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a b s t r a c t

Unremitting and intensive researches about efficient non-precious metal electrocatalysts are necessary

for large-scale commercial applications of fuel cells, while iron and nitrogen co-doped carbon (Fe-N-C)

materials has become one of the most promising electrocatalysts to replace Pt-based noble metal cata-

lysts. However, the traditional Fe-doped ZIF with rhomb dodecahedron morphology limits the exposure

of active sites and the utilization of atoms, even affecting the performance of the catalyst. Herein, a Fe/N

co-doped catalyst with a flower-like morphology was prepared using ferric citrate source along with sec-

ondary NH3 heat treatment. The optimal catalyst (termed as 4Fecitrate-N-C-3) showed distinguished oxygen

reduction reaction (ORR) activity with a half-wave potential of 0.8 and 0.9 V (vs. RHE) in acid and alka-

line media, respectively. In addition, 4Fecitrate-N-C-3 maintained more than 80% of original activity even

after 50,000 s which is superior to the benchmark Pt/C. The strategy of controlling morphology and com-

position is meaningful for the optimization of non-precious metal electrocatalysts for ORR in fuel cells or

metal-air batteries.

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Increasing energy demand and environmental pollution makes

researchers more committed to developing sustainable, clean and

efficient energy [1–3]. Fuel cell with high energy conversion ef-

ficiency has attracted worldwide researchers’ ongoing attention,

which can convert chemicals into electric energy without produc-

ing any pollutants [4,5]. However, the sluggish kinetics of ORR re-

quires platinum group metal (PGMs) catalysts to reduce overpoten-

tial of the cathode of proton exchange membrane fuel cells (PEM-

FCs), which makes equipment cost-prohibitive for large-scale com-

mercial application [6,7]. Although the amount of the platinum has

been greatly reduced by adjusting the composition and structure

of the catalyst, that does not resolve underlying issue [8–10]. The

development of low-cost and durable non-precious metal catalysts

with outstanding ORR activity to replace PGMs catalyst is of great

significance in PEMFCs [11,12].

The zeolitic imidazolate frameworks (ZIF)-derived Fe-N-C ma-

terials was considered as one of the most promising alternatives

to PGMs catalysts [13–15]. However, due to the regularly rhom-

boid dodecahedron structure of ZIF-8, the active site of FeN4 may

be wrapped in the carbonized polyhedron structure [16]. More-
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over, micropores-dominated structure can be formed via Zn ion

volatilize during carbonization process, which makes the active site

inaccessible and easy to induce electrolyte and pore blockage [17].

Recently, the structure and morphology has been adjusted to facili-

tate mass transport [18] or increase the exposed active sites for en-

hancing ORR performance [19,20]. For instance, Wan et al. reported

an concave Fe-N-C catalyst, which increased external surface area

to expose more inaccessible FeN4 active sites, demonstrating ex-

cellent ORR activity and high power density in PEMFCs [21]. Addi-

tionally, transition-metal and nitrogen co-doped carbon nanotube

composite exhibits an outstanding electrocatalytic activity and sta-

bility due to the abundant nitrogen atoms and pore structure [22–

24]. Wang et al. reported a simple NaCl-assisted method to prepare

a high-performance nitrogen-doped electrocatalyst with abundant

FeN4 sites [25]. Therefore, rational structure regulation for the cat-

alyst to generate more exposed active sites is an effective method

to develop practical PGM-free catalysts in devices.

Herein, we designed a ferric citrate derived Fe-N-C catalyst

with flower-like morphology after secondary heat treatment by

NH3. In the original coordination framework of ZIF-8, partial 2-

methylimidazole ligands were replaced and the citrate ion can co-

ordinate with zinc nodes of ZIF-8 due to the strong intercalation

between citrate salt and metal ions [26,27]. Such hybrid coordi-

nation is conductive to the formation of the flower-like structure
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and Fe-N coordination, leading to notably increased intrinsic activ-

ity with high ORR kinetics [28]. The flower-like morphology can

facilitate the explosion of accessible active sites and form meso-

porous pore compared with conventional regular polyhedron do-

decahedron of ZIF-8, which is conductive to mass transfer in the

device [29]. Furthermore, the atomic content of the total N, pyri-

dine N and graphite N were increased by secondary NH3 heat

treatment to improve the ORR activity [30–33]. The prepared cat-

alyst 4Fecitrate-N-C-3 exhibited good catalytic activity with a half-

wave potential of 0.8 and 0.9 V (vs. RHE) in acid and alkaline elec-

trolyte. Additionally, 4Fecitrate-N-C-3 owns excellent cycling stability

with only 20 mV degradation after 5000 cycles and good resistance

to methanol toxicity than the benchmark Pt/C.

