Open Access Article. Published on 18 January 2022. Downloaded on 2/8/2026 4:24:49 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

W) Check for updates ‘

Cite this: RSC Adv., 2022, 12, 2425

ROYAL SOCIETY
OF CHEMISTRY

(3

Fe/Co/N-C/graphene derived from Fe/ZIF-67/
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oxygen reduction reactiony
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The development of hon-noble metal catalysts with high-performance, long stability and low-cost is of

great importance for fuel cells, to promote the oxygen reduction reaction (ORR). Herein, Fe/Co/N-C/

graphene composites were easily prepared by using Fe/ZIF-67 loaded on graphene oxide (GO). The Fe/

Co/porous carbon nanoparticles were uniformly dispersed on graphene with high specific surface area

and large porosity, which endow high nitrogen doping and many more active sites with better ORR
performance than the commercial 20 wt% Pt/C. Therefore, Fe/Co/N-C/graphene composites exhibited

excellent ORR activity in alkaline media, with higher initial potential (0.91 V) and four electron process.
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They also showed remarkable long-term catalytic stability with 96.5% current retention after 12 000 s,

and outstanding methanol resistance, compared with that of 20 wt% Pt/C catalysts. This work provides
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1. Introduction

Fuel cells are extremely important energy conversion devices,
which can efficiently convert hydrogen and other clean energy
into electrical energy.'”> However, the energy conversion effi-
ciency of fuel cells is limited by the slow kinetics of the oxygen
reduction reaction (ORR) in the cathode. Although researchers
have been actively working on the development of non-precious
metal electrocatalysts for the ORR, catalysts with high activity
and durability are urgently needed.®™® So far, transition metal
(M) and nitrogen co-doped carbon materials containing M-N,
active centers are considered as the most promising catalyst
materials. The transition metal-nitrogen-carbon (M-N-C)
catalysts could provide more active sites to improve the ORR
performance.”?” Three-dimensional cobalt-nitrogen double-
doped porous carbon (3D Co-N/C) was prepared and exhibi-
ted remarkable ORR properties, which were attributed to Co
doping and high content of pyridine nitrogen.*® Co doped N-C
(Co/N-C) catalysts were synthesized by direct pyrolysis of
glucose doped with cobalt metals, which also showed excellent
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an effective strategy for the preparation of non-noble metal-based catalysts, which could have
significant potential applications, such as in lithium—air batteries and water-splitting devices.

ORR performance.* Novel three-dimensional mesoporous Co/
N-C (Co@Co/N-C-A NHs) catalysts with a nanosheet network
structure were further developed.*® Due to the presence of
a small quantity of Co nanoparticles, the half-wave potential
and limiting current density of the Co doped catalysts are
superior to those of the commercial 20 wt% Pt/C.*!

Although some non-noble metal supported nitrogen-carbon
catalysts have higher initial potentials and half-wave potentials
than that of commercial Pt/C catalysts, their durability still
remains a great challenge. Recently, many efforts have been made
to improve the durability of the electrochemical catalysts, such as
increasing the surface area and enhancing the degree of graphi-
tization.**>* Heteroatom doped carbon materials derived from
metal-organic frameworks (MOFs) have been considered as the
ideal ORR catalyst materials, because of their adjustable and
porous structure.*** Zeolitic imidazolate frameworks (ZIFs), one
of the most promising precursor materials among the MOF
family, possessed large surface area, high porosity and adjustable
pore size.**™** More importantly, ZIFs are rich in nitrogen and can
offer active center metals to afford high activity for fuel cells.***
However, the calcination from ZIFs will destroy their ordered
structure and porous morphology, leading to the poor ORR
performance, which is attributed to the low graphitization, poor
conductivity and electron migration ability of ZIFs materials. With
Nacl as additives, porous Co/N co-doped catalysts were prepared
by the calcination of ZIF-67, which showed excellent ORR
performance.* Co, Fe, Ni co-doped nitrogen-rich hollow carbon
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(CoFeNi/NC) derived from PVP/ZIF-8/ZIF-67 exhibited relatively
good ORR catalytic activity. The addition of Fe and Ni can
enhance the graphitization degree and the specific surface area of
the CoFeNi/NC, to substantially enhance the ORR activity.”* To
further enhance the ORR performance of ZIFs-based catalysts, it is
urgent to prepare catalysts with high specific surface area and
high electrical conductivity.

Generally, graphene oxide (GO) with large surface area, rich
graphitic carbon and excellent electrical conductivity is widely
used in fuel cell and other fields.***® Herein, we developed
a simple and effective preparation method of Fe/Co/N-C/
graphene composites, derived from Fe/ZIF-67 (2-methyl-
imidazole cobalt/iron) loaded on GO. Interestingly, Fe/Co/N-C/
graphene composites showed excellent ORR catalytic activity in
the alkaline electrolyte. The initial potential and half-wave
potential, limiting current density and electron transfer
number (n) of Fe/Co/N-C/graphene composites were better than
that of 20 wt% Pt/C catalysts. Moreover, Fe/Co/N-C/graphene
composites also displayed excellent stability and methanol
resistance in the alkaline media.

