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Platinum group metal-free (PGM-free) catalysts, based on earth-

abundant elements such as carbon, nitrogen, and transition metals, 

have shown promising oxygen reduction reaction (ORR) activity in 

fuel cells. Intensive research activities have focused on the 

improvement of activity and understanding of active sites in PGM-

free catalysts. However, the durability of PGM-free catalysts in 

fuel cell cathode under realistic operating conditions has been 

addressed to a much lesser degree than the initial ORR activity, 

with only qualitative degradation mechanisms proposed to account 

for the generally fast activity loss in the fuel cell. Herein, we 

introduce to PGM-free ORR electrocatalysis a quantitative logistic 

decay model, based on a two-step autocatalytic degradation 

mechanism to portray catalyst degradation behavior. This model 

describes well the current-time data measured in the kinetic range 

of the fuel cell (fuel cell cathode) operation. The results further 

suggest that the formation of deactivation species during the ORR 

is responsible for the loss of catalytic active sites and ensuing cell 

performance loss. 

 

Introduction 

 

PGM-free ORR catalysts based on carbon, nitrogen and transition metals are promising 

low-cost materials to replace the scarce and expensive platinum-based catalysts in fuel 

cells. To date, most research activities in this field have been focused on the activity 

improvement of PGM-free catalysts and the understanding of their active sites (1-3). 

Recently, concerns over the durability of PGM-free catalysts have received more 

attention. In fuel cell testing, current-time (i-t) transients, measured at a constant voltage 

over extended periods of time are typically used to monitor the cell performance change. 

Performance loss of various PGM-free ORR catalysts has been commonly observed in 

both the fuel cell and electrochemical cell. Some PGM-free catalysts showed stable fuel 

cell performance at low voltage for hundreds of hours, while some other catalysts suffer 

from a significant loss in fuel cell test at all voltages (3-8). Several degradation 

mechanisms have been discussed in the literature to account for the performance loss of 

PGM-free catalysts, in particular, micropore flooding (5, 9, 10), demetalation (6, 11, 12), 

carbon corrosion/oxidation (11, 12), and hydrogen peroxide attack (13). In their recent 

study, Dodelet et al. reported that a double exponential decay model with three fitting 

parameters fit well the current-time curve during the degradation of a PGM-free catalyst 

(6). A recent perspective paper also presented a comprehensive review of the degradation 

mechanisms of PGM-free catalyst (8). However, more quantitative studies are still 

needed to elucidate the degradation mechanisms of PGM-free catalysts and aid in 

providing solutions for durability improvement.  



Here, we apply two kinetic models describing the degradation rate of PGM-free ORR 

catalysts during the cell operation: the logistic decay and exponential decay models, 

based on autocatalytic degradation mechanism and first-order degradation mechanism, 

respectively. The loss of PGM-free catalyst activity in the fuel cell was quantified by 

monitoring the change of kinetic current at a high cell voltage over time. The logistic 

decay model was found to accurately describe the experimental data with a single fitting 

parameter, at the same level of the goodness of fit as a three-parameter double 

exponential decay model. As far as we know, this is the first single-parameter kinetic 

model that captures well the degradation trend of PGM-free ORR catalysts. The results 

suggest that autocatalytic degradation due to the formation of reactive species, most 

likely hydrogen peroxide and peroxide-related species, may be responsible for the 

performance loss of PGM-free ORR catalysts. 

 

Experimental 

 

Catalyst Preparation 

 

The PGM-free CM-PANI-Fe-C(Zn) catalyst was prepared following a synthesis 

previously reported (14,15). In a typical procedure, aniline, cyanamide, iron chloride, 

zinc chloride, ammonium persulfate and carbon support (Black Pearls® 2000) were 

added to hydrochloric acid and continuously stirred. The mixture was then dried to obtain 

a slurry, heat-treated at 1000 ºC for one hour in N2, and acid-leached in sulfuric acid at 

90 ºC to remove ORR non-reactive, iron-rich phases. The sample was then collected 

through filtering and re-dispersed in deionized water. The dispersion was then further 

purified by removing the remaining iron-rich magnetic phases using a permanent 

magnet (16). The sample after purification was collected and dried in vacuum. The final 

product was obtained after the second heat-treatment of at 900 ºC for three hours in N2.  