All the chemicals used in the synthesis of catalysts were

analytical purity and no further purification was made. 2-

Methylimidazole (98%) was purchased from Heowns Biochem LLC.

Ferric citrate was purchased from Macklin (Shanghai, China). Zinc

nitrate hexahydrate (Zn(NO3)2·6H2O, 98%) was purchased from Al-

addin (Shanghai, China). Nafion solution was purchased from En-

ergy Chemical. Commercial Pt/C (20 wt%) was obtained from Alfa

Aesar Chemical Co., Ltd. High-purity (99.99%) oxygen gas and ni-

trogen gas were obtained from Shi yuan Jing ye (Beijing) Air Power

Technology Development Co., Ltd. The deionized water was made

by the laboratory water purifier (18.3 M� cm).

The catalyst we synthesized was labeled as XFey-N-C-Z, where X

denotes the percentage of iron added moles compared to zinc and

y is the ferric salt with different anions, Z is the molar ratio be-

tween 2-methylimidazole and added metal (1, 2, 3 corresponding

to the molar ratio between 2-methylimidazole ligand and added

metal varies from 1:4, 1:8, 1:16, respectively). Take 4Fecitrate-N-C-

3 as an example, it means using ferric citrate as iron source and

the 1:16 molar ratio between 2-methylimidazole and metal with

4% Fe, 96% Zn metal moles. In the process of synthesis, 13.136 g

(0.16 mmol) 2-methylimidazole was dissolved in 100 mL deionized

water (DI) in a flask. Then, 2.8559 g (0.01 mol × 96%) Zinc nitrate

hexahydrate (Zn(NO3)2·6H2O) and 0.09792 g (0.01 mol × 4%) Fer-

ric citrate were dissolved in 100 mL DI in another flask. Two solu-

tions were mixed at a constant temperature of 60 °C for 24 h with

continuous stirring. The suspension was obtained by filtering and

then washed with DI several times. The yellow power was dried at

60 °C in a vacuum oven.

The final catalysts were prepared through a programmed pyrol-

ysis in the N2 and NH3 atmosphere. The precursor was put in the

tube furnace and heated to 950 °C at 5 °C/min under a N2 flow,

then secondary NH3 pyrolysis was applied at 950 °C under a NH3

flow for 15 min and then kept another 105 min in flowing N2,

cooled downed to room temperature naturally. 4Fecitrate-C-3 was

prepared with same procedure without secondary NH3 pyrolysis

treatment.

The morphology and size of catalysts were characterized by

scanning electron microscopy (SEM, Hitachi S-4700), transmission

electron microscopy (TEM, HT 7700) and high-resolution transmis-

sion electron (HRTEM, FEI Tecnai G2 F2). The crystal structure in-

formation was obtained by X-ray diffraction (XRD) with Cu Kα ra-

diation (λ = 0.154178 nm) at 2θ ranges from 5° to 90° X-ray photo-

electron spectroscopy (XPS) analysis was conducted with ESCALAB

250 (Thermo Fisher Scientific USA) equipped with an A1 Kalph

150 W X-ray source. The Raman spectra was tested with 514 nm

laser as the excitation source. Nitrogen adsorption-desorption mea-

surement was performed on a Micromeritics (ASAP 2460). The

pore size distribution and specific surface area were measured by

Barrett-Joyner-Halenda (BJH) method and Brunauer-Emmett-Teller

(BET) method, respectively.

The electrochemical performance of materials was performed

on a electrochemical workstation with CHI760E Instrument at

room temperature and all tests were carried out under saturated

oxygen or nitrogen conditions. We used the traditional three-

electrode system to test the oxygen reduction performance of the

materials, in which saturated calomel electrode (SCE) as reference

electrode, carbon rod as counter electrode and a glass carbon rotat-

ing disk electrode coated with catalyst film as working electrode.

