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1 Introduction
Platinum group metals (PGMs) are generally ef-

ficient catalysts for many electrocatalytic reactions,

but high cost and stability issue prohibit their wide

applications and practical scaling up [1-4]. Numerous

efforts have been devoted into developing non-pre-

cious-metal-based catalysts, such as transition-met-

al-based compounds including carbides[5], nitrides [6]

and sulfides [7]. During the development of PGM-free

electrocatalysts for both polymer electrolyte mem-

brane fuel cells and electrolyzers, non-precious metal

and nitrogen co-doped carbon (Me-N-C) or single

metal catalyst (SAC) has been widely investigated as

a promising catalyst for oxygen reduction reaction

(ORR)[8-12] and hydrogen evolution reaction (HER)[13,14].

However, these studies were conducted by different

groups under various experimental conditions, where

the lateral comparisons cannot be made to obtain the

general trend and the systematic understanding to-

ward catalytic activities. Most of the experiments

were focused on a certain kind of reaction (ORR or

HER) in either acid or alkaline media. Additionally,

current understanding cannot explain well the activity

discrepancy between Fe-N-C and Co-N-C. For in-

stance, the former is much more active than the latter

toward ORR, while the trend is reversed for HER[13].

Moreover, Co-N-C was synthesized and regarded as

the efficient electrocatalyst for ORR as discussed in
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lation results are consistent with experimental observations.
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previous studies[15-17], while Fe-N-C was also claimed

to be good ORR catalyst with high performance and

can be applied in direct methanol fuel cell[18]. Anoth-

er experiment conducted by Wang et al. also demon-

strated that Fe-N-C showed excellent ORR activity

and Co-N-C exhibited high HER activity, thus con-

tributing to the remarkable ORR and HER perfor-

mances in the Fe/Co decorated nitrogen doped car-

bon[19]. Therefore, it is necessary to conduct a system-

atic study on Me-N-C using Fe-N-C and Co-N-C as

the model electrocatalysts for ORR and HER at uni-

versal pHs.

In this study, the model catalysts Fe-N-C and

Co-N-C were synthesized using metal organic frame-

works (Me-MOFs) as templates. Their catalytic activ-

ities of ORR and HER were evaluated in both acid

and alkaline media, respectively. The performance

measurements indicated that Fe-N-C was better for

ORR than Co-N-C but not for HER at universal pHs.

The discrepancy of activity trend is further explained

and supported by density functional theory (DFT)

calculations, where the reaction mechanisms of ORR

and HER on these two model catalysts are explored

at the atomic level. The theoretical simulation results

demonstrated that Fe-N-C shows a higher ORR activ-

ity than Co-N-C by reducing the reaction barrier of

the rate-determining step (RDS), while a completely

different trend is observed for HER where Co-N-C

has smaller reaction barriers of RDS in both acidic

and alkaline media.

2 Experimental Section
2.1 Electrochemical Performance Measure鄄

ments
In this work, two types of Me-N-C (Me = Fe and

Co) catalysts derived from metal organic framework

(MOF) were evaluated for ORR and HER in both

acid and alkaline media. The detailed synthesis pro-

tocols and characterizations of the Me-N-C catalysts

can be found in previous reports[20, 21].

Typically, 10 mg of the synthesized Me-N-C

catalyst was dispersed in a solution consisting of 4

mL of ultrapure water (Merck Millipore), 1 mL of iso-

propanol (99.9% Sigma-Aldrich), and 20 滋L of Nafion

117 solution (5wt.%, Sigma-Aldrich) via sonication

for 30 min to form a homogeneous ink, which was

then loaded and dried on a pre-polished glassy car-

bon rotation disk electrode (GC-RDE, 5 mm, Pine In-

struments) with a desired loading amount. All the

electrochemical measurements were conducted in a

typical three-electrode setup with a pre-calibrated

Ag/AgCl and Hg/HgO electrodes used as the refer-

ence electrodes in acid and alkaline solutions, respec-

tively. A graphite rod was used as the counter elec-

trode. All potentials were referred to a reversible hy-

drogen electrode (RHE). The potential was controlled

by a CHI627e or CHI760e electrochemical worksta-

tion (CH Instruments). The HER performance was

recorded by linearly sweeping the working electrode

potential from 0.1 V to negative potentials at a scan-

ning rate of 10 mV窑s-1 in an Ar-saturated 0.5 mol窑L-1

H2SO4 (Veritas double distilled from VYCOR, GFS

Chemicals) or 1 mol窑L-1 KOH solution (99.99% Al-

addin). The working electrode was not rotated in

HER performance evaluation. ORR polarization

curves were recorded in O2-staturated solutions (0.1

mol窑L-1 HClO4 (Veritas double distilled, GFS Chemi-

cals) or KOH) with the steady-state mode consisting

of a potential step of 25 mV (between 0.40 and 0.95 V

vs. RHE) and step duration of 30 s at a rotation speed

of 1600 r窑min-1.

