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 ABSTRACT 

C2 is a well-known pseudo-oxygen unit with an electron affinity of 3.4 eV. We 

show that it can exhibit metal-ion like behavior when embedded in a porphyrin 

sheet and form a metal-free two-dimensional material with superior oxygen 

reduction performance. Here, the positively charged C=C units are highly active 

for oxygen reduction reaction (ORR) via dissociation pathways with a small

energy barrier of 0.09 eV, much smaller than that of other non-platinum group 

metal (non-PGM) ORR catalysts. Using a microkinetics-based model, we calculated

the partial current density to be 3.0 mA/cm2 at 0.65 V vs. a standard hydrogen 

electrode (SHE), which is comparable to that of the state-of-the-art Pt/C catalyst. 

We further confirm that the C=C embedded porphyrin sheet is dynamically and

thermally stable with a quasi-direct band gap of 1.14 eV. The superior catalytic 

performance and geometric stability make the metal-free C=C porphyrin sheet 

ideal for fuel cell applications. 

 
 

1 Introduction 

Because of the high theoretical efficiency, proton 

exchange membrane fuel cells (PEMFCs) have attracted 

considerable attention. Unlike combustion of conven-

tional hydrogen or fossil fuels, PEMFCs offer solutions 

for green energy and mitigating global warming. 

However, sluggish oxygen reduction reaction (ORR) 

kinetics on the cathode is a major obstacle in the 

performance of PEMFCs [1]. The prototypical catalyst 

in PEMFC cathodes is Pt nanoparticles supported  

on carbon black (Pt/C), because they possess stable 

catalytic activity toward desired 4 electron (4e–) ORR. 

Unfortunately, there are several critical factors ham-

pering the wider use of Pt/C as a commercial PEMFC 

cathode. First, an increase in catalytic activity by a 

factor of more than 4 per unit mass of Pt is required 

for practical automotive applications. Second, a 5-fold 

reduction in Pt usage in PEMFCs is necessary because 

of the high cost of Pt [2]. Third, loss of Pt surface area 

due to corrosive acidic electrolytes should be reduced 

to a minimum [1, 3]. Thus, it is desirable to develop 
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non-platinum group metal (non-PGM) catalysts [4–15] 

with comparable, if not better, electrocatalytic ORR 

performance. Among the extensively studied systems, 

metal-free carbon-based ORR catalysts, such as N-doped 

carbon nanotubes [6], N-doped graphene [7], and 

g-C3N4 [8], are found to exhibit similar performance 

and better durability compared with traditional Pt/C 

catalysts. The advances in carbon-based ORR catalysts 

are motivating new research efforts, both experimentally 

and theoretically [16–25].  

Unlike Pt-based catalysts, which interact strongly 

with O2 through their d states near the Fermi level, the 

carbon-based ORR catalysts are electronically more 

inert and resistant to oxidation [22, 26]. O2 adsorption 

and dissociation (O2(aq) → O2* → 2O*, * denotes 

surface species) on these materials are, thus, difficult 

because of large kinetic energy barriers [22]. Instead, 

O2 adopts end-on adsorption configuration, with a 

favorable associative pathway (O2* + H+ + e– → OOH*) 

[16, 20–22, 26]. The carbon-based catalysts must be 

operated in alkaline electrolytes to lower the over-

potential for the first electron transfer to un-dissociated 

O2 [27]. Therefore, it is necessary to find metal-free 

catalysts that can bind and dissociate O2 easily, so that 

oxygen reduction catalysis can be realized in acidic 

media. 

To search for metal-free ORR catalysts for facile 

dissociation of O2, it is important to incorporate two 

active sites that are adjacent to each other. Biologically 

inspired two-dimensional (2D) Fe/Co porphyrin sheets 

and their nanocomposites mimicking metalloporphyrin 

structure of chlorophyll and hemoglobin in nature have 

been identified as effective ORR catalysts [11, 12, 18, 

28, 29]. Singly dispersed active metal sites only promote 

O2 adsorption, but impede O2 dissociation with relatively 

high energy barriers [30]. Recently, researchers have 

successfully incorporated a C=C dimer unit instead of 

a single metal atom into the center of the porphyrin 

ring [31]. This synthesis inspired us to investigate the 

ORR catalytic activity on a porphyrin sheet containing 

C=C units by using extensive first-principles calculations 

combined with microkinetics. We find that O2 is easily 

adsorbed and dissociated on the C=C unit at the center 

of the porphyrin ring, with almost no energy barrier. 

