
1

Supporting Information

Regulating the frontier orbital of iron phthalocyanine 

by nitrogen doped carbon nanosheets for improving oxygen 

reduction activity

Xilin Zhang1,2, Rui Zheng1, Qingfang Chang1*, Zhongjun Ma2*, Zongxian Yang1*

1School of Physics, Henan Key Laboratory of Photovoltaic Materials, Henan Normal 
University, 46 Jianshe Road, Xinxiang 453007, China

2Key Laboratory of Yellow River and Huai River Water Environmental and Pollution 
Control, Ministry of Education, School of Environment, Henan Normal University, Xinxiang 

453007, China.
*Corresponding author: qingfangchang@163.com (Q Chang); mazhongjun81@sina.com 

(J Ma); yzx@htu.edu.cn (Z Yang).

1. Computational Methods 
All the spin--polarized first-principles calculations were completed by the 

DMol3 code embedded in Material studio.[1] The empirical dispersion-corrected 
density functional theory (DFT-D) was employed to handle the van-der-Waals 
(vdW) interactions.[2] The Perdeu–Burke–Ernzerhof (PBE) functional[3] within 
generalized gradient approximation (GGA)[4]was employed to describe the 
exchange correlation interactions. The interactions between valence electrons and 
ion-cores were treated by the DFT Semi-core Pseudopotential.[5] The double 
numerical plus polarization (DNP) basis was utilized to ensure the accuracy and 
decrease the computational cost.[6] During geometric and electronic optimizations, 
the convergence criterions were set to 10−6 Ha for energy and 0.002 Ha/Å for 
force. The smearing values were specified with 0.005 Ha to achieve fast 
convergence. Using the Monkhorst-Pack method,[7] the Brillouin zone was 
sampled with the 5 × 5 × 1 k-points grids for all calculations.

The computional hydrogen electrode model (CHE model) developed by 
Nørskov and coworkers[8, 9] was adopted to theoretically evaluate and compare the 
ORR activity of different systems. Taking standard hydrogen electrode(SHE) as 
the reference potential, the free energy of (H++ e−) is then equal to the free energy 
of 1/2 H2; the stability of adsorbed oxygenate intermediates by water environment 
is modelled by the solvation effects and the implicit solvation model that describes 
the effect of electrostatic screening by water solvent is used here for 
simplification[10]; the effect of a bias on all states involving an electron in the 
electrode is calculated by –eU; and the pH effects were involved by correcting the 
free energy of H+ ions according to the concentration dependence of the entropy:  
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G(pH) = −kT ln[H+]= kT ln 10 × pH.
With these assumptions in mind, the adsorption free energies of oxygenates 
intermediates can be obtained by including the zero point energy (ZPE) and the 
entropy (S) corrections in equation

△Gads = △Eads + △ZPE – T△S                        (4).

The △ZPE could be obtained from the calculation of vibrational frequencies for 

the adsorbed species. The adsorption energy (△Eads) can be derived from 

following equations[9]:

(1)
∆𝐸𝑂 ∗ = 𝐸𝑂 ∗ ‒ 𝐸 ∗ ‒ [𝐸𝐻2𝑂 ‒ 𝐸𝐻2

]

             (2)
∆𝐸𝑂𝐻 ∗ = 𝐸𝑂𝐻 ∗ ‒ 𝐸 ∗ ‒ [𝐸𝐻2𝑂 ‒ 1 2𝐸𝐻2

]

      (3)
∆𝐸𝑂𝑂𝐻 ∗ = 𝐸𝑂𝑂𝐻 ∗ ‒ 𝐸 ∗ ‒ [2𝐸𝐻2𝑂 ‒ 3 2𝐸𝐻2

]
in which the E*, EOOH*, EOH*, and EO* are the total energies of catalyst substrate 

without and with the adsorption of OOH, OH and O, respectively.  and  
𝐸𝐻2𝑂 𝐸𝐻2

are total energies of free H2O and H2 molecules in gas phases, respectively. 
In alkaline media, the overall ORR could be expressed as:

O2(g) + 2H2O(l) + 4e- → 4OH-      (5)
The elementary reaction steps along the concerted four-electron process are listed 
as below: 

(i) ∗  +  𝑂2(𝑔) + 𝐻2𝑂(𝑙) + 𝑒 ‒ → 𝑂𝑂𝐻 ∗ + 𝑂𝐻 ‒

(ii) 𝑂𝑂𝐻 ∗ + 𝑒 ‒ →𝑂 ∗ + 𝑂𝐻 ‒

(iii) 𝑂
∗ + 𝐻2𝑂(𝑙) + 𝑒 ‒ →𝑂𝐻 ∗ + 𝑂𝐻 ‒

(iv) 𝑂𝐻 ∗ + 𝑒 ‒ → ∗+  𝑂𝐻 ‒

where * stands for the adsorption states. l and g refer to liquid and gas phases, 
respectively.