2.2 Computational Methods
Density functional theory (DFT) calculations are

conducted to compare the catalytic activity differ-

ences between Fe-N-C and Co-N-C by exploring the

ORR and HER mechanisms in both acid and alkaline

solutions. Vienna Ab-initio Simulations Package

(VASP)[22, 23] is adopted using the projected augment-

ed wave (PAW)[24, 25] method with the periodic bound-

ary condition being considered. The generalized gra-

dient approximation (GGA) is used to evaluate the

electronic exchange-correlation energies by adopting

the revised Perdew-Burke-Ernzerhof (RPBE)[26] func-

tional during calculations. The cut-off energy is set to

be 400 eV, and the conjugate-gradient scheme is used

to carry out the ionic relaxations under the force cri-

terion of 0.02 eV窑魡-1. The energy convergence criteri-
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on is 1 伊 10-6 eV, and one vacuum layer of 20 魡 is

added along z axis to avoid periodic interactions.

Spin polarizations are considered.

To investigate the ORR and HER activities on

Me-N-C catalyst surfaces theoretically, Fe-N-C and

Co-N-C are used as model catalysts to simulate the

elementary reaction steps. (6 伊 6) supercell is built with

the embedded Me-N4 moiety being the active site.

The Monkhorst-pack (2 伊 2 伊 1) grid is used to sample

the Brillouin zone for the modelled Me-N-C[27]. Both

the explicit and implicit solvent models are included

into our simulations to consider the solvation effect,

which is illustrated to be critical to explore the inter-

facial reaction mechanisms[28-30]. For the explicit sol-

vation effect, one water bilayer is used with a planar

hexagonal hydrogen bond network, where one half of

water molecules point to the slab by hydrogens and

the other half lie parallel to the catalyst surfaces [30-32].

For the implicit solvation effect, the solvation mod-

el developed by Hennig爷s group is introduced treat-

ing the solvent as a continuum described by certain

dielectric constant, which follows the joint density

functional theory framework[33, 34]. Such a similar theo-

retical model has been applied into other electro-

chemical systems[35, 36]. Gibbs free energy diagrams of

ORR and HER in both acid and alkaline solutions

were constructed according to N覬rskov爷s method [37].

The free energy during all the elementary steps is

calculated as:

驻G = 驻E + 驻EZPE -T驻S
where the 驻E is the DFT-calculated reaction energy,

驻EZPE is the zero-point correction energy and T驻S is

the entropy term. The 驻EZPE can be obtained by the

harmonic vibrational frequency calculations. By in-

cluding the water layer explicitly, the binding energy

of adsorbates can be calculated using the equation:

驻E = Etotal - E(slab+water) - Eadsorbate

where Etotal includes the DFT-calculated total energy

of slab and water layer, as well as adsorbate. Since

the interaction energy between water and Me-N-C

exists in all of the intermediate structures, it can be

counteracted during Gibbs free energy change (驻G)

evaluations. The reaction pathways are searched by

the climbing image nudged elastic band (CINEB)

method[38-40] and the reaction barrier is calculated as the

energy difference between the reactant and transition

state.

3 Results and Discussion
3.1 Experimental Measurements of ORR

and HER Performances on Me鄄N鄄C at
Universal pHs
To understand the impact of metal centers on