Moreover, the facile O2 dissociation is induced by an 

anti-aromatic to aromatic stabilizing effect that has 

never been discovered in any other non-PGM ORR 

catalysts. Our investigation suggests that the 2D C=C 

embedded porphyrin sheet is stable with excellent ORR 

performance, and can be used in acidic media where 

other metal-free catalysts exhibit weak performance. 

2 Computational methods 

Periodic calculations based on density functional theory 

(DFT) were performed using the Vienna Ab initio 

Simulation Package (VASP) 5.2 [32]. The ion-electron 

interaction was treated using the projector-augmented 

wave (PAW) [33] method. Exchange-correlation interac-

tions were described by Perdew–Burke–Ernzerhof 

(PBE) functional [34] within the generalized gradient 

approximation (GGA). Wave functions of valence 

electrons were expanded using plane wave basis sets 

with a kinetic energy cutoff of 400 eV. K points in the 

Brillouin Zone were sampled using the Monkhorst- 

Pack method [35] with 3 × 3 × 1 grids. We tested denser 

k-point sampling and the results were essentially the 

same. Partial occupancy of electrons was described 

using Gaussian smearing with a width of 0.01 eV. A 

vacuum space of 20 Å was introduced in the direction 

normal to the nanosheets in order to avoid virtual 

interactions between the periodic images. Geometry 

optimizations were carried out using a conjugate 

gradient (CG) algorithm. Total energies and Hellmann- 

Feynman forces were converged to 10–4 eV and 0.02 eV/Å, 

respectively. No symmetry constraints were imposed 

during the relaxation. Frequencies of adsorbates and 

free-standing molecules were calculated using the finite 

displacement method with a step size of ±0.02 Å. 

Zero-point energies of adsorbates and free-standing 

molecules were estimated based on the calculated 

frequencies. Entropies for gas phase molecules were 

taken from standard thermodynamic tables at 298.15 K 

and those for adsorbates were neglected because of 

the limited degree of freedom for the adsorbates.  

We further applied solvation corrections of –0.50 eV 

for OH*, –0.30 eV for OOH*, and –0.10 eV for other 

adsorbates because of the formation of hydrogen 

bonds. The energy values of solvation correction   

for different adsorbed species were justified by our 

molecular dynamics simulations with two water layers 

included, and they were in qualitative agreement with 
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values set by previous theoretical investigations on 

ORR catalyzed by other surfaces [23, 25, 36, 37]. The 

DFT computed energies could then be converted into 

free energies by taking into consideration the zero-point 

energies, the entropies, as well as solvation corrections. 

The free energy of molecular O2 was calculated with 

respect to H2 and H2O to avoid the well-known poor 

description by the PBE functional [38]. Transition 

states were located using the nudged elastic band (NEB) 

[39] method as well as the improved dimer method 

[40]. The free energy changes between transition states 

and reactants were approximated by DFT-computed 

single point energy variations. 

Dynamical stability of a C=C embedded porphyrin 

nanosheet was confirmed by calculating its phonon 

spectra in the whole Brillouin Zone based on linear 

response theory. Before the calculation of the phonons, 

the structures were re-optimized using a higher con-

vergence criteria, namely, 10–8 eV for total energy and 

10–6 eV/Å for Hellmann–Feynman Force, respectively. 

Ab initio molecular dynamics (AIMD) simulations 

were performed within a 2 × 2 × 1 supercell to 

investigate the thermal stability. For this purpose, the 

energy convergence criterion and time steps were set 

to 5 × 10–4 eV/supercell and 1 fs, respectively. Each 

simulation lasted for over 5 ps. The canonical (NVT) 

ensemble was implemented in the simulation and the 

heat bath was realized by means of a Nosé thermostat 

[41]. To ensure accurate band gap estimation, we 

chose the hybrid Heyd–Scuseria–Ernzerhof functional 

(HSE06) [42, 43] instead of PBE to perform band 

structure calculations. 

To understand the mechanisms involved in C=C 

embedded porphyrin sheet, we also carried out cluster 

calculations using the Gaussian 09 code [44]. Cluster 

calculations have been extensively used in previous 

studies of surface reactions such as ORR catalysis on 

doped graphene [45] and graphene oxidation loci 

distribution [46]. Furthermore, they have been proven 

to successfully account for electronic phenomena that 

happen during H2 and CO2 adsorption on metal 

phthalocyanine sheets in our previous works [47, 48]. 

