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Abstract

CrossMark

We describe a method to study porous thin-films deposited onto rotating disc electrodes (RDE)
applied to non-platinum group electrocatalyst obtained by pyrolysis of iron phthalocyanine
and carbon, FePc/C. The electroactive area and porous properties of the thin film electrodes
were obtained using electrochemical impedance spectroscopy under the framework of de
Levie impedance model. The electrocatalytic activity of different electrodes was correlated to
the total electroactive area (Ap) and the penetration ratio parameter through the film under ac
current. The cylindrical pore model was extended to the RDE boundary conditions and derived
in a Koutecky—Levich type expression that allowed to separate the effect of the electroactive
area and structural properties. The resulting specific electrocatalytic activity of FePc/C heat
treated at different temperatures was correlated to FePc surface concentration.

Keywords: porosity, electrocatalysis, oxygen reduction reaction, rotating disc electrode,

diffusion penetration depth, x-ray photoelectron spectroscopy

(Some figures may appear in colour only in the online journal)

1. Introduction

Polymer electrolyte fuel cells are a promising technology
to replace fossil fuels in the development of the ‘hydrogen
economy’ [1]. One of the mayor challenges relies in obtaining
low cost, high activity and durable electrocatalyst for the oxy-
gen reduction reaction (ORR). The best results were obtained
with platinum nanoparticles deposited onto high surface area
carbon blacks, but the scarcity of the metal motivated to look
for alternatives composed exclusively by abundant elements
[2, 3]. Several groups [3—16] have shown that functionalized
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1361-648X/21/324001+12$33.00

carbons obtained by pyrolysis of nitrogen and abundant tran-
sition metal precursors have activities comparable to Pt-based
catalyst both in alkaline and acid media and reduces oxygen
mostly to water (four electron process). Further optimization
of these materials could lead to a replacement of Pt-based cat-
alyst and can be achieved by having a better understanding of
the nature of the active sites [11, 17-22].

Electrocatalyst powders are synthetized, characterized and
their activity assessed with an electrochemical half-cell tech-
nique such as rotating disk electrode (RDE). RDE is an hydro-
dynamic electrochemical technique whose strength relies
on the mathematical description of the velocity profile of
the fluid near the rotating working electrode given by von

© 2021 IOP Publishing Ltd  Printed in the UK
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Karman [23] and, consequently, the analytical convective dif-
fusion Koutecky—Levich equation [24]. The electro-catalysts
are commonly deposited onto the disc (working electrode)
as a porous thin-film where, ideally, all particles are electri-
cally connected and homogeneously distributed. Special care
in preparation conditions must be taken as they greatly affect
the deposited film quality and, therefore, the electrocatalytic
activity [25-27].

It is known that the structural properties of porous
electrodes strongly affects their polarization characteristics
[28, 29]. Gonzalez et al reported studies of the ORR on Pt/C
rotating disk electrodes with thin porous coating in alkaline
solutions in the framework of a thin-film/flooded-agglomerate
model of gas diffusion electrodes [30].

Since electrocatalytic activity depends on the surface chem-
ical composition, specific area and structural properties of the
electrode, it is difficult to compare activities of electrodes
with different surface chemical composition if the analysis
does not consider the effect of last two. Herein we present
a method based on rotating disk electrode and electrochem-
ical impedance measurements to separate the effect on the
activity of the specific area and structural properties. The
relation between the porous thin-film properties and their cat-
alytic activity determined by RDE was studied using a non-
platinum group catalyst obtained by pyrolysis of iron phthalo-
cyanine deposited onto Vulcan™ (Cabot corp.) carbon. Porous
electrode properties were obtained using impedance electro-
chemical analysis under the framework of the de Levie’s [31]
impedance model. The catalytic activity of different electrodes
was correlated to the total electroactive area (Ap) and the pen-
etration ratio parameter under alternating current flow through
the film. By extending cylindrical pore model description used
by de Levie to the RDE boundary conditions, an expres-
sion analogous to Koutecky—Levich equation was derived and
allowed to normalize the kinetic current so it scales per unit
of electroactive area. Finally, the trend observed in the specific
electrocatalytic activity was explained by combination of x-ray
photoelectron spectroscopy (XPS) with cyclic voltammetry
experimental results.

