calculate faradaic currents are given in Table 2.

Table 2. Electrochemical surface reaction mechanism on layer 1.

Equation no. Electrochemical reactions €® (V vs. RHE)
21 CyH5;0H + Hy,0.Pt— CHOCH;.Pt + 2HT + H50 + 2e— 0.3504-38]
29 H>0.Pt— OH.Pt +Ht + e~ 0.57127]
26 CyH5s0H + OH.Pt— CH3COO.Pt + 4H™' 4 4e— 0.57128]
27 CH3CHO + OH.Pt— CH3COO.Pt +2H* + 2¢— 0.57120]
30 CHOCH;3+0H.Pt — CH3COOH + Pt + H* + e— 0.57M4-8]

After proper equations for diffusion and surface reaction model were set, simulation of the model was
performed by using the flow chart and the parameters given in Figure 2 and Table 3. A matlab code was
written to solve the partial (Equation 1) and ordinary differential equations (Eqs. (15)-(18)) using proper

boundary and initial conditions (Egs. (3), (5), and (6)) and to evaluate diffusion and faradaic currents.

434



A Mechanistic Approach to Elucidate Ethanol Electro-oxidation, N. A. TAPAN

Table 3. Model parameters.

Parameter Value
Radius of disk electrode, ro (cm) 0.2
Depth of electrolyte solution, L (cm) 1 x10°¢
Initial concentration of ethanol (mol/cm?) 0.5
Initial concentration of active surface sites (mol/cm?)  4.447 x 1079
Symmetry factor, v 0.5
Reaction temperature, T(K) 298
Time of electro-oxidation (s) 10
Scan rate (mV/s) 100

Experimental

In order to see if the ethanol electro-oxidation model (with the proposed mechanism) can describe the real
behavior, it was decided to compare the total current (diffusion plus faradaic current) with the experimental.
The experiments were carried out in an air sealed glass cell, which had 3 separate compartments for the
working, counter, and reference electrodes. A platinum wire was used as the counter electrode, which was
separated from the working electrode with a glass compartment that has a fine porous frit at the bottom.
A standard calomel electrode was used as a reference electrode. Polycrystalline platinum disk was used as a
working electrode. The working electrode with a 2 mm diameter was polished with 0.1 and 0.05 ym Al>O3
paste and washed ultrasonically for 1 h in deionized water.

A solution of 0.5 M HsSO4 + 0.5 M CoH50H was prepared from a high purity sulfuric acid and
high purity grade ethanol (Merck Chemicals), and deionized water. The electrolyte was deaerated with
ultra-high-purity helium (99.999%) before and during the experiments.

Cyclic voltammetry experiments were performed using AFCBP1 (from Pine Instruments) potentiostat-
galvanostat controlled by a PC. The scan rate was 100 mV/s. The potential range was 0-1.2 V vs. RHE.

A necessary quantitative evaluation of the chemically active surface area of the catalyst was determined
from the Hypq charge. The H,,q charge was found from the cathodic potential sweep (0.4-0.05 V vs. RHE)
during the cyclic voltammetry in the acidic medium (Figure 3) by the charge transfer reaction (Volmer

reaction):2”

Pt+ H%e < Pt— Hggs (37)

After the integration of the area under the hydrogen deposition region, total charge of 0.0539 mC was
obtained after subtracting the double layer contribution, the real Pt surface area Sreal = 0.0539 mC/210
puC/em?= 0.257 cm? by assuming H,,q monolayer adsorption charge of 210 puC/cm? on polycrystalline
platinum. The amount of surface Pt atoms (Np; s) was calculated from Faraday’s law for a one-electron
reaction (Eq. (37)); Np.s = 0.0539 mC/96,485 C/mol = 0.5586 nmol. Therefore, the surface density of
vacant surface sites were approximated as 0.5586 nmol/0.1256 cm? (disk surface area), which is equal to
4.447 nmol/cm?. If the total number of platinum active sites is divided by the real surface area (0.5586

nmol/0.257 cm?) it gives 2.17 nmol/cm?.28 Roughness factor is 2.05 (Sreal/Sdisk area).
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-Input radius of disk
electrode

-Input depth of
electrolyte solution

-Input ideal gas
constant, symmetry

factor, reaction -Input time of electro-
temperature, oxidation

Boltzmann constant -Input equilibrium potentials
constant, Faraday for each electrochemical step

(Tables 1 and 2)

constant, elementar
y -Input scan rate (mV/s)

charge

Figure 2. Flow chart of the algorithm for the ethanol electro-oxidation model.