2. Materials and experimental
2.1 Materials

Graphite oxide powder was purchased from Nanjing XFNANO
Materials Tech Co., Ltd. Methanol (99.9%), potassium
hydroxide (90%), ferric nitrate nonahydrate (98%) and 2-meth-
ylimidazole and cobalt(u) nitrate hexahydrate were bought from
Shanghai Titan Technology Co., Ltd. Nafion solution (5 wt%)
was obtained from E. I. Du Pont Company.

2.2 Apparatus

Transmission electron microscopy (TEM, JEOT JEM 2010HT)
and scanning electron microscopy (SEM, Tescan Mira 3 XH)
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(both from Electron Optics Laboratory Co., Ltd., Japan); powder
X-ray diffraction (XRD, Bruker, Japan, Smart Lab); Raman
spectra (Thermo Fei, Thermo DXR 2xi, USA); X-ray photoelec-
tron spectroscopy (XPS, Thermo Fei, Thermo Scientific Escalab
250xi, USA). Brunauer-Emmett-Teller (BET, Quantachrome Ins
USA Quadrasorb EVO); Electrochemical measurements (CHI
660D, Chenhua, China).

2.3 Synthesis of Co/N-C, Co/N-C/graphene, Fe/Co/N-C and
Fe/Co/N-C/graphene composites

Firstly, 100 mL GO/methanol dispersion (2 mg mL™') was
prepared, as the A solution. 0.60 g cobalt nitrate hexahydrate
and 0.10 g ferric nitrate nonahydrate were dissolved in 22 mL
methanol and then stirred for several minutes, as the B solu-
tion. 20 mL A solution was added to the B solution, to keep
stirring for at least 1 h to obtain C solution. And then 1.37 g 2-
methylimidazole was dissolved in 42 mL methanol and stirred
for 10 min, which was quickly added to the C solution. After
stirring for 24 h, the products were collected by centrifugation at
9000 rpm for 5 min, washed with methanol for 3 times, and
then dried at 80 °C in oven for 24 h, to obtain Fe/ZIF-67/GO. The
ZIF-67, ZIF-67/GO and Fe/ZIF-67 were synthesized according to
the above procedures. Then ZIF-67, ZIF-67/GO, Fe/ZIF-67 and
Fe/ZIF-67/GO was finally pyrolyzed in 800 °C argon environment
for 2 h at a heating rate of 5 °C min ™", to finally obtain Co/N-C,
Co/N-C/graphene, Fe/Co/N-C and Fe/Co/N-C/graphene
composites separately.

3. Results and discussion

The overall preparation process of Fe/Co/N-C/graphene is
shown in Scheme 1. First, Co*" and Fe*" ions were adsorbed to
the oxygen-containing functional groups on GO, as the nucle-
ation sites for the growth of ZIF crystals. After the addition of 2-

i Ar,800°C '
—_—
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/ /
Fe/Co/N-C/graphene

N @
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Scheme 1 Schematic for the synthesis of Fe/Co/N-C/graphene composites.
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methylimidazole, the ZIF-67 nucleus grew on the surface of GO,
forming the ZIF-67 structure loaded on GO (Fe/ZIF-67/GO). After
pyrolysis at 800 °C, Fe/Co/N-C/graphene with high specific
surface area was obtained.