The change in Gibbs free energy (i.e., the reaction free energy barriers, △G) for 

each reaction step is given by the equation[8]:

△G = △E + △ZPE – T△S + △GU + G(pH)           (6)
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where △E is reaction heats of a certain reaction step, △GU = –eU with U being 

the electrode potential. The T is temperature. The free energy of O2 was obtained 
from the reaction O2 + 2H2 → 2H2O for which the free energy change is 4.92 eV. 
The overpotential could then be derived by[9]:

η = 1.23 – min(△Gi, △Gii, △Giii, △Giv)/e           (7)

Figure S1. TEM images of N-CNSs at different magnifications.
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Figure S2. XRD of loaded iron phthalocyanine with different amounts.

Figure S3. SEM of loaded iron phthalocyanine with different amounts.
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Figure S4. Elemental mappings of N-CNSs.
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Figure S5. (a) High-resolution O 1s spectra of FePc. (b) N 1s spectra of FePc. (c) 
C 1s spectra of FePc and FePc@N-CNSs samples. (d) Fe 2p spectra of FePc and 
FePc@N-CNSs samples.

Figure S6. (a) High-resolution C 1s spectra. (b) N 1s and (c) O 1s spectra of N-
CNSs samples.
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Figure S7. (a) XPS survey spectrum. (b) C 1s (c) Fe 2p and (d) N 1s spectra of 
FePc@XC72 samples.
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Figure S8. Raman spectra of the N-CNSs and FePc@N-CNSs.

Figure S9. (a) ORR polarization curves of FePc@N-CNSs with different FePc 
loadings. (b) Onset potentials and half-wave potentials of FePc@N-CNSs and Pt/C.
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Figure S10. (a) ORR polarization curves of iron phthalocyanine loaded onto 
carbon black. (b) Tafel plots and (c) LSV curves of FePc@XC72 with a scan rate of 5 
mV·s−1 at different rotation rates. (d) The K−L plots.
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Figure S11. Cyclic voltammetry (CV) curves of FePc@N-CNSs at different scan 
rates ranging from 20 mV s-1 to 120 mV s-1 with a step of 20 mV s-1.
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Figure S12. Adsorption configurations of intermediates on FePc (a), FePc@pN-
CNSs (b) and pN-CNSs (c-d). Where pN-CNSs-near and pN-CNSs-away represent 
intermediates adsorb at C atom near and away from N atom, respectively.
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Figure S13. Gibbs free energy diagrams of ORR at U = 0 V for (a) pN-CNSs-
away, FePc@gN-CNSs and FePc@pyN-CNSs systems, and (b) FePc@pNG-1N, 
FePc@pNG-2N, FePc@pNG-1N systems.

Table S1 Comparison of ORR activity of recently reported FePc-based samples

Samples Onset 
poten

tial
(V)

Half-
wave 

potential
(V)

Limiting 
Diffusion
Current 
Density 

(mA cm-2)

Refere
nces

FePc@N-CNSs 0.99 0.88 5.8 This 
work

ER(FePc/GO) 0.97 0.86 5.31 [11]

FeAB–O ~0.98 0.90 ~6.1 [12]

FePc&rGO 0.98 0.89 5.4 [13]

Fe-N-C-700 0.955 0.83 ~5.5 [14]

Fe-SACs/NC 0.943 0.865 5.7 [15]

FePc/Ti3C2Tx ~0.96 0.886 ~5.5 [16]

FePc-CNTs 0.937 0.858 5.33 [17]

FePc@N,P-DC 0.984 0.903 ~5.7 [18]

FePc-R25 0.973 0.86 ~5.8 [19]

FePc/CoPc HS 0.971 0.879 ~5.7 [20]

FePc@HNSC 0.93 0.84 6.1 [21]

FePc-P/MWCNTs-A 0.979 0.902 5.42 [22]

FePc/GaS 0.97 0.87 ~5.8 [23]

FePc@Co-SAs/PCNF 0.99 0.87 7.5 [24]

Pc-FePc/Mn-GCB ~0.98 0.88 ~5.2 [25]

Fe/CNsh 1.00 0.87 6.2 [26]

FePc@NC-1000 0.99 0.86 5.96 [27]

D-MN4-CNF-IL-A 0.98 0.857 ~6.5 [28]

FeCo–C/N s ~0.95 0.864 ~4.9 [29]
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FeNiN-MWCNT 0.93 0.86 ~6.2 [30]

FeNi-COP-800 0.95 0.80 ~5.6 [31]

TiCDC/CNT 
(1:3)/FePc

0.93 0.77 ~5.8 [32]

FePc/PSAC-3/1 0.94 0.85 5.42 [33]

FeCu SACs/NC 0.84 0.75 7.27 [34]

CAN-Pc (Fe/Co) 1.04 0.84 5.23 [35]
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