The electrode potential of oxygen reduction performance described

in this paper was converted reversible hydrogen electrode potential

(RHE) according to the equation (ERHE = ESCE + 0.059pH + E0SCE).

The preparation process of working electrode: synthesized 5 mg

catalyst was dispersed in a mixed solution of Nafion solution

(100 μL, 0.5 wt%) and anhydrous ethanol (900 μL), then sonicated

at least 30 min to form a homogeneous suspension. The 10 μL sus-

pension ink was dropped on the polished glass carbon electrode

with 5 mm diameter and dried at room temperature (the catalyst

loading is 0.255 mg/cm2).

Cyclic voltammetry (CV) test was performed in a voltage range

from 0 to 1.0 V (vs. RHE) at a scan rate of 10 mV/s and the lin-

ear sweeping voltammetry (LSV) measurement was performed at

a scan rate of 5 mV/s with a rotating rate of 1600 rpm in the

same voltage range. Rotating ring-disk electrode (RRDE) measure-

ment was also performed to investigate the electron transfer num-

ber and yield of H2O2% in the reaction. The Tafel slope can be cal-

culated from the LSV curve data to characterize the oxygen reduc-

tion kinetics of the catalyst according to Eq. 1:

Jk = |JL ∗ J|
|JL|−|J| (1)

Meanwhile, electron transfer number is calculated by the

Kouteckye-Levich (K-L) equation:

1

J
= 1

JL
+ 1

JK
= 1

Bω1/2
+ 1

JK
(2)

B = 0.6nFC0(D0)
2/3Fv−1/6 (3)

The electron transfer number of catalysts and yield of H2O2%

can be measured by using RRDE with Eqs. 4 and 5:

n = 4 × Id

Id + Ir
N

(4)

H2O2% = 200 × Ir/N

Id + Ir/N
(5)

where Id is disk current, Ir is ring current and N = 0.37 is the cur-

rent collection efficiency of the Pt ring.

The Cdl was calculated from double layer charging curves in

non-faradic potential range of 1.00–1.05 V (vs. RHE), then electro-

chemically active surface area (ECSA) was further calculated by the

relation between Cdl and scan rate (υ) according to Eq. 6:

ECSA = j/v
CGC

(6)

CGC is double layer capacitance of glassy carbon electrode

(0.2 F/m2).

The durability of catalysts was assessed by i-t chronoam-

perometric measurements at fixed potential in O2-saturated for

50,000 s. The methanol tolerance of the catalyst was evaluated by

the change of current density when 6 mL of methanol was added

into electrolyte during the chronoamperometric measurement.

As is shown in Scheme 1, the prepared electrocatalysts were

synthesized towards stepwise pyrolysis strategy. ZIF-derived pre-

cursors were synthesized by adding ferric salts with diverse an-

ion, i.e., FeCl3, FeNO3, FeSO4 and ferric citrate, in an aqueous so-

lution, various catalysts were obtained after the pyrolysis to ex-

plore influence of different anions on the electrocatalytic ORR ac-

tivity. From Figs. 1a-d, the morphology of catalysts was observed
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Fig. 1. SEM images of (a) 4FeCl3-N-C-3, (b) 4FeNO3-N-C-3, (c) 4FeSO4-N-C-3, (d) 4Fecitrate-N-C-3. (e) TEM image of 4Fecitrate-N-C-3. (f) HRTEM image of 4Fecitrate-N-C-3 and

corresponding elemental mapping of N, C and Fe. (g) LSV curves of the different iron salt catalysts. (h) Corresponding Tafel plots from RDE polarization curves.

by SEM, which surface is relatively rough. The 4Fecitrate-N-C-3 cat-

alyst shows an obvious outward spreading flower-like morphol-

ogy while the other three catalysts all exhibits block-like structure

which presented slight tendency with outward growth. More im-

portantly, compared with Fig. S1 (Supporting information), the re-

sults show that 4Fecitrate-N-C-3 could maintain the original mor-

phology after calcination.