2. Materials and methods

Vulcan™ carbon was purchased from Cabot Int., cleaned
with 15% hydrochloric acid to remove surface impurities
and washed with milliQ™ water. Iron(II) phthalocyanine, 11-
mercapto-1-unde-canol and KOH were purchased from Sigma
Aldrich and used without further purification.

Vulcan™ carbon (200 mg) was dispersed in acetone
(100 ml), FePc (80 mg) was added after deoxygenating by bub-
bling argon (99.9%) for 20 min and the mixture was stirred
for 2 h. Then, it was added to cold milliQ™ water dropwise
to force FePc precipitation onto the particles, filtered, washed
with cold milliQ™ water and vacuum dried at 80 °C. Frac-
tions of the resulting material were heat treated into a tubular
furnace in argon atmosphere at 300 °C, 600 °C and 800 °C
respectively for 2 h (with a temperature ramp of 10 °C min~").

XPS measurements were conducted in an ultrahigh vacuum
chamber with a base pressure below 5 x 107! mbar, using a

150 mm hemispherical SPECS electron energy analyzer and
an Mg Ka x-ray source. The reported binding energies were
referenced to the Au 4f7/2 signal of Au(111) at 84 eV. N 1s
and Fe 2p atomic ratios were calculated from the integrated
intensities of core levels after instrumental and photoionization
cross-section corrections.

The electrochemical experiments were performed with an
Autolab V 30 (Eco Chemie, Utrecht, The Netherlands) con-
trolled using the NOVA 2.0 software. All electrochemical
experiments were carried out at room temperature in a three-
electrode glass cell. A Pt counter electrode and an Ag/AgCl
(3 M KCI) reference electrode were employed. Potentials
herein are reported with respect to reversible hydrogen elec-
trode (RHE). All experiments were carried using freshly pre-
pared KOH 0.1 M solutions (pH = 13). Cyclic voltammograms
were performed at 0.1 V s~! under argon (99.9%) saturated
solution after bubbling for 25 min and leaving an argon blan-
ket above the solution. In all cases 50 cycles were performed.
Electrochemical impedance spectroscopy was carried out at 1
V (vs RHE) after cyclic voltammetry and repeated after ORR
testing, always under argon saturated solutions. A full spec-
trum of frequencies between 0.1 Hz and 100 kHz was applied
while recording the phase angle (¢), and both real (Z') and
imaginary (Z”) components of the impedance with a 10 mV
peak to peak sinusoidal input signal. For RDE measurements
arotating gold-disk (0.196 cm?) electrode was employed in an
0, (99.9%) saturated solution at a scan rate of 2 mV s~! and
rotating frequency of 4 Hz.

The catalysts were tested by preparing a slurry of carbon
particles covered with the catalyst and depositing onto the
Au-disk electrode. First, the Au electrode was polished with
3M®1200 grit emery paper followed by: (i) 5, 1, 0.3 and
0.05 pm alumina (Buehler) each followed by 5 min sonication
in isopropanol-water solution to remove excess alumina. Then,
electrochemical cleaning was carried by cycling the working
electrode potential from 0.4 V to 1.5 V (vs Ag/AgCl]) in an
argon saturated 0.5 M HCIO4 aqueous solution until the typi-
cal cyclic voltammetry of clean gold was obtained. The elec-
trodes were incubated for 2 h in a 5 mM ethanol solution of
11-mercapto-1-undecanol and then washed with ethanol and
Milli-Q water to form a self-assembled monolayer that blocks
ORR on the thiol covered gold surface. It was verified that the
self-assembled thiol was stable under the experimental condi-
tions and that it did not affect catalyst performance, allowing
electron transfer from the gold to the C/catalyst particles. The
ink was prepared by dispersing 5 mg of the catalyst in 500 pl of
isopropanol using NAFION® as a binder (0.5 mg). A ~ 30 ug
thin film was deposited onto the Au-electrode by dropping 3 pl
of the ink and allow drying.