 

Membrane Electrode Assembly (MEA) Preparation  

 

The high-performance MEAs used in this study were fabricated using a method reported 

previously (15). Catalyst inks were prepared by mixing 30 mg of the catalyst with 

ionomer dispersions (24 wt% Aquivion® D83-24B, EW 830 g/mol SO3H, Sigma-

Aldrich) in a solvent containing water and isopropanol and the sonicating in an ultrasonic 

bath for four hours. The 5 cm
2
 membrane electrode assembly (MEA) was fabricated by 

first hot-pressing the Pt anode (a commercial gas diffusion electrode, 40% Pt on Vulcan® 

carbon, 0.3 mgPt/cm
2
, Sigracet 29 BC carbon fiber paper) to one side of a Nafion® 

NR211 membrane at 120 ºC, 5.3 MPa for 5 min. The catalyst ink was then brush-painted 

to the cathode side of the membrane at ~ 80 ºC to achieve a catalyst loading of ca. 4.8 

mg/cm
2
. The MEA was assembled with gas diffusion layer (GDL, Sigracet 29 BC carbon 

fiber paper) on the outer side of the cathode. PTFE gaskets were used for sealing the 

MEA in the cell hardware at ca. 75% to 80% of its original thickness. 

 

Fuel Cell Testing and Electrochemical Experiments  

 

The fuel cell performance was measured in H2-air and H2-O2 fuel cells at 80 ºC, using 

fully humidified gases at a flow rate of 200 sccm. The partial pressure of H2 at the anode 

and the partial pressure of air (the sum of partial pressures of N2 and O2) or O2 at the 



cathode was maintained at 1.0 bar. The polarization plots were recorded from an open 

cell voltage (OCV) to 0.2 V at a step of 0.02 V with step period of 10 s. 

 

The durability tests were conducted at a constant cell voltage using long voltage holds 

and two different approaches. In the first approach, the cell voltage was held constant at 

0.84 V and current density vs. time (j-t) plots were recorded. In the second approach, the 

cell voltage was varied between a selected degradation voltage (OCV, 0.70 V, or 0.40 V) 

and then changed to 0.84 V for 2 minutes to measure the performance loss. In the second 

case, the holding times were 18 minutes at the OCV and 58 minutes for at 0.70 and 

0.40 V. The values of j measured at 0.84 V at different times were normalized to the their 

initial values and noted as jnormal. The OriginLab Pro software was used for curve fitting. 

 

The cyclic voltammograms for the PGM-free cathodes in N2 were recorded using a 

CHI 760d potentiostat (CH Instruments) in a two-electrode mode, with H2-Pt/C anode 

acting as a counter/quasi-reference electrode. Fully humidified H2 and N2 were flown at 

200 sccm and atmospheric pressure through the anode and cathode, respectively. The 

cyclic voltammograms were recorded from 0 to 1.0 V vs. RHE at a scan rate of 20 mV/s. 

A constant capacitance of 40 µF/cm
2
 was assumed to estimate the electrochemical 

surface area (ECSA) of PGM-free catalyst in the cathode. 

 

Kinetic Models 

 

In this work, we apply two kinetic models to quantitatively describe the degradation of 

PGM-free ORR catalysts: autocatalytic degradation mechanism and first-order 

degradation mechanism (Figure 1). The autocatalytic degradation mechanism (the left 

picture in Figure 1) involves two steps: (1) formation of a deactivation intermediate 

through a first-order reaction step catalyzed by the active site(s); (2) degradation of active 

sites through the attack of deactivation agent. The first-order degradation mechanism is a 

one-step reaction such as demetallation as illustrated in the right picture in Figure 1, 

through which the active site is deactivated. 

 

 
 
Figure 1.  Schematics of proposed two degradation mechanisms of PGM-free catalysts. 