Staircase voltammetry

Staircase voltammetry experiments were performed between 0 and 1 V vs. RHE at a scan rate of 100 mV/s.
In order to see the effect of ethanol electro-oxidation, 2 kinds of staircase voltammetry experiments were
performed: the first with 0.5 M HySOy4 electrolyte solution, and the second with 0.5 M HsSO4 + 0.5 M
CyH50H electrolyte solution. The experiments for the second electrolyte solution (0.5 M H3SO4 4+ 0.5 M

C2H50H) were repeated 4 times and the average current was corrected for the background current (0.5 M
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-Input number of
divisions for time,
radius and depth
of electrolyte

-Calculation of area of electrode

-Calculation of Boltzmann Thermal Factor
-Calculation of area of electrode to volume of
cell ratio

v

-Initialization of surface and bulk species

concentrations

for Butler-Volmer reactions

acetaldehyde from platinum surface (Table 1).

-Assumption of magnitude of pre-exponentials (k;)

-Assumption of frequency factor for desorption of

i

(Egs. 19 and 20)
-Calculation of Butler-Volmer reaction rates
ki.Ci(z,r,t) .Cis(r,1) . exp((1-B).F.(€ (t)- €°;) /(R.T))

-Calculation of adsorption and desorption rate constants

v

-Solution of species material balance (Eq. 1) using
proper initial and boundary conditions (Egs. 3, 5, and
6) by finite differences approximation.

-Calculate and display dynamic diffusion current in z
direction (Eq. 7)

-Calculate and display dynamic faradaic current (Eq.
12) in r direction
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H2SOy4) (Figure 4). Staircase voltammetry was selected to analyze ethanol oxidation since we were able to
compare background corrected oxidation current with the simulation in the forward scan (0-0.1 V vs. RHE)

at the selected scan rate.
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Figure 3. Cyclic voltammetry of platinum disk electrode at a scan rate of 100 mV/s in 0.5 M H2SO4 solution.
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Figure 4. Background correction of ethanol electro-oxidation by staircase voltammetry.

Results and Discussion

In order to fit the ethanol electro-oxidation model to the experimental and to see the effect of preexponentials
on the total faradaic current density, different magnitudes of preexponentials were selected (Figure 5). It

was observed that as the rates of faradaic current steps (Eqgs. (21),(29),(26),(30), and (27)) are decreased
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Figure 5. Comparison of the model with the experimental. Open squares represent model faradaic currents, solid

squares represent experimental faradaic currents. (a) ki, ka, ks, ke, k7 = 1, (b) ki, ka, ks, ke = 1 x 1072, (c) ki, ka,

ks, ke, kr =1 x 107*, (d) k1 =1 x 1072, ka, ks, ke, k7 = 1, (e) k1 = 1 x 107*, ku, ks, ke, k7 = 1.
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by changing preexponentials the peak current shifts to more positive potentials. Another observation was
the formation of a hunch around 0.75 V vs. RHE as the rates of faradaic current steps (denoted by Egs.
(17)-(20)) were increased from 1 x 107% to 1 cm®.mol~t.s~! (Figures 5¢ and 5e).

The formation of the hunch was mainly due to the oxidation of water since the magnitude of this
faradaic current step is the highest in that potential range (Figure 8). It was decided that, when k; is
equal to 1 x 107* cm®.mol~t.s™1 ky is equal to 1 cm?/s, ks, kg, and k7 are equal to 1 cm®.mol~1.s7! in
magnitude, our model can best describe the experimental data (background corrected current). The electro-

oxidation model and the experimental data follow almost the same behavior when the total current densities

are compared (Figure 6).
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Figure 6. Comparison of the ethanol electro-oxidation model with the experimental.

The contribution of diffusion current to the total current is less than 10% and almost follows the same
behavior as the faradaic current profile (Figure 7). The statistical analysis also shows that model current

densities fall in the 95% confidence interval (Table 4). The total current was calculated as the summation of

the maximum faradaic current in the r direction and the maximum diffusion current in the z direction. The
radial diffusion current was neglected since the magnitude was very low compared to other current types

with the selected model parameters.

Figure 8 shows that the formation of acetaldehyde (I;) through the oxidation of bulk ethanol (Eq.
(21)) is the rate determining the step between 0.6 and 0.75 V vs. RHE because this faradaic current step
gives the highest current peak. After 0.75 V vs. RHE, the formation of surface acetate through bulk ethanol
(Eq. (18)) becomes the rate-determining step (I4). Other electrochemical steps like the formation of acetic

acid and acetate through soluble acetaldehyde (Egs. (19) and (20)) did not have an appreciable contribution
to the faradaic current density profile.
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Figure 7. Comparison of faradaic current density with diffusion current density (a) Faradaic current density (b)

Diffusion current density.

Table 4. Statistical analysis of the comparison of oxidation model with the experimental.