The 4Fecitrate-N-C-3 exhibits a different shape from the other

ferric salts, possibly due to the co-effect for coordination of citrate

ions with Zn ions and the exchange with partial 2-methylimidazole

ligands [26]. The rough surface of the sample indicates that abun-

dant pore structures may have formed during the calcination pro-

cess. The XRD pattern of precursor (4Fecitrate-ZIF8–3) also shows

that the addition of coordination effect of ferric citrate affects the

crystal structure (Fig. S2c in Supporting information) [28]. The oxy-

gen reduction characteristic of all catalysts is shown in Fig. 1g and

the electrocatalytic performance of various anions is significantly

different. The half-wave potential of catalysts prepared by different

anions are 0.559, 0.697, 0.725 and 0.8 V (vs. RHE) in acid media,

respectively. The Tafel slope of 4Fecitrate-N-C-3 is 70 mV/dec, which

is the smallest of all the samples according to Fig. 1h. The results

show that it has the best kinetics for oxygen reduction reaction

[34]. The use of different iron sources as iron sources has a signif-

icant impact on the amount of doped iron into the catalyst, which

may affect the site density of the catalyst, and thus affect the re-

lated electrochemical performance (Fig. S3 in Supporting informa-

tion). Therefore, ferric citrate was selected as the iron source for

the subsequent material preparation. Furthermore, a small amount

of metal particles can be seen from TEM in Fig. 1e. HRTEM im-

ages in Figs. S2a and b (Supporting information) also show the

formation of related metal nanoparticles and carbon layers with

well-defined lattice distance of 0.204 nm and 0.36 nm, which as-

signed to (119) planes of the Fe2O3 phase (PDF#25–1402) and

(002) planes of graphite phases (PDF#26–1080), respectively, and

it consistent with the characteristic peak (35.6° and 26.6°) in XRD

spectrum (Fig. S2d in Supporting information). Notably, some stud-

ies has shown that nano-particles coated with carbon layer can ef-

fectively improve ORR activity [35]. Meanwhile, the corresponding

element mapping confirms that Fe and N elements are uniformly

distributed on the carbon after carbonization (Fig. 1f).

In order to analyze the effect of ammonia activation on the

structure and composition of the catalyst, under the same con-

dition, 4Fecitrate-C-3 was prepared without ammonia treatment,

which was characterized by XPS, Raman and BET (Fig. 2). The

surface elemental composition of the substance was obtained

through XPS. Obviously, the total nitrogen content of 4Fecitrate-N-

C-3 was significantly increased after ammonia gas activation (Fig.

S4 in Supporting information). As shown in Fig. 2c, N 1s peak

of 4Fecitrate-N-C-3 was deconvolved with pyridinic N (398.6 eV),

pyrrolic N (400 eV), graphitic N (401.1 eV) and oxidized N

(402.7 eV) [36,37], which accounted for 40.22%, 22.25%, 25.75% and

11.78% (Fig. S5 in Supporting information), respectively. In contrast,

26.8% of pyridinic N, 21.98% of pyrrolic N, 26.21% of graphitic N

and 24.92% of oxidized N were presented in 4Fecitrate-C-3 (Fig. S5).

Recent studies demonstrated that the high content of pyridine ni-

trogen and graphite nitrogen is more conducive to the formation

of active sites and improve the ORR activity [38,39]. Through com-

parison of N content, we found that the percentage of pyridinic N

and graphitic N in the 4Fecitrate-N-C-3 is higher (the specific con-

tent is shown Fig. S5), which is expected to improve the ORR per-

formance. Fe 2p spectrum of 4Fecitrate-N-C-3 (Fig. 2b) and 4Fecitrate-

C-3 (Fig. 2d) was deconvolved several pairs of peaks, the peaks at

709.2 eV and 711.5 eV can be assigned to 2p3/2 of Fe2+ and Fe3+

species, respectively. The peaks at 723.8 and 726 eV can be at-

tributed to 2p1/2 of Fe2+ and Fe3+ species and the other peak at

719.5 eV is attributed to a satellite peak [36,40]. Meanwhile, Fig. S4

shows that 4Fecitrate-N-C-3 has the higher Fe content (0.58%) than

4Fecitrate-C-3, probably because the increase of nitrogen content

will anchor more Fe element, which is beneficial to the formation

of effective active sites [41,42]. It can be seen from Raman spectra

in the Fig. 2e that 4Fecitrate-N-C-3 has a higher ID/IG value (1.049),

which indicates NH3 pyrolysis treatment increased the defects and

disorder in the structure of catalyst so as to better expose the ac-

tive site and further improve the catalytic performance of ORR [41].