3. Results and discussion

Scheme 1 depicts schematically the preparation of the catalytic
materials. The electro catalysts were tested in a three-electrode
cell using a RDE. Figure 1 shows the RDE currents obtained
in O, saturated 0.1 M KOH (pH = 13) for two electrodes
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Scheme 1. Catalyst preparation process.
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Figure 1. RDE linear scan voltammetry of two electrodes prepared
from the same ink at room temperature (not heat-treated material).

prepared with the same FePc-RT ink, but different porous
structure. Both curves show similar onset-potential but a clear
difference can be seen at more reducing potentials, which high-
lights the need to define a criterion to assess the electrocatalytic
activity. The onset potential as a criterion has the advantage of
not being affected by the convective—diffusion contribution,
but its definition is ambiguous to assess the specific electro cat-
alytic activity [25]. On the other hand, it is worth comparing
the electrocatalyst activity at higher current density under con-
ditions close to fuel cell operation, i.e. at a potential where the
current is half of the limiting current (Eyif wave ) may be a better
criterion. It should be emphasized that the same catalyst may
show different half wave potentials even for the same prepara-
tion procedure because of differences in the porous structure
of the films and electroactive sites or difference in the velocity
profiles induced by the not flat thin film electrode.

The porous properties of thin films containing electrocata-
lyst can be assessed by the impedance response at potentials
where no faradaic process takes place. The two most popu-
lar impedance models for porous electrodes are the cylindrical
pore model, first introduced by de Levie [32], and the macro-
homogeneous model given by Newman [33, 34]. We have used

de Levie’s model since it offers a simpler description. Equation
(1) gives the impedance of a pore:

A e U
Ppemer2 2V pCaw?? j
-1
1 r 2
ccoth | [ 24/ —2— ]2 . 1
co (2 SCa P \/?) (1)

Where [ is the average length of the pore, r is the radio of the
pore, p is the resistivity of electrolyte (Ohm.cm), w is the fre-
quency of the alternating current (rad.Hz), Cy is the specific
double layer capacity (F cm~2) and 6 is the constant phase
element exponent.

As shown by Lasia [35] and Song et al [36], the impedance
can be expressed in terms of the pore area and the penetration
ratio of the alternating current through the pore. The area of
the pore is A, = 277/, and the penetration ratio is defined as

1 r

a= 2 pCqw¥ 2

(= %). By replacing in equation (1), we get:

~1
) 1\/2 coth (a- g) . (2
J J

@
We can write the penetration ratio as « = «yp - w™ 2, where «y
is the penetrability coefficient. Also, we express admittances
instead of impedances since the electrode have many pores and
the total admittance is equal to the sum of the admittances of
all pores in parallel (equation (3)).

1
Z = _—
P (Ap -2 Cqw?

[3
2

n tanh <Z—O%I : l)
Yo = (Caw”) ZAp,ie—,j' (3)

— w2 ]
i=1 aog 5

Note that the total admittance is the module of the admittance
of a flat electrode (Cqw”) multiplied by a factor that depends
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Figure 2. Simulations of F’ (’;) It was assumed all pores having the same o and ¢ = 1. (A) Effect of total electroactive area (ay = 10 HZz%).

(B) Effect of o (Ap = 500 cm?).

on the penetration ratio and the total area of the pores. This
modulatinge factor is a function of a complex dimensionless
variable, Z—7 \/> and is maximum at low frequencies, when
the dimensionless variable is close to 0 and the hyperbolic tan-
gent can be approximated to its argument. In this case, the total
admittance equals the product of the specific admittance of a
flat electrode and the total electroactive area A, (see equation
(4)) and corresponds to the case when the alternating current

wave penetrates throughout all the pores.

i=1

Y10t31|10w frequencies (CdlwezAPJ‘> ]: CdlweAPj' (4)

We decided to use the imaginary part of the modulating fac-
tor (equation (5)) to analyze the electrodes since it is easier to
interpret and contains all the information on porous properties
that can be obtained from EIS analysis.