 

Oxygen Reduction Reaction Model 

 

The overall oxygen reduction reaction catalyzed by an active site X at the cathode can be 

expressed as: 

 

 X + 2O2 + 4H
+
 + 4e

-
 → X + 2H2O [1] 



 

Here, we assume that the ORR is first order with respect to the active site. We also 

assume that only one type of active site with the highest ORR activity remains 

operational at high voltages, specifically at a voltage of 0.84 V used in this study. Under 

the conditions of constant pressure, humidity, flow rate, pH, and potential, the kinetic 

current density jk measured at time t is proportional to the density of active sites: 

 

 jk,t ∝ [X]s,t [2] 

 

where [X]s,t is the surface concentration of active sites. By normalizing kinetic current 

density and concentration of active sites to their initial values, the following kinetic 

equation can be proposed: 

 

 jk,normal = jk,t / jk,t=0 = [X]s,t/[X]s,t=0 [3] 

 

where jk,normal is the normalized current density; jk,t and jk,t=0 – the current density at a time 

of measurement, t, and t = 0, respectively; [X]s,t and [X]s,t=0 – the concentration of active 

sites at the time, t, and t = 0, respectively. 

 

Autocatalytic Degradation Mechanism and Logistic Decay Model 

 

The two-step surface autocatalytic degradation mechanism can described by the 

following reactions:  

 

 First step:   X + R → X + D [4] 

 Second step:  X + D → XD + E [5] 

 

where R represents the reagent involved in the formation of deactivation species D; XD 

represents the deactivated site; E represents the other products of the degradation reaction. 

Under constant conditions, the reaction rates of 4 and 5 can be expressed as: 

 

 d[D]/dt = k1[X]s[R] – k2[X]s[D] – [D]ν  [6] 

 d[X]s/dt = – k2[X]s[D] [7] 

 

where, [R] and [D] are the bulk concentrations of the reagent and deactivation species, 

respectively; [X]s – the surface concentration of the active sites; d[D]/dt – the 

accumulation rate of D in the system; k1[X]s[R] – the generation rate of D; k2[X]s[D] – 

the consumption rate of D through the degradation reaction; [D]ν – the removal rate of D 

through the mass flow in the cathode or through side reactions; d[X]s/dt – the active site 

degradation rate. The ordinary differential equations 6 and 7 have been used to fit the 

experimental data, providing the exact autocatalytic decay fit below. 

 

An approximate solution can also be obtained by treating the cathode as a plug flow 

reactor. At a quasi-steady state, the accumulation of D in the system, d[D]/dt, is zero, and 

equation 6 simplifies to 

 

 k1[X]s[R] – k2[X]s[D] – [D]ν = 0 [8] 

 



By further assuming that the consumption term of D, k2[X]s[D], is negligible compared 

with the formation and removal terms of D at a high flow rate one obtains 

 

 k1[X]s[R] – [D]ν ≈ 0  [9] 

 [D] ≈ – k1[X]s[R]/ν  [10] 

 

Substitution of equation 10 into equation 7 yields 

 

 d[X]s/dt = – (k1k2[R]/ν)[X]s
2
 [11] 

 

The constants on the right-hand side of equation 11 can be combined into a single 

constant, resulting in 

 

 d[X]s/dt = – kapp[X]s
2
 [12] 

 

where kapp is the apparent rate constant. By solving equation 12, one obtains: 

 

 [X]s = 1/(C1 + kapp t) [13] 

 

where C1 is the inversion of the initial active site concentration, which can be written as 

 

 [X]s, t=0 = 1/C1 [14] 

 

Substituting equation 13 and 14 into equation 3 results in:  

 

 jk,normal = 1/(1+ kapp t/C1) [15] 

 

 The term C1/kapp in equation 15 can be treated as a single constant, resulting in  

 

 jk,normal = 1/(1 + t/t0)  [16] 

 

Equation 16 describes a logistic decay model. By fitting that equation into the 

experimental data, using only one adjustable parameter t0, the degradation behavior of 

active site can be quantitatively described. 