Experimental
Average Model Model Model
Current Standard 95% Faradaic Diffusion Total
density deviation Confidence Minimum Maximum Current current current
E(V) (Alem?) (Alcm?) (Alcm?) (Alem?) (A/em?) (Alcm?) (Alcm?) (A/em?)
049 0 - - - - 0 0 0
053 345x10%°  850x1077  833x1077  2.62x10%°  428x10%°  127x107  3.65x107”  130x10"
057 1.68x107  115x10%  1.13x10%  156x10%° 179x107°  6.06x1077  170x10% 6.23x1077

061 243x10%  250x10%  245x10%  218x10%°  2.67x10%°  2.84x107° 792x10%  2.92x107
065 23310 173x10%°  170x10%  216x10°  2.49x10%°  1.16x10% 3.43x1077  120x10°%
069 3.00x10%°  231x10%°  226x10%  277x10°  323x10%°  3.07x10% L13x10%  3.19x10%
073 150x10%°  200x10%°  196x10%  130x10”°  170x10%"  1.66x10% 438x1077  1.70x10°%
077 150x10%°  1.53x10%°  150x10%  135x10%°  165%x10%°  1.41x10% 5021077 1.46x10%
081  LI13x10%°  196x10%  1.92x10%  936x10%°  132¢10%”  1.13x10%° 648x10”7  1.19x10°°
085 403x10°°  251x10%°  246x10%°  157x10%°  6.49x10”  2.78x10¢ 636x10°7  3.41x10%°
089 237x10°%  159x10%°  156x10%  8.04x1077  393x10%  756x1077  639x1077  1.40x10%

093 260x10"7  450x10"  441x10” o 701x10°7 0 0 0

097 0 0 0 0 0 791101 643x10"  1.43x10”
-06 -06 -06 -06

1 3.42x10 536x10 52510 0 8.68x10 0 0 0

According to the SEIRA studies of ethanol electro-oxidation on the platinum electrode (surface
roughness 7) in 0.1 M HC1O4 + 0.1 M CoH5OH electrolyte solution, with increasing potential, the absorbance
band at 1620-1635 cm ™! becomes broader and its frequency increases, and it disappears at about 0.88 V vs.
RHE. This band was assigned to weakly adsorbed acetaldehyde or acetyl. When the adsorbed residues of
ethanol oxidation were considered, no absorption bands were observed for acetaldehyde. This was attributed
to its weaker adsorption band or small content.?° When the coverage profiles from the simulation of the model

were analyzed (Figure 9), acetaldehyde coverage starts around 0.55 V vs. RHE and reaches a constant value
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around 1 V vs. RHE. This unlikely behavior of acetaldehyde, when compared with the literature, may depend
on 3 reasons. First, the roughness factors differ in value (7 20 and 2.05), and if the roughness factor is greater
than 1, it is known that the behavior of rough electrodes cannot be generalized because of the experimental
variables during their preparation and the change of microstructure.2? Secondly, there is a strong anion
affect on ethanol oxidation at platinum electrodes. The results show that different anions (perchlorate,
sulfate, and nitrate) influence the peak current and the potential for anodic waves.?? Thirdly, from the
linear sweep voltammetry experiments, no appreciable oxidation currents were detected after background
correction (Figure 4). As mentioned above, before 0.5 V vs. RHE, the oxidation current was linked to

the oxidation of linearly bonded carbon monoxide through acetyl or strongly bonded acetaldehyde (Egs.

(21)-(24)).

2.

Faradaic current density (A/cm)

0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1
Potential (V) vs. RHE

Figure 8. Faradaic current profiles from the ethanol electro-oxidation model.
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Figure 9. Surface coverage profiles from the ethanol electro-oxidation model.
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Figure 9 shows the coverage profiles of the surface oxidation products with respect to the applied
cell potential. After around 0.7 V vs. RHE, acetaldehyde coverage becomes the major surface species, and
acetate formation starts around 0.7 V vs. RHE. The behavior of the acetaldehyde coverage matches the
FTIR experiments on platinum electrodeposits polarized at 0.5 V vs. RHE in 1 M C3;H5;0H + 0.1 M HCI

electrolyte solution.?!

Conclusions

Our simple model, based on diffusion and surface reaction, can explain ethanol oxidation behavior on a
platinum disk electrode. According to the model, ethanol oxidation current is determined by formation of
acetaldehyde and acetate through ethanol before 0.75 V and after 0.75 V vs. RHE. Acetaldehyde is the
main surface poisoning species in the potential range between 0.5 and 1 V vs. RHE. Further work will be
done by adding different ethanol electro-oxidation steps to the proposed mechanism, like the surface CO
formation step through strongly adsorbed acetaldehyde. It is thought that, with the model developed in
this study, we can monitor the surface species concentrations and the current-time profiles of any proposed
oxidation mechanism, and test the existence of the mechanism by comparing the model with voltammetric

experiments.
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