catalytic performances of Me-N-C, their ORR and

HER performances in both acid and alkaline envi-

ronments were evaluated. As shown in Figure 1A,

the Fe-N-C catalyst exhibited a half-wave potential

(Ehalf-wave) of 0.766 V vs. RHE in acid media toward

ORR, which was much higher than that of Co-N-C

(Ehalf-wave = 0.731 V), demonstrating the faster reaction

kinetics on the former. The much better ORR perfor-

mance of Fe-N-C than that of Co-N-C was also ob-

served in alkaline media (Figure 1B, Ehalf-wave: Fe-N-C

(0.900 V) > Co-N-C (0.857 V)). These results demon-

strated that Fe center has much faster kinetics in cat-

alyzing ORR than the Co one in both acid and alka-

line media. It should also be noted that Fe-N-C ex-

hibited obviously larger mass transport limiting cur-

rent densities in both acid and alkaline environments,

suggesting that it was more superior in catalyzing the

complete reduction of O2 to H2O (4e- pathway). The

HER activities of these two catalysts were also evalu-

ated. At a geometric current density of 10 mA窑cm-2

(Figure 1C) in acid media, the HER overpotential

measured on Co-N-C was 240 mV, which was signif-

icantly smaller than that on Fe-N-C (434 mV) by ca.

200 mV, illustrating the far higher HER activity and

faster reaction kinetics on the Co-doped carbon cata-

lyst. Similarly, in alkaline media as shown in Figure

1D, the same overpotential sequence at the current

density of 10 mA窑cm-2 was obtained (Co-N-C (260

mV) < Fe-N-C (360 mV)). Therefore, contrary to the

above observed ORR activity trend, Co-N-C showed

much higher activity toward HER than Fe-N-C at uni-

versal pHs.

3.2 ORR Mechanisms on Me鄄N鄄C at Uni鄄
versal pHs
To explore the origin of electrocatalytic activity

187窑 窑
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Figure 1 Steady-state ORR polarization curves of Fe-N-C and Co-N-C in O2-saturated 0.1 mol窑L-1 HClO4 (A) and 0.1 mol窑L-1

KOH (B) solutions. The catalyst loading was 306 滋g窑cm-2. The RDE rotation speed was 1600 r窑min-1. Polarization curves of Fe-N-C

and Co-N-C in Ar-saturated 0.5 mol窑L-1 H2SO4 (C) and 1 mol窑L-1 KOH (D) solutions at a scanning rate of 10 mV窑s-1. The catalyst

loading was 255 滋g窑cm-2. (color on line)

discrepancy between Fe-N-C and Co-N-C, DFT sim-

ulations are conducted to study the reaction mecha-

nisms during ORR on Fe-N-C and Co-N-C in both

acid and alkaline solutions. The ORR mechanism has

been previously reported to be the four-electron reac-

tion pathway on Me-N-C at universal pHs[32, 41, 42]. The

main difference in acid and alkaline solutions is the

origin of protons, which means that protons directly

come from the hydronium (H3O+窑(H2O)n) in acid me-

dia, while from water dissociations in alkaline solu-

tions. Since the liquid environment influenced the

electrocatalytic reactions greatly at the solid-liquid

interface[30, 43, 44], one water bilayer (explicit solvation)

and implicit solvation model are introduced into the

simulation system, representing the interfacial area

and bulk region, respectively. The reac tion path-

ways are shown and discussed in the following sec-

tions.

In acid,
* + O2 + H+ + e- → *OOH (1)

*OOH + H+ + e- → *O + H2O (2)

*O + H++ e- → *OH (3)

*OH + H+ + e- → * + H2O (4)

As stated in the above discussion, H+ is in the

form of hydronium represented by H3O+窑(H2O)n. The

adsorption structures of key intermediates (i.e.,

*OOH, *O and *OH) on Fe-N-C during ORR are op-

timized as shown in Figure 2 and the corresponding

structures on Co-N-C are similar but with different

metal centers in the Me-N4 species. After geometry

optimizations, *OOH, *O and *OH on the active

metal site all have the weak hydrogen bonds between

adsorbates and water bilayers indicated by the black

dashed lines as shown in Figure 2, where the local re-

arrangements of water network are observed once the

reaction intermediates are adsorbed on Fe-N-C. Cor-

B
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respondingly, the Gibbs free energy diagrams of

ORR on both Fe-N-C and Co-N-C in acid media are

constructed (Figure 3A), where the four elementary

steps are all in the downhill trend on these two cata-

lyst surfaces, demonstrating the facile reaction pro-

cess from the thermodynamic aspect. Moreover, the

kinetic barriers are also evaluated by searching the

minimum energy path (MEP) and transition state (TS).