 

First-Order Degradation and Exponential Decay Model 

 

The following condition is true for the degradation of active sites via a first-order 

degradation reaction mechanism:  

 

 X → XD [17] 

 

Under the conditions of constant pressure, humidity, flow rate, pH, and potential, the 

kinetics of the degradation reaction can be described by the following differential 

equation: 

 

 d[X]s/dt = – k [X]s [18] 

 



where, –k [X]s is the degradation rate of X. The concentration of active sites at time, t, is 

in the form of exponential decay model: 

 

 [X]s,t = [X]s,t=0 exp(-kt) [19] 

 

The kinetic current density will also follow the same exponential decay function: 

 

 jk,normal = exp(-kt) [20] 

 

The exponential decay model accounts for any first-order degradation at a constant rate, 

such as demetallation or carbon oxidation reactions, without the involvement of 

deactivation intermediates. 

 

 If the active site degradation occurs via more than one first-order degradation 

mechanism, each with a different rate constant, ki, the corresponding rate equation can be 

written as follows:  

 

 d[X]s/dt = – (k1 + k2 + … + kn )[X]s [21] 

 

Once the rate constants for all individual degradation processes are combined into a 

single rate constant, equation 21 assumes the same form as the exponential decay model 

described by equation 20. 

 

First-Order Degradation of Two Types of Active Sites and Double Exponential Decay 

Model 

 

Inspired by the double exponential decay model proposed by Dodelet et al. (6), we 

examine here kinetic models to account the case involving two types of ORR active sites, 

X1 and X2. Assuming that both sites degrade through their first-order degradation 

mechanism, the change in the concentrations of the two sites can be described by the 

following equations: 

 

 [X1]s,t = [X1]s,t=0 exp(-k1t) [22] 

 [X2]s,t = [X2]s t=0 exp(-k2t) [23] 

 

The total concentration of active sites can be expressed by a double exponential decay 

model: 

 

 [X]s,t = [X1]s exp(-k1t) + [X2]s exp(-k2t) [24] 

 

The total kinetic current density of ORR will follow a double exponential decay as: 

 

 jk,normal = C exp(-k1t) + (1 – C) exp(-k2t) [25] 

 

where C and (1 – C) are the initial contributions of X1 and X2 to the kinetic current, 

respectively, and C can be expressed by 

 

 C = K1[X1]s,t=0/(K1[X1]s,t=0 + K2[X2]s,t=0) [26] 

 



where K1 and K2 are the ORR rate constants of ORR catalyzed by X1 and X2, respectively. 

 

Equation 25 is likely applicable to the double exponential decay model proposed by 

Dodelet et al. (6). 

 

Results and Discussion 

 

Regardless of the degradation voltage used, the analysis was performed using current 

density measured at a fuel cell voltage of 0.84 V. Consequently, the results pertain 

exclusively to the site(s) with an ORR onset potential above ca. 0.84 V vs. RHE (after 

correction and assuming negligible kinetic losses at the anode – a justified assumption, 

especially at low measured cell currents). Thus, the results do not reflect the durability of 

active sites with lower ORR onset potentials (which, even if present, are not likely to play 

a major role in the ORR kinetics). 

 

It needs to be emphasized that the above logistic and exponential decay models are 

based on an assumption of constant, humidity, pH next to the active site, pressure, 

temperature, and especially cathode potential. In real experiments, the cathode potential 

differs from the cell voltage by the iR loss and anode polarization loss; water generation 

affects the relative humidity and pH down the cathode flow-field; the gas pressure 

changes along the flow channels and across the catalyst. These effects are generally 

negligible when the degradation experiments are conducted at low ORR current densities, 

i.e., at high voltages such as 0.84 V or higher. In such cases, the experimental conditions 

can be assumed to be constant. However, this is no longer the case once a degradation 

experiment is conducted at high current densities, i.e., low voltages such as 0.7 V or 

0.4 V, used in this work in addition to the main experiments at 0.84 V. Given these 

considerations, the models should be first verified under low-current (high fuel cell 

voltage) conditions. 