1
F// YTotal

(w) — Cd]wtf

ZAF,, Xi,- (5)

Where,

0
2

0
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Qg Qg

X"(W) = T u 4 ’
%(cos( >+cosh< >>

Simulations of F{/,) depicted in figure 2 show that the curves
have a sigmoidal shape. The plateau observed at low frequen-
cies reflects the total electroactive area, as discussed above
(equation (4)). At frequencies close to ozo,,-z, the hyperbolic tan-
gent tends to 1 and the modulating factor decreases. Electrodes
with larger oy are comprised by wider, shorter and/or more
conductive pores through which alternating current can pene-
trate easier, and will have associated F” decreasing at higher
frequencies.

sen

(6)

Figure 3(A) shows the Nyquist plots of the same electrodes
shown in figure 1 (colors match), and figure 3(B) shows the
imaginary part of the modulating factor (F(/,)). The plateau
observed in the curves depicted in figure 3(B) corresponds
to the low frequency limit discussed above and indicates that
the electrode that corresponds to the red curve has more elec-
troactive area per unit of geometric area than the black one.
On the other hand, the red curve has a smaller « since the
inflection point of the curve appears at lower frequencies. F,,
was fitted with a linear combination of X, (see equation (5))
obtained by using a set of 20 logarithmically equidistant c;
between 1072 Hz*3 and 10* Hz"3. The obtained coefficients
Ay, correspond to the electroactive area of the pores with a pen-
etration factor ay;, and are shown in figure 3(C) (normalized
by the total electroactive area of each electrode). The distri-
bution corresponding to the red curve electrode is centered at
lower values indicating that the porous film on the electrode
corresponding to the red curve has thinner, longer and less con-
ductive pores, as depicted pictorially in figure 3(D), in which
the alternating current has shorter penetration.

Once the method to characterize thin porous RDE
electrodes was validated, different thin film electrodes were
prepared with the FePc-RT, FePC-300 °C, FePc-600 °C and
FePc-800 °C catalysts which were characterized by impedance
spectroscopy (EIS) at potentials where no Faradic processes
takes place. The total electroactive area, Ap, and the oy distri-
butions of each electrode were determined following the pro-
cedure described above. Figure 4 shows the two parameters
used to describe porous properties for the different electrodes,
i.e. the weighted average of ay (top panel) and the total elec-
troactive area per unit of geometric area (bottom panel). EIS
analysis was performed before and after determination of ORR
activity and in all cases differences less than 2% in &g and
A, were obtained so that the dispersion observed was not due
to experimental error but to differences in porous thin films
properties in spite of the same preparation procedure.
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Figure 3. Impedance response of the same electrodes shown in figure 1 (colors match). (A) Nyquist plots. (B) Imaginary admittance divided
by the admittance of a flat electrode as a function of the frequency. The admittances were calculated after subtracting the electrolyte
resistance contribution. The exponential coefficient in the admittance of the flat electrode was obtained from the plots with values between

0.955 and 0.965. A specific capacity of 2 uF cm~2 was assumed. (C)
experimental data to equation (5). (D) Pictorial description of porous
conductive pores, in which alternating current has lower penetration.

The bottom panel in figure 4 indicates that heat treatment
modifies the specific electroactive area of the electrode mate-
rials. Since activity in Fe—N—C catalyst depends on the elec-
trode porous surface area [37, 38], activity must be normalized
in order to determine the influence of the surface chemical
composition.

Electrocatalytic activity for the ORR was assessed by the
Koutecky—Levich kinetic current (see equation (7)) to offset
the diffusion—convective contribution.

i = @)
lim — ¢
Figure 5 shows the kinetic current obtained for three electrodes
prepared using the same FePc-RT ink. At low electrode poten-
tials, when the current approaches the limiting current, small
differences in the denominator result in large noise in i. The
noise is higher for the black and blue curves because at those
potentials the current in both electrodes is very close to the
limiting current.