The nitrogen adsorption-desorption isotherms were tested to get

the information of BET specific surface area and porous size distri-

bution. 4Fecitrate-N-C-3 has the larger specific surface area, which

was measured as 776 m2/g by N2 adsorption-desorption isotherms

displayed in Fig. 2f (SBET of 4Fecitrate-C-3 is 695 m2/g). The pore size

distribution curves indicates that micropores of 4Fecitrate-N-C-3 in-

creased and some expand to become mesopores during ammonia

activation, forming the hierarchical pore structure (Fig. S6 in Sup-

porting information) [43], which facilitates the exposure of active

sites and mass transfer during the reaction [44].

To explore the effect of catalysts on ORR catalytic performance

with diverse compositions, catalysts with several ratios between

metal and 2-methylimidazol and Fe-doping content were prepared.

Firstly, the molar ratio between metal and 2-methylimidazole

varies from 1:4, 1:8 and 1:16, respectively, then 2Fecitrate-N-C-1,

2Fecitrate-N-C-2 and 2Fecitrate-N-C-3 were obtained after calcination

pyrolysis. Different proportions of 2-methylimidazol affected the

morphology of the electrocatalysts as can be seen from the SEM
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Fig. 2. (a) High-resolution N 1s spectrum of 4Fecitrate-C-3. (b) High-resolution Fe 2p spectrum of 4Fecitrate-C-3. (c) High-resolution N 1 s spectrum of 4Fecitrate-N-C-3. (d)

High-resolution Fe 2p spectrum of 4Fecitrate-N-C-3. (e) Raman spectra of 4Fecitrate-C-3 and 4Fecitrate-N-C-3. (f) N2 isotherms of 4Fecitrate-C-3 and 4Fecitrate-N-C-3.

Fig. 3. (a) Corresponding ECSA of different 2-methylimidazol ratios from RDE polarization curves. (b) LSV curves of different Fe doping samples; (c) Corresponding Tafel

plots from RDE polarization curves. (d) Corresponding Jk (left) and half-wave potential (right). All the catalysts tested in O2-saturated in 0.1 mol/L HClO4 solutions.

and TEM images in Fig. S7 (Supporting information). Furthermore,

a higher ID/IG value (1.03) of 2Fecitrate-N-C-3 was obtained by Ra-

man spectrum (Fig. S8 in Supporting information), which may be

caused by its particular morphological structure due to the ligand

molar ratio. It can be speculated that the flower-like morphology

enhances the disorder of the structure, which can expose more ac-

tive sites. The results also supported by the data of electrochemical

active surface area (ECSA) electrochemical test and corresponding

LSV curves, in which 2Fecitrate-N-C-3 with flower-like structure ex-

hibits a larger ECSA (202 m2/g) (Fig. 3a) and higher E1/2 (0.767 V)

(Fig. S9 in Supporting information). That can be indicated that the

extended morphology and abundant pore structure can effectively

expose the active area and improve the ORR activity in the reaction

process.

As is shown in Fig. 3b, the effect of doped Fe amount is also

investigated by gradually increasing the amount of iron doping

[45]. Among all samples, 4Fecitrate-N-C-3 shows the best oxygen re-

duction performance in both 0.1 mol/L KOH and 0.1 mol/L HClO4

media, which indicates that the 4% Fe-doping is optimal content.

Specifically, 4Fecitrate-N-C-3 has the most positive half-wave poten-

tial (E1/2) of 0.9 V (vs. RHE) in alkaline electrolyte, which is higher

than other Fe doping content and 4Fecitrate-C-3 (0.882 V), and even

exceeds that of commercial Pt/C (0.87 V). Similarly, 4Fecitrate-N-C-3

has the encouraging ORR performance with a half-wave potential

(E1/2) of 0.8 V (vs. RHE), which is close to commercial Pt/C (0.82 V)

and higher than 4Fecitrate-C-3 (0.783 V) in 0.1 mol/L HClO4 elec-

trolyte (Fig. 3b). With the increase of Fe molar ratios from 0.01 to

0.04, the half-wave potential gradually increased and reached the

peak at 0.04 Fe doping, which is consistent with the trend of dy-

namic current (Jk) in Fig. 3d. It should be related to the number

of active sites in the catalyst, which is well evidenced by the Fe

content measured by the inductively coupled plasma optical emis-

sion spectroscopy (ICP-OES) in Fig. S11 (Supporting information).