 

Figure 2 shows normalized j-t curves, measured at a constant voltage of 0.84 V in 

H2-air and H2-O2 fuel cells. The result attest to a fast decay of cell current at the initial 

stage followed by a slower, yet continuous, current decrease at longer times. Since the 

anode is using Pt/C catalyst, highly active and stable under the operating conditions of 

the anode, we attribute the cell performance loss solely to the degradation of PGM-free 

ORR catalyst in the cathode. For the jnormal-t data at 0.84 V in an H2-air fuel cell (Figure 

2a), the logistic decay model provides an excellent fit, with R
2
 = 0.9950, which is as good 

as the fits provided by the exact form of autocatalytic decay (R
2
 = 0.9955) and double 

exponential decay (R
2
 = 0.9969). In contrast, the single exponential decay model does not 

fit the experimental data. Similarly, the logistic decay model fits well the jnormal-t curve 

measured in an H2-O2 fuel cell. It should be emphasized that the logistic decay model can 

fit the data and describe the degradation behavior using only one parameter, while, at the 

same time, the double exponential decay model is likely overparameterized. 

 

Figure 3 shows the jnormal-t data measured at 0.84 V (see approach two above) that 

corresponds to catalyst degradation at the OCV in H2-air and H2-O2 fuel cells. The 

logistic decay model assures a good fit with R
2
 = 0.9935, which is virtually as good as the 

exact autocatalytic decay fit (R
2
 = 0.9969) and the double exponential decay fit (R

2
 = 

0.9980). The single exponential decay model fails to fit the data. 

 



 
Figure 2.  Curve fitting results at a 0.84 V in (a) H2-air and (b) H2-O2 fuel cells. Cathode: CM-

PANI-Fe-C(Zn) catalyst, ca. 4.8 mg/cm
2
, 55 wt% Aquivion® D83 ionomer;  anode: Pt/C, 0.3 

mgPt/cm
2
; cell temperature 80 ºC, 100% RH; gas flow 200 sccm; Nafion

®
 NR211 membrane. 

 

 
Figure 3.  Comparison of curve fitting results to the normalized current density data at 0.84 V in 

a fuel cell with performance degraded at the open cell voltage. Cathode: CM-PANI-Fe-C(Zn) 

catalyst, ca. 4.8 mg/cm
2
, 55 wt% Aquivion® D83 ionomer; anode: Pt/C, 0.3 mgPt/cm

2
; cell 

temperature 80 ºC, 100% RH; gas flow 200 sccm; Nafion
®
 NR211 membrane. 

 

The curve fitting results for the jnormal-t data measured at 0.84 V after degradation at 

0.7 V and 0.4 V are shown in Figure 4. The decay of jnormal was accelerated at these two 

voltages, compared to the decay at the OCV and 0.84 V. This observation supports the 

autocatalytic degradation mechanism, according to which the species formed during the 

ORR, e.g., H2O2 and or peroxide-derived radicals, are responsible for the active site 

deactivation and ensuing cathode catalyst performance loss.  

 

At the same time, the logistic decay model shows a less satisfying fit to the 

experimental data at 0.7 V and 0.4 V than at 0.84 V or OCV. As discussed above, at high 

current densities generated at low fuel cell voltages, the relative humidity, pH, gas 

pressure, and most importantly the cathode potential cannot be assumed to be constant, as 

in the case of the degradation experiments conducted at high fuel cell voltages. The 

double exponential decay model still fits the data very well, most likely due the higher 

number of adjustable parameters. 

 



We further applied the two models to fit the experimental data by Dodelet and 

Chenitz (6), with the source data kindly provided to us by the authors. The data had been 

recorded at a constant voltage of 0.80 V, interrupted by cell polarization measurements 

from OCV to 0 V and back every 25 h. Before fitting that data we removed temporary 

performance “hikes” observed after each polarization curve recording to extract the 

underlying long-term degradation trend. Figure 5 attests to the logistic decay model 

fitting well the original data, in particular for the results recorded in the first 25 h, before 

the first interruption for recording cell polarization (Figure 5b). This suggests that the 

logistic decay model and thus the autocatalytic degradation mechanism may be 

applicable to other types of Fe/N/C ORR catalysts. 