Geometry optimization and frequency analysis were 

performed at the B3LYP/6-311G* level [49, 50] without 

any symmetry constraints. Quadratic synchronous 

transit (QST) [51] protocol was employed to locate the 

transition states. Natural bond orbital (NBO) analyses 

were performed using NBO 3.1 [52, 53] integrated in 

Gaussian 09. To manifest the aromaticity of planar 

and quasi-planar cluster models, a newly developed 

iso-chemical shielding surfaces (ICSS) method [54] was 

employed. This approach resembles the well-known 

nucleus-independent chemical shift (NICS) method 

[55]. However, ICSS calculation is handled in a 

three-dimensional grid of lattice points and direction 

and anisotropy effects can be quantified in a more 

straightforward way. Moreover, contrary to the NICS 

approach, positive ICSS values indicate diatropic ring 

currents and aromaticity, while negative values indicate 

paratropic ring currents and antiaromaticity. Here, 

we used ICSSzz(1), the shielding tensor component 

perpendicular to the studied ring planes at 1 Å above 

them, to better characterize π-electron aromaticity. 

ICSSzz(1) analyses were conducted using Gaussian 09 

and Multiwfn 3.3.3 [56] at the B3LYP/6-311G* level of 

theory. The corresponding NBO and ICSSzz(1) results 

were visualized by VMD 1.9.1 [57]. 

3 Results and discussion 

3.1 Stability 

The geometrical structure of a C=C embedded por-

phyrin sheet is shown in Fig. 1(a). When in molecular 

form, both neutral and dicationic C=C embedded 

porphyrin adopt ruffled configurations [31]. However, 

in a 2D sheet, the periodic arrangement of the units 

enlarges the C=C bond length, resulting in a planar 

geometry. The primitive cell is rectangular with lattice 

parameters of 8.53 and 8.11 Å. Such a geometrical 

distinction between a C=C embedded porphyrin 

molecule and an extended C=C embedded porphyrin 

sheet is similar to those between polycyclic aromatic 

hydrocarbons with pentagonal defects (buckled) [58] 

and pentagon-containing Stone-Wales graphene sheets 

(planar) [59], as well as that between B36 (buckled) [60] 

and α-Boron (planar) [61, 62]. 

The ultimate prerequisite for a material to become 

an ORR catalyst is its stability. The calculated phonon 

dispersion spectra (see Fig. 1(b)) show no imaginary 

frequency modes, indicating that the planar C=C 

embedded porphyrin sheet is dynamically stable and  
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can exist as a freestanding 2D crystal. The variation of 

the total energy as well as the snapshots of the atomic 

configuration during AIMD simulation is shown   

in Fig. 1(d). Both of these quantities remain almost 

invariant, and no notable buckling of geometry occurs. 

These results demonstrate that the studied planar 

C=C embedded porphyrin sheet, once synthesized 

for ORR applications, can remain robust at room 

temperature. Our free energy analyses further prove 

that under ORR operating potentials and acidic pH = 

0, the C=C dimer in the embedded porphyrin sheet is 

resistant to dissociation into acetylene (Fig. S1 in the 

Electronic Supplementary Material (ESM)), corrobora-

ting its stability against corrosive acidic media. 

3.2 Catalytic ORR reaction paths 

In addition to superior stability, the C=C embedded 

porphyrin sheet possesses a narrow band gap of only 

1.14 eV (Fig. 1(c)), making it promising for (photo-)  

electrochemical applications. Therefore, we next aim 

for better insight into the electron population and 

bonding nature of C=C embedded porphyrin sheet, 

in order to identify possible active sites. Bader charge 

analysis [63–65] and electron localization function 

(ELF) analysis [66–68] were performed. Large charge 

depletion is found on the C=C unit at the center of 

the porphyrin ring. Each of the two C atoms of the 

C=C unit carries a positive charge of +0.67e, which is 

much larger than that in any of the other C atoms 

(Table S1 in the ESM). We attribute this to a synergetic 

effect between the electron-withdrawing ability of  

N atoms and the electron localized characteristic of 

C=C unit. The ELF slice taken at 1 Å above the C=C 

embedded porphyrin sheet (see Fig. 1(e)) clearly 

indicates that the π-electron density along the peripheral 

porphyrin ring is highly delocalized, while the 

π-electron density on the C=C dimer is strongly 

localized and does not conjugate with that along 

 