Since all electrodes were prepared using the same cata-
lyst and preparation procedure, one would expect overlapping
curves. However, at both low and high overpotential (HO) a
high dispersion was observed. On the other hand, the Tafel
slopes change from —110 mV to —30 mV between 0.9 mV

Distribution of A, as function of g obtained by fitting the
electrodes. The red curve corresponds to thinner, longer and/or less

1024
2 o
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Figure 4. Results of impedance characterization of electrodes. To
panel: average . Bottom panel: electroactive area per unit of
geometric area. Symbols refer to the number of the electrode: square
correspond to the first electrode prepared, the circle to the second
and the triangle to the third one.



J. Phys.: Condens. Matter 33 (2021) 324001

F G Davia et al

10°

High
Overpotential

10%4

. 103'!
1k .mz_I
(mA.cm'2)101'!
100'! ;

10'1]

10-2,! : -

10734

10+ T

Low
Overpotential

0.8

0.9 1.0

E/V vs RHE

Figure 5. Kinetic current obtained for three electrodes prepared using the same FePc-RT ink. Dotted lines shows the potentials chosen for
comparing the activities of the electrodes at high and low overpotential.

2.0{ Low o
Overpotentials 9/
1.5 o 7~
ik ’_ﬁ’
— 1.0 o
ik '/',
/30
0.51 S0
.’.,
)
0.0 -
00 05 10 15 20
Ap
Ap

2.0 High e
Overpotentials ~0
4

1.5 q/,f
i
= 1.0 ——————————<¢19£f;;—:1r——————
ik -

o
0.5 o v
7
o
0.0 s
00 05 10 15 20
G.oAp
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product A, .

and 0.95 mV, which has been ascribed to a change in ORR
mechanism.

The dispersion observed in figure 5 was apparent for the
other catalysts and suggests the need for a proper normaliza-
tion of the electro catalytic activity. In our hands the dispersion
is associated to the porous structure of the film electrode and
changes in the fluid velocity profiles. Figure 6(A) shows a cor-
relation between the deviation of i; relative to the average value
of each catalyst and the corresponding deviation of A, at low
overpotential. This suggests that the main cause of dispersion
is the total electroactive area. Also, figure 6(B) shows a corre-
lation of i /ﬁ at HO with the corresponding deviation of the
product A,ay. This suggests that electrodes porous properties
also affect currents at higher overpotential.

Using the cylinder pore model described by de Levie for
the impedance data, we derived an analogous expression for
the porous thin film RDE experiments. We assumed that the
film was thin enough not to affect the velocity profile of the
fluid which is valid at low rotation frequency, i.e. the convec-
tive—diffusion layer thickness is much larger than the thickness

of the porous thin film on the RDE. Convection is neglected
inside the pores, and an O, consuming factor describes the
oxygen depletion under first order ORR. The consuming fac-
tor is proportional to the O, concentration, the kinetic constant
and the electrode surface area (see equation (6)), as described
in the work of Lasia [35]. A pictorial description of a pore used
to derive the model is shown in scheme 2.

Following the work of Lasia [35] the differential equation
that describes diffusion inside the porous electrodes is:

0%a

EEE(Z)::KZQ(Z)

(8)
with the normalized concentration inside the pore, a(z) =
C (z) /C*, the normalized distance z = x/land k = % Con-

z=-1 = O)

integration yields the relationship between the normalized
concentration and the relative position to be:

sidering zero O, flux at the bottom of the pore (%

cosh(k-(z+ 1))

cosh (k) ©)

a(z)=Cy-
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Scheme 2. Pictorial representation of a pore. The parameters used
to describe it where its length ‘/” and radius ‘7’. Inside the pore
convection was neglected.

Where Cj is the O, concentration at x = 0. Then, the O,
concentration gradient at the top of the pore (x = 0) is:

ac C
= = S0 E tanh (k).

o (10)

x=0
Outside the pore, the oxygen concentration gradient from the
electrolyte is given by a Koutecky—Levich type equation [24]:
dc
dx

cr - C
= —, (11)
do,

x=0

1 1 1. . . .
where dp,=1.612-w™2 - v6- D3 is the convective—diffusion
layer thickness and C represents the O, concentration outside
the pore.