Our calculation results indicate that the continuous

hydrogenation steps including O2-to-*OOH (Eq.1),

*O-to-*OH (Eq. 3) and *OH-to-*H2O (Eq. 4) are facile

and barrierless except the *OOH-to-*O (Eq. 2) conver-

sion step, which requires the O-O bond cleavage in

*OOH species. The reaction barriers of *OOH-to-*O

step on Fe-N-C and Co-N-C are marked in Figure 3A

by Ea, and apparently, Fe-N-C can facilitate the

*OOH-to-*O conversion being the rate-determining

step (RDS) with a much lower barrier of 0.19 eV

compared to that on Co-N-C (0.61 eV). These results

well explain why Fe-N-C exhibits a higher ORR ac-

tivity in acid than Co-N-C.

The ORR pathways in alkaline solutions are also

explored on Me-N-C, and the four elementary reaction

steps are shown below:

In alkaline,
* + O2 + H2O + e- → *OOH + OH- (5)

*OOH + e- → *O + OH- (6)

*O + H2O + e- → *OH + OH- (7)

*OH + e- → * + OH- (8)

The Gibbs free energy diagrams of ORR in alka-

line are shown in Figure 3B, and the reaction barriers

of elementary steps are calculated and shown by the

Figure 2 Top view and side view of slab model and adsorption structures of reaction intermediates during ORR on Fe-N-C: (A)

slab model; (B) *OOH; (C) *O; (D) *OH. Black dashed lines in B, C and D show the weak hydrogen bonds between adsorbates and

water bilayers. Reaction intermediates (*OOH, *O and *OH) are shown in ball-and-stick mode, and water molecules in the bilayer

are shown in stick mode. Color code: Fe, orange; C, grey; N, dark blue; O, red; H, white. (color on line)

A B

C D
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Figure 3 Gibbs free energy diagrams for ORR on Fe-N-C and Co-N-C in acid (A) and alkaline (B) solutions (color on line)

dashed lines. Different from acid, the proton source

from water dissociations contributes to the activation

energies for the hydrogenation steps during ORR in

alkaline, and the initial *OOH formation step is the

RDS on both Fe-N-C and Co-N-C (marked as Ea in

Figure 3B ). By comparing the thermodynamic trend

and kinetics barriers, Fe-N-C shows better ORR ac-

tivity in alkaline with a lower barrier of 0.74 eV in

the *OOH formation step (Eq. 5) than Co-N-C (barri-

er = 0.93 eV), which controls the overall reaction rate

and contributes to the faster kinetics. The optimized

geometries of reactant, TS and product in the rate-de-

termining *OOH formation step and the correspond-

ing energy curves along with TS searching on

Fe-N-C and Co-N-C are shown in Figure 4, where

the proton transfer processes are indicated by the yel-

low atoms and black dashed lines. Based on the

above discussion, similar to acid, Fe-N-C can facili-

tate ORR in alkaline by accelerating the reaction ki-

netics with the reduced reaction barrier of the RDS

compared to Co-N-C.

3.3 HER Mechanisms on Me鄄N鄄C at Uni鄄
versal pHs
To explore the HER pathway and to compare

the electrocatalytic activities on Fe-N-C and Co-N-C

theoretically, the three-stage diagram (驻GH
*) is con-

structed (Figure 5A) and the optimized *H adsorption

structures are shown in Figure 5B and 5C. Theoreti-

cal calculation results show that Co-N-C with much

stronger binding to *H results in the 驻GH
* of 0.06 eV,

which is much closer to 0 than that on Fe-N-C (0.35

eV). Generally, the 驻GH
* closer to 0 can contribute to

better HER activity according to the Sabatier princi-

ple. Therefore, thermodynamically, Co-N-C should

have a higher activity than Fe-N-C. Afterwards, to

analyze the kinetics of HER, the reaction steps in-

cluding Volmer and Heyrovsky steps are simulated

on both metal active sites, and the Tafel step consist-

ing of two adsorbed *H in the combination step is ig-

nored since there is only one metal site in the Me-N

moiety. Based on the TS searching and energy barrier

calculations (Table 1), HER in acid proceeds on both

Co-N-C and Fe-N-C fast with the Heyrovsky step be-

ing the RDS, and the corresponding barrier is smaller

on Co-N-C (0.25 eV) than that on Fe-N-C (0.29 eV).

However, in alkaline, the Volmer step is RDS, and

Co-N-C still shows a smaller kinetic barrier of 1.62

eV compared to Fe-N-C (1.95 eV). Therefore, contrary

to the trend in ORR, Co-N-C leads to a higher

catalytic activity toward HER than Fe-N-C at univer-

sal pHs from both thermodynamic and kinetic as-

pects, which is consistent with the above experimen-

tal measurements.