Figure 1 (a) Top and side views of planar 2D C=C embedded porphyrin sheet. The primitive unit cell is marked by dashed magenta
rectangle; (b) phonon dispersion; (c) band structure using HSE06 functional; (d) variation of total energy and geometry snapshot at 5 ps 
during AIMD simulation at 300 K; (e) ELF contour taken at 1 Å above the base plane. 
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the porphyrin ring. The notable electron-deficient 

characteristic on the C=C dimer induced by adjacent 

N atoms is, therefore, preserved by the localized 

π-electron density, whereas positive electron densities 

on other C atoms are much smaller. Previous theoretical 

investigations have suggested that positive electron 

density or spin density induced by breaking electron 

delocalization plays a significant role in facilitating 

the ORR process [16]. Therefore, we wonder whether 

the positively charged C=C dimer would catalyze 

ORR like Fe or Co ions in the corresponding metallo-

porphyrin sheets. 

According to our results, the 2D C=C embedded 

porphyrin sheet can indeed easily catalyze ORR via 

low-barrier reaction pathways. First, we consider O2 

adsorption. As anticipated, the most favorable site for 

O2 adsorption is the localized C=C dimer site. The 

free-standing O2 molecule prefers to adsorb on the 

embedded C=C site in a side-on configuration, with 

each of the two O atoms binding to either of the two 

C atoms. Unlike other reported metal-free carbon-based 

catalysts having strong resistance to oxidation [22], O2 

adsorption on the embedded C=C site is spontaneous 

without any kinetic barrier. Bader charge analysis 

indicates that each O atom carries a net negative charge 

of –0.50e, and each C atom of the C=C dimer possesses 

a +1.10e positive charge (0.43e charge depletion, com-

pared with the case in free-standing 2D C=C porphyrin 

sheet). The large charge transfer between the adsorbed 

O2 and localized C=C dimer suggests that O2 is strongly 

activated upon adsorption. As a result of such charge 

transfer mediated activation, the O–O bond length in 

adsorbed O2 is elongated from 1.22 to 1.51 Å, rendering 

it facile to dissociate the O–O bond in successive 

reduction steps. 

In order to identify the most favorable O2 reduction 

mechanism on the C=C embedded porphyrin sheet, 

we plotted the free energy profiles with kinetic energy 

barriers in Fig. 2. We took into account both proton- 

coupled electron transfer (PCET) and surface H 

(denoted as H* in Fig. 2)-assisted reduction steps. 

However, in this work we mainly focus on PCET 

steps, because they generally have much smaller 

barriers than H-assisted reduction steps. We neglect 

the kinetic energy barrier for PCET steps because of 

the following two reasons: (1) Previous theoretical 

investigations have suggested that the kinetic barriers 

for PCET are easily surmountable at room temperature 

[23, 24, 69–72] because of a Brønsted−Evans−Polanyi 

relation [73, 74]. (2) Our DFT calculations reveal that 

when using H to simulate one pair of coupled H+ and 

e–, the barrier for O* hydrogenation to OH* on C=C 

embedded porphyrin sheet is only ~0.15 eV, which is 

too small to act as a rate-determining step (see Fig. S2 

in the ESM).  

In the electrochemical reactions that incorporate 

PCET steps, the free energy change of each PCET step 

can be regulated by applied potential, according to a 

recently developed computational hydrogen electrode 

(CHE) model [75] (details can be found in the 

supporting information). The rate-determining step 

(RDS) and the onset potential are defined therein as 

the step with the least negative free energy change 

when the kinetic barrier is small and the potential at 

which the free energy change of RDS becomes zero.  

In acidic electrolytes, aqueous O2 either adsorbs on 

the C=C embedded porphyrin sheet as O2* or directly 

binds to H+ to become OOH+ [76] and subsequently 

adsorbs on the surface as OOH*. Starting with both 

initial adsorbates, we find that O2* direct dissociation 

(O2* → TS1 → 2O* in Fig. 2) and H+-mediated O2 

dissociation (O2* → O* + OH* in Fig. 2) are each facile 

with kinetic barriers of 0.09 and 0 eV, respectively. 