The O, concentration is a continuous function (C‘o = Co)

and the flux incoming the pores equals the flux at the elec-
trolyte interface. However, since the electrode has many pores
of different length and radius, it was assumed that the O, con-
centration to be the same on the top of all pores and that incom-
ing O, flux from the electrolyte must equal the sum of all pore
fluxes (equation (12)).

de :ZW'VZ'D'%

Ageo - D - — .
0 dz x=0 dz z=0

(12)
all
pores

By combining equations (10)-(12) we obtain the

Koutecky—Levich type equation for the thin porous layer
RDE (see derivation in SI):

1 1

i ne -F- G, k- ZApitan:-Hi
1
+ 1 1
0,62F - AgeoncCyD*Pv 5w ™2

13)

With A, = > 2.7 -r-1 being the electroactive area corre-
sponding to pores with the same &;.

The difference with Koutecky—Levich equation for a flat
RDE, relies on the kinetic current, i;. Our model indicates that

the porous properties of the electrode affect i, due to the factor
Y Ap ‘a“,l:—l*”', which resembles de Levie’s admittance modulat-
ing factor. The porous structure contribution is included in the
dimensionless quantity x> = k - (%)71, which represents the
combined diffusion and kinetics within the pores. When all
pores have low x, (tanh x — «) the modulating factor equals
the total electrode active area A, (see equation (14)), indicat-
ing that at low overpotential or for wide and short pores, the
oxygen reduction takes place at the thin-film total electroactive
area with little oxygen depletion. This explains the linear plot
shown in figure 6(A) and allows to obtain the specific activity
of the catalyst in the potential range where the approximation
is valid by normalizing by total electroactive area.

; ~ . . * . .
lk|10w—0verp0temial ~ Ne- F CO2 k ZApi

ne - F-Ch kA,

(14)

lk|low — overpotential ~

When all pores have high x (tanh x — 1) the convec-
tive—diffusion limiting current is reached for large k or large
and thin pores, i.e. the oxygen concentration is depleted at the
top of the pores. In this case,

i ~n_-F-C' -k- ‘h (15)
klhigh — overpotential ~ ‘e~ 0O, K
1

Ik|high — overpotential €N be expressed in terms of parameters
obtained from impedance analysis as:

ik|high70verp0tential Ane- - F-C- V 2Ca-p-D-k- AP Qg
(16)
due to the relation:

1 217
— == 17
2p~ Cd1a02 r ( )

It should be noticed that when the oxygen consumption is
larger than its diffusion within the pores only the top of the
film is reducing O,, and this region gets smaller the larger s
(exponential decrease). As a result, the total kinetic current
i increases according to v/k and not to k, i.e. Tafel slope at
HO should be half of the slope at low-overpotentials (LO).
Equation (16) explains the trend of ik, — overpotential With Ap *
oy seen in figure 6(B).

Figure 7 shows normalized kinetic currents (ix norm) by total
electroactive area of the same experiments shown in figure 5.
The curves overlap at LO because all electrodes were prepared
using the same catalyst, i.e. have the same specific activity, and
separate (shift) at higher potentials according to their oy, as
predicted by equation (16). On the other hand, the normalized
kinetic current increases with @g. Ke et al [25] observed the
same behavior when comparing porous platinum electrodes
with increasing amount of deposited catalyst on the disc. The
LO approximationis valid for £ < 0.2 and the maximum value
of iy norm Where all particles in the film are active for the ORR is
proportional to ag? (equation (18)), i.e. according to the model
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The model does not account for the experimental data at HO
as well as it does at LO, as shown in figures 6(A) and (B).
Therefore, a better definition of the specific catalytic activity
from iy porm With the low x approximation is needed. Since the
potential range where the low ~ approximation is valid may

0.98

0.96 1 8

E (i, =5.10"mA.cm?)
1V vs RHE

0.944

Room  390°c  600°C  800°C

Temp

Figure 9. Potential at normalized kinetic current of 5 x 107>
mA cm™2 as a function of heat treatment temperature. The
electroactive area correction was based on an assumed specific
capacity of 2 uF cm 2.

depend on the catalyst, a characteristic potential for a prede-
fined value i norm 1S a better indicator of the electrocatalytic
activity than a current i ,orm at a predefined potential.

