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ABSTRACT

Hydrogen peroxide (H20.) formed via the two-electron oxygen reduction reaction
(2e-ORR) on Fe-N-C catalysts at elevated temperatures can cause catalyst degradation
in fuel cells. In this work, we studied the effects of temperature on the selectivity of Fe-
N-C catalysts for the 2e- and 4e-ORRs in acidic electrolytes. The results showed that
the H2O> yield increased with increasing temperature, and prolonged high-temperature

exposure under ORR polarization conditions led to catalyst degradation and higher



H2>0O, yield. These effects were further explained by means of a kinetic model

describing the competitive reactions and the thermodynamics of the system.

Table of Content Graphic

BRIEFS Kinetic analysis showed increasing selectivity for 2e-ORR and higher H20-

yield on PGM-free Fe-N-C catalyst with increasing temperature.

Platinum group metal-free (PGM-free) catalysts based on iron- and nitrogen-doped
carbon (Fe-N-C) materials exhibit promising activity for the oxygen reduction reaction
(ORR) in proton exchange membrane fuel cells (PEMFCs).1® Through material
innovation,’” 1% device engineering,!* 12 and understanding the catalytic centers in Fe-
N-C catalysts,*> 4 significant performance improvements were achieved in Hp-air fuel
cells.™® However, the lack of long-term durability of Fe-N-C catalysts in PEMFCs
remains an unresolved issue in this research field. Specifically, fuel cells with PGM-
free cathodes often experience a rapid loss of initial performance in the first tens to
hundreds of hours, thus not satisfying the requirement for practical use.'® '

It is well known that Fe-N-C catalysts can catalyze two-electron oxygen reduction
(2e-ORR, O, + 2H" + 2" — H202, E® = 0.695 V vs. SHE) to form hydrogen peroxide,
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as well as the subsequent hydrogen peroxide reduction reaction (HPRR, H20; + 2H" +
2e" — 2H,0, E® = 1.78 V vs. SHE), in addition to the four-electron ORR (4e-ORR, O;
+4H" + 4¢” — 2H,0, E° = 1.23 V vs. SHE). The H,0, formed via the 2e-ORR pathway
has been identified as a major agent leading to the fast degradation of PGM-free
catalysts in fuel cells and needs to be addressed.'®22 The selectivity of Fe-N-C catalysts
for the 2e-ORR at room temperature in aqueous electrolytes is often measured using a
rotating ring-disk electrode (RRDE) and reported in terms of H20; yield (Yrzo2).2®
However, this critical information at fuel cell operating temperatures (e.g., 80 <C) is
still unclear, as there has been limited research on the dependence of H20- yield on
temperature.?*2 It is important to study the temperature effects on Y202 and report the
values at elevated temperatures, as this information is essential to the understanding of
catalyst degradation during fuel cell operations. In addition, since Fe-N-C catalysts
degrade rapidly in fuel cells, the effects of catalyst degradation during experiments
should be carefully evaluated and differentiated with the intrinsic temperature
dependence.?42¢

In this work, we examined the effects of temperature on the selectivity of Fe-N-C
catalysts for the 2e- and 4e-ORRs between 25 and 80 <C in an aqueous acidic electrolyte
using a high-temperature rotating ring-disk electrode (HT-RRDE). The variation of
YH202 With temperature was quantitatively analyzed with a kinetic model and linked to
the thermodynamics of the system.?” 28 In addition, control experiments were carried
out to quantify the effects of prolonged high-temperature exposure on the selectivity of
the Fe-N-C catalyst. Our results showed that Y202 is related not only to the electrolyte
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temperature but also to the history of high-temperature exposure of the electrode. These
findings will help us understand the degradation behavior of PGM-free catalysts in fuel
cell systems at elevated temperatures.

The Fe-N-C catalyst used in this work was synthesized by pyrolyzing a precursor
mixture containing iron chloride (FeCls), poly-2-aminobenzylamine, and oxidized
carbon black using a previously published method.?® Structural analysis shows that this
catalyst mainly contains atomically dispersed iron atoms on graphene-like nitrogen-
doped carbon structures (see the Supporting Information for details, Figure S1-S4). Its
physical characteristics agree with our previous report.

The effects of temperature on the Fe-N-C catalyst's selectivity for the 2e- and 4e-
ORRs were carefully studied using a set of individual heating experiments.
Specifically, electrodes #1, #2, and #3 loaded with the Fe-N-C catalyst were first tested
at 25 <C to ensure consistent activity and selectivity (Figure S5; see the Supporting
Information for details). Then, these three electrodes were immediately tested at 40, 60,
and 80 <C. This experimental design can minimize the effects of the history of high-
temperature exposure on the catalyst, which will be discussed later in this work.