Furthermore, the excellent ORR activity for synthesized materials
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Fig. 4. (a) Electron transfer number and H2O2 yield of 4Fecitrate-N-C-3 and Pt/C

measured by RRDE. (b) The chronoamperometric responses of 4Fecitrate-N-C-3 and

Pt/C at 0.55 V (vs. RHE) with addition of 6 mL methanol. (c) Polarization curves

for 4Fecitrate-N-C-3 before and after 5000 cycles in an O2-saturated 0.1 mol/L HClO4

solution. (d) Normalized i-t cures at 0.55 V (vs. RHE) of 4Fecitrate-N-C-3 and Pt/C.

Scheme 1. A schematic illustration of the synthetic process of catalyst.

were further confirmed by the Tafel slope. As displayed in Fig. 3c,

4Fecitrate-N-C-3 has the lowest Tafel slope of 70 mV/dec, which is

better than that of other catalysts, representing faster ORR kinetics

of 4Fecitrate-N-C-3 for the ORR.

Based on the fact that 4Fecitrate-N-C-3 showed the best electro-

chemical ORR activity and reaction kinetics, the other ORR perfor-

mance tests using 4Fecitrate-N-C-3 as the best sample were per-

formed. The electron transfer number (n) and yield of hydrogen

peroxide (H2O2) were measured by using RRDE. In the voltage

range of 0–0.8 V (vs. RHE), the electron transfer number basically

maintained between 3.9 and 4.0, which is very close to the theo-

retical value of commercial 20 wt% Pt/C (Fig. 4a). Additionally, LSV

tests at different rotating speeds were carried out, and the electron

transfer number calculated by K-L (Kouteckye-Levich) equation was

about 4, which was consistent with the results of RRDE test (Fig.

S12 in Supporting information). The yield of H2O2 remains below

5%, indicating that the four-electron pathway is more inclined to

react in the reaction process, which the reaction product is wa-

ter without any pollution to the environment. The commercial Pt/C

appeared a significant current density drop instantly in Fig. 4b,

while 4Fecitrate-N-C-3 was not greatly affected and remained sta-

ble when 6 mL methanol was added to the electrolyte at 200 s

in the chronoamperometry curve (i-t) test mode. 4Fecitrate-N-C-3

has a good methanol resistance and could be used as a potential

methanol fuel catalyst.

Except for excellent ORR performance, the durability is also an-

other significant parameter for practical application [46]. Thus, two

methods were used to evaluate the stability of the electrocatalyst

in this work. The first method was investigated to cycle CV curve

over a voltage range of 0.6–1.0 V (vs. RHE) at rate of 100 mV/s,

the half-wave potential was only poor 20 mV than initial E1/2 after

5000 cycles (Fig. 4c). At the same time, through the chronoamper-

ometric test to accelerate aging process, 4Fecitrate-N-C-3 still main-

tain more than 80% of original current activity after 50,000 s, while

the commercial Pt/C decreased significantly to 33% after 20,000 s

under the same test condition in Fig. 4d. The results obviously

revealed that 4Fecitrate-N-C-3 has better stability than commercial

Pt/C. The unique flower-like morphology with ferric citrate doping

and effective NH3 heat treatment for catalyst provide the higher

surface area and more exposed active sites, which makes that

4Fecitrate-N-C-3 is a potential electrode catalyst for proton exchange

membrane fuel cell in acidic medium.

In summary, we synthesized ferric citrate doped Fe-N-C electro-

catalyst with flower-like morphology through a stepwise pyrolysis

method. The ammonia activation during pyrolysis was used to in-

crease the nitrogen species and enrich the pore structure, which

effectively increasing the number of effective active sites and the

accessible active area. By controlling the proportion and composi-

tion of the precursor, the catalyst of 4Fecitrate-N-C-3 with the best

ORR performance was synthesized when the 2-methylimidazol ra-

tio of 1:16 and the iron doping is 4%. The half-wave potential

reaches 0.8 V and 0.9 V (vs. RHE) in acid and alkaline, respectively.

More importantly, it exhibits excellent stability and methanol toler-

ance. This work provides a good reference for the development of

low cost and high performance non-noble metal oxygen reduction

catalysts.
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