The RDS for both kinds of dissociative pathways is 

OH* + OH* → OH* + H2O with a free energy change 

of –0.40 eV. In contrast, OOH*-mediated associative 

pathway encounters a rougher RDS O* + H2O → 

OH* + H2O with a free energy change of 0.01 eV. The 

corresponding onset potentials for both dissociative 

and associative steps are therefore 0.40 and –0.01 V, 

respectively. The much larger onset potential value 

for dissociative steps indicate that both direct and 

H+-mediated O2 dissociation mechanisms are the most 

favorable on a C=C embedded porphyrin sheet. The 

preference for O2 dissociation decreases the possibility 

of H2O2 byproduct generation from OOH* (see Fig. 2). 

Furthermore, the thermodynamic barrier for H* 

formation and reaction with aqueous H+ (Volmer– 

Heyrovsky steps, Fig. S3 in the ESM), as well as the 

kinetic inhibition for two surface-bound H* to directly 

produce H2 (Volmer–Tafel steps, Fig. S4 in the ESM), 

means that a hydrogen evolution reaction (HER) will 
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not compete with ORR at investigated potentials. All 

of these facts suggest that an efficient 4e– ORR route 

happens on a C=C embedded porphyrin sheet. 

3.3 Mechanism for the facile dissociation of O2 

According to the above reaction energy profile, the 

O2 dissociation pathways are clearly dominant in the 

whole catalytic ORR process, because of both the higher 

onset potential and negligible kinetic barriers. The 

facile O2 dissociation on the C=C embedded porphyrin 

sheet (dissociation barrier Ea = 0.09 eV) not only seems 

unique among all the reported metal-free catalysts 

but also surpasses most of the state-of-the-art ORR  

catalysts such as the Pt surface (Ea = 0.58 eV in gas 

phase calculations and 0.27 eV/0.74 eV in water solvated 

phase calculations) [77, 78] or even porphyrin-like Fe-N4 

catalysts (Ea = 1.19 eV) [30]. It is interesting to note that 

the oxygen dissociation barrier has been substantially 

reduced when a C=C dimer instead of an Fe ion is 

embedded into the porphyrin sheet. The geometrical 

configuration of the embedded C=C dimer enables 

easier O migration, in contrast to the fact that O atom 

needs to migrate a much longer path to the C atom  

in the porphyrin ring during O2 dissociation on the 

embedded single Fe ion. Furthermore, we find that the 

electronic factor, namely, the anti-aromatic to aromatic 

 

Figure 2 (a) The whole ORR reaction free energy profile for a 2D porphyrin sheet embedded with C=C at 0 V vs. SHE. Regions with 
different colors denote different numbers of PCET steps. The most preferable dissociative reaction pathways are illustrated with dashed
black lines. The reactants via both dissociative and associative mechanisms are marked in blue. (b) Geometry configurations of all 
reactants, reaction intermediates, transition states, and products corresponding to those are denoted in (a). Note that 2O* is simplified as 
O*, OH*+OH* is simplified as OH*, and O*+OH* is simplified as O–OH* in Fig. 4 and Fig. S7 in the ESM. 
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transformation induced by pronounced charge transfer, 

is the decisive factor that promotes O2 dissociation on 

a metal-free sheet. 

As molecular O2 approaches the highly positively 

charged C=C unit, it becomes adsorbed because of the 

strong hybridization between the bonding orbital of 

C=C embedded porphyrin and anti-bonding orbital 

of O2. Both π bonds in the C=C unit and O2 diminish, 

leaving only σ bonds between them. At the same time, 

new C–O σ bonds are generated, as confirmed by NBO 

analysis in Fig. S5 (in the ESM). Based on ICSS cal-

culation, we find that the π-electron delocalization is 

highly anti-aromatic inside the ring of C=C porphyrin- 

O2 complex because of limited electron transfer from 

the C=C embedded porphyrin to O2 (1.22e using 

Bader charge analysis), making it resemble the case 

of neutral C=C porphyrin (see Figs. 3(a) and 3(c)). The 

anti-aromatic C=C porphyrin-O2 complex is, therefore,  

 