Figure 1a compares the ORR polarization curves measured at 25, 40, 60 and 80 <C.
The onset potential (Eonset) for the ORR remains constant at ca. 0.88 V vs. RHE from
25 to 80 <C. The limiting current density (ja) increased when the solution temperature
increased from 25 to 40 <T (ca. 3.43 mA/cm?) and then decreased when the temperature
further increased to 80 <T (ca. 2.44 mA/cm?). A similar effect of temperature on jg was
observed for the Pt/C catalyst in 0.5 M H>SO4, which can be attributed to the
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temperature dependence of several parameters, including the concentration and
diffusion coefficient of oxygen in the electrolyte solution, the kinetic viscosity, and the
number of electrons transferred.® Figure 1b shows the cyclic voltammograms (CV)
measured at various temperatures. A pair of broad faradaic peaks centered at ca. 0.6 V
appeared and increased in intensity when the temperature increased from 25 to 80 <C.
These peaks are attributed to the redox of oxygen-containing groups on the Fe-N-C
catalyst surface, such as the quinone/hydroquinone redox pair.3% 32 The increase in the
intensity of these redox peaks with temperature suggests that catalyst oxidation was
accelerated at elevated temperature, and the formation of oxygen-containing groups led
to an increase in the pseudocapacitance.® Figures 1c and 1d show the measured Ynz02
values at various temperatures. With an increase in temperature from 25 to 80 <C, the
Yh202 at 0 V increased from ca. 2% to 5%, corresponding to a percentage increase of
200%. These results suggested that the apparent H>O: yield increased slightly when the

cell temperature increased from 25 to 80 <C.
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Figure 1. Results of the individual heating experiments: (a) Steady-state ORR
polarization curves, (b) cyclic voltammograms, and (c) H20> yields of individual Fe-
N-C electrodes in 0.5 M H>SO4 at various temperatures. (d) Percentage increase of

YH202 With temperature.

We used Tafel analysis to gain Kinetic insight into the temperature dependence of
the catalytic selectivity for the ORRs. At a large overpotential, the current can be

described using the Tafel approximation of the Bulter-Volmer equation:3

_aF
Jk = Jjoe ET" Eq.1

where jk is the kinetically limited current, jo is the exchange current density, « is the

transfer coefficient, F is the Faraday constant, R is the ideal gas constant, T is the



absolute temperature, and 7 is the overpotential. Here, # is the difference between the
applied potential and the thermodynamic equilibrium potential (Et). Based on the
previously reported thermodynamic data of the related chemical species, Et(2e-ORR)
and Er(4e-ORR) both decrease with increasing temperature but at different rates, as
shown in Figure 2a. The temperature coefficients (dE/dT) of Er(2e-ORR) and
Et(4e-ORR) are ca. -0.993 and -0.846 mV/<C, respectively, between 25 and 100 T.*
With the difference in temperature coefficients, Et(2e-ORR) and Er(4e-ORR) will shift
for different values and affect the overpotential (») for these reactions when the
electrode potential is controlled with reference to RHE.

By correcting the above effects and applying the Koutecky£Levich equation, we
obtained the Tafel plot of jx for 4e-ORR at various temperatures, as shown in Figure 2b.
With increasing temperature, the Tafel slope (b) of the linear regions remained
ca. -60 mV dec? (Figure 2c). Since b = — 2.303RT/(aF) for the rate-determining step
(RDS) of the one-electron reaction, the nearly unchanged b implies that o and T

changed proportionally to each other.
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Figure 2. (a) Temperature dependence of the thermodynamic equilibrium potential (Et)

for the 4e- and 2e-ORRs calculated from the experimental thermodynamic data.>® (b)

Tafel plot of the Kinetically limited current (jx) for the ORR measured at various

temperatures. The overpotential (y) was calculated based on the Er at various

temperatures. (c) Change in the Tafel slope b with temperature. (d) The exchange

current density (jo) versus 1/T.

The exchange current density (jo) obtained by extrapolating the linear region to zero

overpotential increased with temperature, suggesting that the turnover frequency for

the 4e-ORR at the catalytic center increased with temperature assuming the number of



active sites remained the same. Figure 2d shows the plot of log jo versus 1/T. Based on
the Erying equation, log jo can be expressed as
d (logj,)/d (log 1/T) = — AH*/2.303R Eq.2
where AH* is the activation enthalpy for the rate-determining step (see the Supporting
Information for detail). We determined that for the 4e-ORR catalyzed by the Fe-N-C
catalyst, AH* is 52 +6 kJ/mol, close to the value reported in literature.®
We further applied a method developed by Hsueh et al.*” to quantitatively analyze
the temperature dependence of the 2e- and 4e-ORR kinetics (see the Supporting
Information for detail). This method was based on a model proposed by
Damjanovic et al.® The model describes the system with three electrochemical
reactions (4e-ORR, 2e-ORR and HPRR) and the desorption/adsorption reaction of
H20, (Figure 3a). It is assumed that there is no catalytic decomposition of H>O3, the
adsorption and desorption of H>O: are fast and in equilibrium, and the electrochemical
oxidation of H2O: is negligible below 0.8 V vs. RHE. By analyzing RRDE experiments
at various rotation rates at a certain temperature (Figure S6 and Table S1-S2, see
Supporting Information for details), the rate constants of the 4e-ORR, 2e-ORR and
HPRR, denoted as ki, k2, and ks, respectively, can be obtained. Figure 3b shows the k
values measured at 25 and 80 <C. When the temperature increased from 25 to 80 <C,
the rate constants over the entire potential range all increased. We quantified the
increase in the rate constant with temperature by defining a temperature coefficient, y,
where y(ki) = log [ki(80 T)/ki(25 °C)]/AT. Figure 3c shows that y(ki) < y(k2) = y(ks),
suggesting that the 2e-ORR and HPRR accelerated more significantly than the 4e-ORR
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in response to increasing temperature. Considering the above findings, we expect that