3.4 Model Discussion
Based on the above results, the activity differ-

ence of ORR between Fe-N-C and Co-N-C originates

from the reaction kinetics in the RDS, where Fe-N-C

facilitates ORR in both acid and alkaline solutions

compared to Co-N-C, and therefore, contributes to a

higher ORR activity at universal pHs. It should be

noted that ORR activity in alkaline is better than that

in acid on Me-N-C from the experimental measure-

A B
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ments, while our simulation results show a higher re-

action barrier in RDS in an alkaline medium com-

pared to the acid one. The similar phenomenon is ob-

served for HER on Fe-N-C with higher catalytic ac-

tivity in an alkaline medium. The high energy barrier

in alkaline solutions originates from the water disso-

ciations, and it could be affected by nearby cations at

electrochemical interfaces, where multiple water lay-

ers and applied potential should also be included in

the theoretical models. It is predicted that the simula-

tion models can be expanded and modified to include

the complex water network and cations/anions, as

Figure 4 Optimized geometries of reactant, transition state (TS) and product in the rate-determining *OOH formation step during

ORR in alkaline media and the corresponding energy curves along with TS searching on Fe-N-C (A, B) and Co-N-C (C, D). The black

dashed line (B and C) indicates the proton transfer pathway, and the transferred protons are shown in the yellow balls. The involved

water molecules and adsorbed intermediates are shown in ball-and-stick mode, and other water molecules are in stick mode for clar-

ity. Color code: Fe, orange; Co, light blue; C, grey; N, dark blue; O, red; H, white. (color on line)

A B

C D

Figure 5 (A) Gibbs free energy diagrams of 驻G(H*) for HER on Fe-N-C and Co-N-C; *H adsorption structures on Fe-N-C (B) and

Co-N-C (C). Water molecules are shown in stick mode for clarity. Color code: Fe, orange; Co, light blue; C, grey; N, dark blue; O, red;

H, white. (color on line)

Table 1 Reaction barriers for HER (Ea) on Fe-N-C and Co-N-C in acid and alkaline solutions.

The reaction barriers in RDS are shown in bold.

Ea/eV
In acid In alkaline

Fe-N-C Co-N-C Fe-N-C Co-N-C

Volmer step 0.24 0.09 1.95 1.62
Heyrovsky step 0.29 0.25 1.46 1.46

A B C
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well as t he potential effect, which deserves further

study and will be included in the future work.

4 Conclusions
In this work, both ORR and HER mechanisms at

universal pHs are studied on Fe-N-C and Co-N-C by

theoretical simulations from the atomic level. By ex-

ploring the reaction pathways, Fe-N-C facilitates

ORR in acid and alkaline media by lowering the re-

action barriers of RDS compared to Co-N-C. Regard-

ing HER, however, Co-N-C contributes to the higher

catalytic activity from both thermodynamic and ki-

netic aspects than Fe-N-C. Overall, our combined ex-

perimental and theoretical studies demonstrated that

Fe-N-C had higher ORR but lower HER activities

than Co-N-C in both acid and alkaline media.
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酸性和碱性溶液中金属氮碳材料氧还原和
氢析出反应的理论研究

秦雪苹1*袁朱尚乾1袁张露露1袁孙书会2袁邵敏华1*

(1.化工与生物工程系袁香港科技大学袁香港 999077曰 2. 能源材料与电信研究中心袁魁北克 加拿大冤

摘要: 单原子催化剂渊SAC冤由于其低成本和在各种电催化反应中潜在的高催化活性而被认为是铂族金属的有前

景的替代材料袁但仍然缺乏对不同金属氮碳材料催化剂之间活性差异的原子机理的理解遥 在此袁通过实验和理论

研究相结合袁研究了非贵金属氮碳材料渊Me-N-C袁Me = Fe 和 Co冤作为模型催化剂袁以探索在普遍的 pH 值下氧还

原反应渊ORR冤和氢析出反应渊HER冤的催化活性以及相对应的反应机理遥原子理论模拟表明袁Fe-N-C 具有比 Co-N-C

高的 ORR 活性袁这是因为其速率决定步骤的反应势垒较低袁而 HER 的活性趋势却相反遥 我们的模拟结果与实验

观察结果一致遥
关键词: 氧气还原反应曰氢气析出反应曰电催化剂曰单原子催化剂曰理论计算
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