Figure 3 Results of ICSSzz(1) analyses for four different kinds 
of molecular C=C porphyrin units: (a) slice of ICSSzz(1) value  
of neutral C=C porphyrin and (b) slice of ICSSzz(1) value of 
dicationic C=C porphyrin; (c) isosurface of ICSSzz(1) value of 
C=C porphyrin-O2 complex and (d) isosurface of ICSSzz(1) value 
of C=C porphyrin-2O complex. Red and blue colors indicate 
aromatic and anti-aromatic regions, respectively. Isovalue is taken 
as 15 e/Å3. 

highly active and undergoes internal charge rearrange-

ment. The porphyrin ring transfers more electrons  

to the anti-bonding orbital of O2. As a result, the 

remaining O-O σ bond is broken and O2 finally 

dissociates. Interestingly, when O2 undergoes dissocia-

tion and generates C=C porphyrin-2O complex, π 

electrons inside the whole molecule ring dramatically 

change from anti-aromatic to aromatic, reminiscent 

of a high π-electron aromaticity inside the dicationic 

C=C porphyrin molecule (see Figs. 3(b) and 3(d)). 

The induced aromatic characteristic enhances the 

stabilization of the whole system. Bader charge analysis 

indicates that because of the large electronegativity of 

atomic O (χ = 3.44), 2.20e net charge is transferred 

from the C=C embedded porphyrin to two dissociated 

O atoms after O2 dissociation. This makes the C=C 

porphyrin moiety in C=C porphyrin-2O complex nearly 

dicationic, consistent with ICSSzz(1) results. Therefore, 

the facile dissociation of O2, once it is adsorbed, can 

be attributed to an increased amount of internal charge 

transfer. The dicationic characteristic of C=C embedded 

porphyrin ring, due to the reinforced electron loss, 

endows the C=C porphyrin-2O complex aromaticity. It 

further indicates that the C=C embedded porphyrin 

sheet is capable of both O2 adsorption and dissociation, 

owing to its peculiar electronic structure that other 

metal-free ORR catalysts do not possess. 

3.4 ORR catalytic activity 

From a purely thermodynamics point of view, we are 

able to identify the most preferable dissociative reaction 

pathways of ORR process on the C=C embedded 

porphyrin sheet. O2 facile dissociation renders metal- 

free ORR catalysts in acidic electrolytes possible and 

increases selectivity toward a more efficient 4e– ORR 

process. However, detailed investigation of real-world 

catalytic activity is of more interest. By combining a 

thermodynamic free energy profile with a microkinetics 

analysis [79], we are able to calculate the theoretical 

partial current density under a given potential. We can 

then directly compare both ORR activity and efficiency 

with reported catalysts by referring to partial current 

density and the corresponding applied potential. 

Based on the transition state theory, the forward 

reaction rate constant for a non-electrochemical step i is 
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where ΔGi is the reaction free energy change for step i. 

For an electrochemical step j that includes proton- 

electron couple transfer, the forward rate constant is 

 
 



elec 0
a ( )

e e

j j

B B

E e U U

k T k T

j j
k A             (3) 

where Aj is the effective pre-factor, elec
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energy for PCET processes, β is the symmetric factor, 

U is the applied potential, and 0
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Because the C=C dimer active sites are separated 

from each other, we regard the C=C dimer site as a 

whole. For simplicity, we denote dissociative reaction 

intermediates as follows: 2O* as O*, 2OH* as OH*, O + 

OH* as O–OH*, and OH+* as *. If we denote surface 

coverage of each adsorbate during ORR as θa, then, 

based on the steady-state approximation, the genera-

tion and elimination of each adsorbate will be in 

equilibrium, that is 





a 0
t

                 (5) 

Taking the following electrochemical reactions as 

an example, 
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the reaction rate of O + OH* can be calculated according 

to Eq. (6) 
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(6) 

Apart from steady-state approximation, the total 

coverage of all adsorbates conforms to site conserving 

rules 

          
2O * O* O OH* OH* * **

1       (7) 

The coverages of adsorbates as well as partial current 

density can thus be solved analytically (details of 

further parameter fitting and approximation can be 

found in the supporting information). 