It is interesting to notice that this limitation can be removed
by using electrodes with higher penetration ratios. The poten-
tial window where the low k approximation is valid can
include a wider potential range where the RDE current changes
if electrodes have large enough ap (=30 Hz %3 according to
the present results).

Figure 8 compares the RDE currents obtained in O, satu-
rated 0.1 M KOH (pH = 13) for all catalysts studied. Inspec-
tion of the average half wave potential, Eyaf.wave (dashed line)
shows that the activity decreases after heat treating at 300 °C,
rises at 600 °C and decreases again at 800 °C to the same value
observed for FePc-300 °C. Lalande [39] observed that non-
pyrolyzed FePc/C catalyst had the lowest activity but the same
trend for the other catalysts. We have confirmed that FePc-RT
exhibits poor ORR activity if tested before cycling because
few FePc molecules are electrically connected to the car-
bon support. After few oxidation—reduction cycles, the redox
charge rises and the electro catalytic activity improves signifi-
cantly. Note that Komba et al [40] obtained an excellent FePc
based catalyst for ORR without using any heat treatment in its
preparation in agreement with our result.
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Figure 10. N 1s and Fe 2ps3,; XPS spectra of carbon Vulcan particles and synthetized materials.

Figure 9 shows the specific activity as a function of the heat
treatment temperature for the electrodes described in figure 8.
The dispersion observed in figure 8 was reduced significantly
after normalizing, and the activity trend changed since the spe-
cific activity corresponding to FePc-800 °C was smaller than
FePc-300 °C. Both catalysts showed similar activity in RDE
experiments (figure 8) due to the much higher specific area of
FePc-800 °C (see figure 3-bottom panel).

The catalytic activity improvement for FePc-600 °C as
compared to FePc-300 °C was kept after normalization which
is consistent with results reported elsewhere [39, 41, 42]. This
improvement has been widely discussed but still there is no
agreement in the literature. Among the possibilities it has been
suggested better dispersion of the supported chelate, the for-
mation of a non-identified Fe—N active site [15] and a modifi-
cation in the electronic structure of the central metal due to a
reaction of the chelate and the carbon support surface [42, 43].

In order to gain information on the catalysts Fe and N sur-
face composition in the present work, we have combined XPS
with electrochemical estimation of the redox sites concentra-
tion on the surface.

Figure 10 shows the N 1s and Fe 2p3, XPS spectra cor-
responding to carbon Vulcan support and the FePc-RT, FePc-
300, FePc-600 and FePc-800 catalysts. The N 1s XPS signal
of FePc-RT is composed of two main contributions. The most
intense is centered at 398.5 eV and is due to the N atoms in the
FePc molecule [44], while the second is centered at 400.2 eV
and may be due to amine groups [45]. Although the secondary
contribution is not expected since all nitrogen are equivalent in
FePc, it has also been observed by other authors [39, 46, 47]

16
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Figure 11. Top panel: ratio between integrated intensities of N
15(298.5 eV) and Fe 2ps; signals corrected by the corresponding
sensitivity factors. Dotted line corresponds to ratio expected for
FePc. Bottom panel: intensities of N 15(298.5 eV) and Fe 2ps)»
relative to the not heat-treated material.

and is probably due to the co-adsorption of unwanted species
during catalyst preparation. Although the intensity of the Fe
2psss signal changes with temperature the binding energy posi-
tion remains constant suggesting that the iron oxidation state
distribution of remains similar to that in the non-pyrolyzed
material.

Figure 12(A) shows that the ratio between the N 1s sig-
nal at 398.5 eV and the Fe 2ps3; signal (corrected by the
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from impedance fitting) as a function of heat treatment temperature.

corresponding sensitivity factors) from 300 °C to 600 °C is
roughly 8:1 in agreement with the molecular stoichiometry.
Thus, the observed decrease in the N 1s and Fe 2ps3,, inten-
sities in this temperature range is probably due to desorption
of intact FePc molecules. This is consistent with previous work
[39, 48, 49] which has shown that Fe—N, moieties do not
suffer thermal decomposition at pyrolysis temperatures below
600 °C.