the Yno02 in PGM-free PEMFC cathodes may also increase with the cell temperature.

The formation rate of H2O> could be higher than that projected based on room-

temperature data and may impact the fuel cell stability more negatively than previously

expected.
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Figure 3. (a) Kinetic model for ORR proposed by Damjanovic et al.*® Symbol b and *

represent species in bulk solution and adsorbed state, respectively. (b) Rate constants

k1, k2 and ks as a function of potential at 25 and 80 <C. (c) Temperature coefficients p(k1),

y(k2), and y(ks) compared at different potentials.
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In addition to the above findings, we also noted that prolonged temperature
exposure in an electrolyte solution can lead to an increase in Yn202, most likely due to
irreversible catalyst degradation. Figure S7 shows the results of the sequential heating
experiment, in which one electrode was tested sequentially at 25, 40, 60, and 80 <C
when the solution was heated over approximately 3.5 hours. The Yn202 value increased
from ca. 2.00% to 7.00% (Figure S7c). However, the percentage increase in Ynoo2 at
OV was up to ca. 280%, higher than that observed during the individual heating
experiments (ca. 200%) (Figure S7d). This difference could be due to the catalyst
degradation occurred during the prolonged heating process. During a sequential cooling
experiment (Figure 4), the electrochemical data for one electrode were recorded while
the solution was first heated to 80 <C in one hour and then cooled to 25 <C in five hours.
The Yn202 value at 0 V increased from ca. 2% to 7% when the cell temperature increased
to 80 <C, and then further increased to ca. 11% (Fig. 4a-b) when the cell was cooled
from 80 to 25 <C, corresponding to a percentage increase of 570%. The catalyst showed
an irreversible increase in Yn202 and a decrease in E12 in comparison to its initial state
at 25 <C. These irreversible changes were accompanied by the permanent appearance
of redox peaks centered at ca. 0.6 V in the CV curves (Figure 4c), which are associated
with the formation of oxygen-containing groups.®™ 3 Based on these results, we
propose that catalyst degradation occurring at the ORR potential during prolonged
heating/cooling experiments may also lead to an increase in Y202 and a loss of activity.
It is expected that the slow start-up and heating of PEMFCs with the presence of oxygen
in PGM-free cathode may lead to an irreversible loss of catalyst activity and a
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significant increase in Yn202, decreasing the stability of the system. By shortening the

break-in time of PGM-free cathodes in fuel cells research, a higher initial fuel cell

performance is expected, as observed in recent report.%
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Figure 4. Results of a sequential cooling experiment for a single electrode loaded with
Fe-N-C catalyst: (a) H20- yields, (b) the percentage increase of Y202, (C) cyclic
voltammograms, and (d) steady-state ORR polarization curves measured in 0.5 M

H2SO4.

In summary, we studied the effects of temperature on the selectivity of Fe-N-C
catalysts for the 2e- and 4e-ORRs in an aqueous acidic electrolyte between 25 and

80 <C. We quantified the increase in Yn202 with temperature and attributed this finding
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to the temperature dependence of 2e- and 4e-ORR thermodynamics and reaction
kinetics. With increasing temperature, the thermodynamic overpotentials for these two
competing reactions shift differently. The exchange current density at zero
overpotential also increased with temperature. By fitting the linear relationship between
jo and 1/T, the activation enthalpy of RDS for the 4e-ORR catalyzed by the Fe-N-C
catalyst was determined to be 52 + 6 kJ/mol. Kinetic analysis showed that the
temperature coefficient for the 2e-ORR was the highest for all competing reactions. As
a result, the selectivity toward the 2e-ORR increased with increasing temperature. In
addition, prolonged high-temperature exposure of the catalyst at ORR polarization
potentials can result in an irreversible increase in Yr2o2 and should be differentiated
from the above Kkinetic effects. These results imply that the formation of H>O> could be
a much more severe problem in fuel cells at 80 <C than predicted based on room-
temperature selectivity data. Prolonged exposure of the PGM-free cathode to a high cell
temperature and ORR potential may lead to an irreversible increase in H2O> yield and

loss of activity due to catalyst degradation.
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