Both the rate coefficient and the equilibrium constant 

of O2 dissociation to surface adsorbed O* are quite 

large because of the extremely small activation barrier 

and negative reaction free energy. Therefore, the 

surface concentration of O2* is negligible. Instead, the 

dominant surface species are mainly O*, O–OH*, and 

double surface bare C–C site (**), as illustrated in 

Fig. 4(a). Under an applied potential of about 0.67 V 

(equal to only 0.56 V overpotential, comparable to ORR 

catalyzed by pyridinic N-doped graphene [23]), the 

relative surface concentration between the double 

bare C–C site and O–OH* changes sharply, leading to 

a large and sharp increase in partial current density 

from 0 to about 3.0 mA/cm2 (see Fig. 4(b)), which is 

comparable to that generated by the Pt-based catalyst 

from both experimental (5.8 mA/cm2) [80] and theoretical 

(6 mA/cm2 at 1,600 rpm) [81] perspectives. Moreover, 

the applied potential inducing partial current change 

is as large as 0.67 eV, which is within the ideal range 

of reported experimental data on half-wave potential 

in carbon-based catalysts [22]. Therefore, the micro-

kinetically estimated results further support our claim 

that a C=C embedded porphyrin sheet can be a potential 

ORR catalyst. 
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4 Conclusions 

Based on extensive calculations and analyses, we make 

the following conclusions: (1) The 2D C=C embedded 

porphyrin sheet is stable dynamically as well as ther-

mally at room temperature. (2) Although C2 dimer in 

the gas phase is a good electron acceptor with an 

electron affinity of 3.4 eV, it becomes a positively 

charged unit when embedded in porphyrin, and is 

highly active for ORR via dissociation pathways with a 

small energy barrier of 0.09 eV, much smaller than that 

of other non-PGM ORR catalysts. (3) The enhanced 

charge transfer in the dissociation pathway of O2 on the 

sheet induces an antiaromatic-to-aromatic transition. 

(4) The partial current density of the sheet at 0.65 V vs. 

SHE is comparable to that of the state-of-the-art Pt/C 

catalyst. This study provides a good example for 

discovering new non-PGM PEMFC cathode catalysts 

that dissociate O2 like Pt, but with better performance 

in acidic media. We hope that the present study will 

stimulate further experimental effort in this field. 
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Details of the computational hydrogen electrode (CHE) model [S1] 

This approach focuses on the fact that protons and electrons are in equilibrium with hydrogen at 0 V, all pH 

values and 1 atm of pressure. At such conditions, the following reaction is in equilibrium 

 
2

1
H (eq) e H (g)

2
  

As a result, the chemical potential of a proton-electron couple (H+ + e
–
) is equal to that of 1/2 H2. It is then 

accessible to calculate the free energy of such proton-electron couple directly. The effect of an applied external 

potential U on the free energy of the whole system can be interpreted in terms of an additional term eU, that is, 

if a reaction step includes one proton-electron couple transfer, the reaction free energy ΔG would equal 

   
0

G G eU  

where ΔG0 is the reaction free energy at zero applied external potential. 

Details of microkinetic analysis 

First, we choose the thermodynamically most feasible dissociation pathways for further microkinetic analysis to 

reduce the complexity of reaction pathways and accompanying intermediates. The dissociation pathways contain 

the following crucial steps 



1

1
2 2

O (aq) O (dl)
k

k
  


 2

2
2 2

O (dl) * * O * *
k

k
  



3

3
2

O * * 2O *
k

k
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

   4

4
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2
O (aq) denotes O2 molecules in the aqueous environment and 

2
O (dl)  enotes O2 molecules at the catalyst- 

electrolyte interface, respectively. If we denote the mole fraction of 
2

O (aq)  and 
2

O (dl)  as 
2O (aq)

 and 
2O (dl)

, 

respectively, based on Henry’s law, 
2O (aq)

 equals to 2.34 × 10
–5. 

For OH reduction electrochemical step, previous calculation has found that β = 0.5 and elec

ai
E = 0.26 eV [S2]. β = 

0.5 will also lead to satisfactory results in modeling CO2 reduction to CO [S3]. Thus, we apply the approximation 

that for all concerned electrochemical steps, β = 0.5 and elec

ai
E ≈ 0.25 eV. The effective prefactor Ai is 109 considering 

the slow diffusion of each reaction intermediate. Therefore, we are able to calculate 


elec
a

e
i

B

E

k T

i
A  to be about 5 × 104 for 

all the electrochemical steps discussed here. The forward rate constant is thus simplified as 
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The backward rate constant for electrochemical steps is 
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The coverages of adsorbates and the molar fraction of interface O2 can thus be solved analytically in terms of 

U because all the electrochemical reaction rate constants only undergo variation with U.  