Annealing from 600 °C to 800 °C causes a further decrease
in the N signal at 398.5 eV, while the Fe 2ps), signal remains
almost constant. Consequently, the ratio N(298.5 eV)/Fe
decreases to almost 3, indicating the molecular stoichiometry
is lost. On the other hand, the binding energy of the Fe 2ps,,
signal remains unmodified thus suggesting that the iron oxida-
tion state is similar to that of the FePc molecule. Then, it is con-
cluded that Fe—N, moieties are decomposed upon heat treat-
ment at 800 °C and nitrogen containing products are desorbed
while oxidized iron remains at the surface.

The Fe(IT)/Fe(III) electrochemical process has been studied
with cyclic voltammetry (figure 12(A)), and the correspond-
ing analysis is shown in figure 12(B). The top panel in figure
12(B) reveals that the standard potential of the electron transfer
process (E”) shifts to slightly higher values for FePc-600 °C,
which may be interpreted as change in the chemical environ-
ment of the metal center [42, 50, 51]. On the other hand, the
bottom panel shows that the integrated charge of the FePc
peaks is highest in FePc-RT, with a ten-fold decrease after
300 °C heat treatment, surprisingly, increases slightly for
FePc-600 °C but no peak has been observed for FePc-800 °C,

Table 1. Surface concentration of FePc relative to FePc-RT
obtained by XPS and cyclic voltammetry.

XPS CV peak
FePc-RT 1 1
FePc-300 °C 0.62 0.07
FePc-600 °C 0.56 0.22

which is consistent with destruction of Fe—N4 moieties as
found from XPS.

Table 1 compares the surface concentration of FePc relative
to FePc-RT obtained by XPS and integration of voltammetry
redox peaks. XPS analysis shows very similar Fe—N, surface
concentration for FePc-300 °C and FePc-600 °C and that is
some 60% lower than in FePc-RT. The relative redox charge is
much lower for both catalyst. Hence, heat treatment not only
reduced the concentration but also silenced the electrochemi-
cal activity of a fraction of the surface molecules. The fact that
there were more electroactive redox species at 600 °C than at
300 °C may be due to a better rearrangement of the molecules
at higher temperature in the thermal treatment.

The main purpose of the comparative analysis carried out
in this work has been to find strong correlations between sur-
face composition and activity in order to elucidate the nature
of the electro catalytic sites. Figure 13 shows a linear correla-
tion between the specific activity and the logarithm of Fe—Ny
surface concentration obtained from the electroactive charge.
It has been proposed that the activity increases after heat treat-
ment at 600 °C due to the formation of a new active site, which
would be more active than the original FePc. However, our
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Figure 13. Potential at which normalized kinetic current is 5 x
107> mA cm™2 as a function of the logarithm of specific FePc
surface concentration calculated by integration of CV.

results indicate that the activity in basic media increases due
to a change in the surface concentration of electroactive Fe—Ny
moieties. This illustrates one of the biggest problems when
using XPS to find the active site in complex catalysts. While
FePc-300 °C and FePc-600 °C show the same XPS FePc sur-
face concentration, the redox charge from cyclic voltammetry
determines the concentration of the electroactive sites for the
ORR.

4. Conclusions

By combining RDE, linear scan voltammetry and electro-
chemical impedance spectroscopy for thin porous RDE elec-
trodes, we could separate the effects on the activity. of
electroactive area, O, penetrability and chemical surface
composition.

Normalization of RDE kinetic currents by the electroactive
area at low overpotential has been applied to heat-treated FePc
electrocatalyst dispersed on carbon. Comparison of the XPS
surface composition and the redox charge has shown Fe and
N present on all surfaces. The N:Fe ratio of FePc (8:1) was
conserved up to 600 °C but decreases at 800 °C while FePc
active sites are lost.

A very good correlation has been found between the ORR
electro catalytic activity and the surface concentration of FePc
electroactive of sites after normalizing by the electroactive
area. This result suggests that the activity per FeN, active site
is the same in these catalysts.
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