 

 
Figure 4. Fitting of the decay of the normalized current density at constant voltages of (a) 0.7 V 

and (b) 0.4 V. Cathode: CM-PANI-Fe-C(Zn) catalyst, ca. 4.8 mg/cm
2
, 55 wt% Aquivion® D83 

ionomer, 1.0 bar air partial pressure, 200 sccm; anode: Pt/C, 0.3 mgPt/cm
2
, 1.0 bar H2 partial 

pressure, 200 sccm; cell temperature 80 ºC, 100% RH; Nafion
®
 NR211 membrane. 

 

 
Figure 5.  Comparison of curve-fitting results to the decay of normalized current density at 

0.80 V (a) during the entire 120 h test and (b) in the first 24 h of the test. Experimental data 

provided by Dodelet and Chenitz (6). The data in the first 0.5 h of every 25 h were removed to 

eliminate the effect of breaks for recording polarization curves. Cathode: NC_Ar + NH3 catalyst, 

ca. 4 mg/cm
2
, 55 wt% Nafion

®
, 1.5 bar air partial pressure, 300 sccm; anode: Pt/C, 0.5 mgPt/cm

2
, 

1.5 bar H2 partial pressure, 300 sccm; cell temperature 80 ºC, 100% RH; Nafion
®
 NR211 

membrane.  

 



Figure 6 shows the polarization curves measured before and after the accelerated 

degradation experiments at 0.84 V in H2-air and H2-O2 fuel cells. The performance loss 

throughout the entire voltage range can be seen, with a significant loss of activity in the 

kinetic region above 0.84 V. The fuel cells retained a fraction of their initial performance 

following the very harsh degradation test implemented in this work. 

 

 
Figure 6.  Comparison of fuel cell performance before and after degradation at 0.84 V in 

(a) H2-air and (b) H2-O2 fuel cells. Cathode: CM-PANI-Fe-C(Zn) catalyst, ca. 4.8 mg/cm
2
, 55 

wt% Aquivion® D83 ionomer, 1.0 bar total partial pressure of the gases, 200 sccm; anode: Pt/C, 

0.3 mgPt/cm
2
, 1.0 bar H2 partial pressure, 200 sccm; cell temperature 80 ºC, 100% RH; Nafion

®
 

NR211 membrane. 

 

Figure 7 depicts cathode cyclic voltammetry before and after a 50-hour degradation 

at 0.84 V in an H2-O2 fuel cell. The redox peaks at ca. 0.7 and 0.8 V are attributed to the 

Fe
2+

/Fe
3+

 redox couple. The increase of areas under CV curve may be the result of the 

functionalization of catalyst surface with oxygen-containing groups. The voltammetry 

confirms that the ORR activity loss is not due to the loss in the catalyst surface area, 

which appears to be unchanged, but the individual active sites.  

 

 
Figure 7. Cyclic voltammetry of the PGM-free cathode before and after performance degradation 

at 0.84 V in a H2-O2 fuel cell. Working electrode (fuel cell cathode): CM-PANI-Fe-C(Zn) catalyst, 

ca. 4.8 mg/cm
2
, 55 wt% Aquivion® D83 ionomer, ambient-pressure N2, 200 sccm; counter/quasi-

reference electrode (fuel cell anode): commercial Pt/C, 0.3 mgPt/cm
2
, ambient-pressure H2, 200 

sccm; cell temperature 80 ºC, 100% RH; Nafion
®
 NR211 membrane. 

 

 



Summary 

 

We examined here the logistic decay and exponential decay kinetic models to account for 

two possible mechanisms of performance degradation of PGM-free ORR catalysts: two-

step autocatalytic and the first-order ones, respectively. Catalyst degradation in the fuel 

cell was quantified using normalized current density data as a function of cell operation 

in the kinetic region, at a cell voltage of 0.84 V. The experimental results are best 

represented by the logistic decay model, suggesting the autocatalytic degradation 

mechanism as the main cause for the fuel cell performance loss in this study. Hydrogen 

peroxide and/or peroxide derived radicals are the most probable intermediates causing 

active site degradation.  
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