At last, the partial current density j is then able to be solved according to its direct proportion to the turnover 

frequency (TOF) of water 

2H O2 TOFj ep   

in which the term ρ denotes the surface density of catalytically active C=C dimer sites. Here we have calculated 

the surface density using a monolayer model. 

A route to possible synthesis 

We propose a possible synthetic route for C=C embedded porphyrin sheet in Fig. S8. The crucial determining 

factors that control the synthetic performance are: (1) generation of meso-meso linked porphyrin sheet by 

molecule polycondensation and (2) oxidative coupling to transform meso-meso linked porphyrin sheet into 

directly fused porphyrin sheet. Inspired by previous efforts to synthesize directly or indirectly fused metal 

porphyrin-containing oligomers [S4, S5], we propose a bottom-up synthetic route for fused C=C porphyrin 

sheet. First, the meso linked C=C porphyrin sheet might be produced by meso-meso coupling of molecular C=C 

embedded porphyrin species or 5,10,15,20-functionalized derivatives. Following this step, mild oxidants-mediated 

oxidative coupling of meso linked C=C porphyrin arrays will directly give rise to the desired fused C=C 

embedded porphyrin sheets. According to our proposed synthetic route of molecular C=C porphyrin with 

several strong oxidizing agents, molecular C=C porphyrin can retain its stability during poly-condensation and 

milder oxidation circumstances. Furthermore, utilization of stacking or controlled assembly methods may further 
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improve the synthetic performance of these porphyrin sheets, as has been validated in metal-embedded porphyrin 

sheets synthesis. Therefore, 2D C=C embedded porphyrin sheet that can be synthesized and represents a new 

non-PGM PEMFC cathode material with appreciable anticipated ORR catalytic activity.  

Table S1 Calculated charge on each atom of periodic (Bader analysis) and molecular (NBO analysis) C=C porphyrin before and after O2 
adsorption and dissociation 

 

C=C porphyrin C=C porphyrin-O2 TS1 in Fig. 2 C=C porphyrin-2O Atom 
Number Bader NBO Bader NBO Bader NBO Bader NBO 

C1 +0.67e +0.30e +1.10e +0.66e +1.11e +0.66e +1.25e +0.67e 

C2 +0.14e –0.22e +0.17e –0.22e +0.17e –0.22e +0.07e –0.19e 

C3 +0.24e +0.11e +0.24e +0.14e +0.26e +0.15e +0.46e +0.19e 

C4 +0.07e –0.18e +0.07e –0.19e +0.06e –0.19e +0.01e –0.19e 

C5 +0.05e –0.26e +0.05e –0.24e +0.05e –0.24e –0.01e –0.20e 

C6 +0.29e +0.21e +0.25e +0.19e +0.22e +0.19e +0.44e +0.20e 

C7 +0.15e –0.30e +0.19e –0.28e +0.20e –0.28e +0.04e –0.20e 

N –1.12e –0.41e –1.08e –0.46e –1.02e –0.46e –1.05e –0.46e 

O – – –0.50e –0.32e –0.61e –0.37e –1.10e –0.61e 

 

Figure S1 C=C embedded porphyrin stability against the C=C dimer dissociation channel:     @ porphyrin 4H 4eC C  


2 2 2
H -porphyrin C H . The stability can be further corroborated by endothermic H+ adsorption shown in Fig. S3. 



 

 | www.editorialmanager.com/nare/default.asp 

Nano Res.

 

 

Figure S2 Computed activation energy for proton-electron couple transfer to surface adsorbed O*. 

 

Figure S3 Computed free energy variation for hydrogen evolution from surface adsorbed H* and aqueous proton (Volmer-Heyrovsky 
step) at 0 and 0.40 V vs SHE. 

 

Figure S4 Computed activation energy for hydrogen evolution from two surface adsorbed H* (Volmer-Tafel step). 
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Figure S5 NBO description of C–O σ bonds generation and O–O π bond depletion upon O2 adsorption on 2D C=C porphyrin sheet. 

 

Figure S6 The total DOS and the DOS projected onto the C=C dimer calculated using the PBE functional. The DOS near the Fermi level 
is mainly constituted by the pz state of the C=C dimer. 

 

Figure S7 Simulated coverages of all relevant adsorbates on 2D C=C porphyrin sheet as function of electrode potential. 
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Figure S8 A possible route for the synthesis of 2D C=C porphyrin sheet. 
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