To observe the morphology of the prepared samples, scan-
ning electron microscopy (SEM) of ZIF-67, ZIF-67/GO, Fe/ZIF-67,
Co/N-C, Co/N-C/graphene and Fe/Co/N-C was characterized.
Fig. 1a shows ZIF-67 has regular polyhedral shape and uniform
size (about 1 pm), confirming the successful synthesis of ZIF-67
crystals. Fig. 1b shows the carbon skeleton of Co/N-C derived
from ZIF-67 was collapsed and contracted, losing its original
regular shape and structure. The surface of Co/N-C becomes
rough and the size decreases, mainly due to the decomposition
of imidazole and the cleavage of organic ligands during pyrol-
ysis. After the addition of GO, ZIF-67 nanoparticles become
larger and are unevenly dispersed on the surface (Fig. 1c). There
are many microspheres in Co/N-C/graphene (Fig. 1d). Even
though the introduction of GO can promote the formation of
graphitic nitrogen, the mass transfer efficiency in the micro-
spheres may not be high due to the lack of pores. Therefore, Fe/
ZIF-67 presents regular polyhedral shape (Fig. 1e), due to the Fe
addition. Moreover, the morphology of Fe/ZIF-67 with smooth
surface and large size (Fig. 1f) could be retained during the
pyrolysis process.
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Fig. 2a-c show SEM images of Fe/ZIF-67/GO under different
magnification factors. Fe/ZIF-67/GO remains regular polyhedral
structure with the addition of GO and Fe. Fe/ZIF-67 nano-
particles is uniformly dispersed on the GO surface, which can
prevent the collapse of the carbon skeleton and the accumula-
tion of GO during the pyrolysis process. Fe/Co/N-C nano-
particles with a size of about 30 nm are distributed on the
graphene (Fig. 2d—f). To get more information of the surface
area and porosity of the Fe/Co/N-C/graphene, the N, adsorption
and desorption isotherms of ZIF-67, Fe/ZIF-67/GO, Co/N-C and
Fe/Co/N-C/graphene are shown in Fig. 2¢g and h. ZIF-67 and Fe/
ZIF-67/GO exhibit large specific surface areas (293.5 and 573.1
m?” g~ '), and abundant macropores and mesopores (2.5 and 4.9
nm) (Fig. 2h). The surface area and average pore diameter of Co/
N-C/graphene is 78.4 m*> ¢~ and 6.7 nm (Fig. S17), while the
specific surface areas and large pore size of Co/N-C and Fe/Co/
N-C/graphene are (131.1 m®* g ', 7.3 nm) and (150.4 m* g~ ' and
8.1 nm), respectively. The larger pores and smaller surface area
of Fe/Co/N-C/graphene may be caused by the co-addition of
Fe** and GO. The increase in the pore size of Fe/Co/N-C/
graphene can ensure fass diffusion of oxygen, leading to the
improvement of the catalytic activity of Fe/Co/N-C/graphene.

To get more information of Co/N-C and Fe/Co/N-C/
graphene structure, the transmission electron microscopy
(TEM) characterization of Co/N-C and Fe/Co/N-C/graphene was

Fig. 1 SEM images of (a) ZIF-67, (b) Co/N-C, (c) ZIF-67/GO, (d) Co/N-C/graphene, (e) Fe/ZIF-67 and (f) Fe/Co/N-C composites.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 SEM images at different magnification of (a—c) Fe/ZIF-67/GO and (d-f) Fe/Co/N—-C/graphene; (g and h) N, adsorption/desorption
isotherms (inset: pore size distribution) of ZIF-67, Fe/ZIF-67/GO, Co/N-C and Fe/Co/N-C/graphene composites.

conducted. The Fe/Co/N-C nanoparticles of Fe/Co/N-C/
graphene were uniformly dispersed on the graphene, with the
well-distributed particle size (about 10-30 nm) (Fig. 3a). In
comparison, the Co/N-C nanoparticles were agglomerated
(Fig. S2%), without the addition of Fe and graphene. High
resolution TEM (HRTEM) of Fe/Co/N-C/graphene composites
shows that the lattice spacing is 0.191 nm and 0.202 nm,
respectively, which corresponds to the crystal plane of metal Co
(101) and Fe-Co (330). These results indicate the Co and Fe-Co
alloy nanoparticles appear together in Fe/Co/N-C/graphene,

2428 | RSC Adv, 2022, 12, 2425-2435

which could offer more active sites for enhancing ORR perfor-
mance. It is also clear from Fig. 3b that Fe/Co/N-C particles are
uniformly dispersed on the surface of graphene, indicating that
graphitic carbon in Fe/Co/N-C/graphene around metal ions was
easily formed, which also enhances the catalytic activity of ORR.
Furthermore, Fig. 3e shows a high-angle annular dark field
scanning transmission electron microscope (HAADF-STEM)
and corresponding element mapping image of Fe/Co/N-C/
graphene, which shows the carbon and nitrogen dopants are
uniformly distributed in the Fe/Co/N-C nanoparticles.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) TEM, (b—d) HRTEM, (e) corresponding elemental mapping images and (f) EDS spectrum of Fe/Co/N-C/graphene; (g and h) XRD

patterns and Raman spectra of Co/N-C, Co/N-C/graphene, Fe/Co/N-C and Fe/Co/N-C/graphene composites.

Meanwhile, Co and Fe elements are well distributed and match
with N region, indicating that Co-N, and Fe-N, active sites may
be formed in these samples. The energy dispersion spectrom-
eter (EDS) results of Fe/Co/N-C/graphene composites showed
the weight content of C, N, Co and Fe (Fig. 3f) is 81.24 wt%,
2.51 wt%, 1.82 wt% and 4.39 wt%, respectively, which is
consistent with the HAADF-STEM results.

The XRD spectra of Co/N-C, Co/N-C/graphene, Fe/Co/N-C
and Fe/Co/N-C/graphene were further analyzed. The peaks of
ZIF-67, ZIF-67/GO, Fe/ZIF-67 and Fe/ZIF-67/GO are similar
(Fig. $31), indicating that the addition of Fe** and GO has little
influence on the crystal structure of ZIF-67. As shown in Fig. 3g,
three diffraction peaks of Co/N-C, Co/N-C/graphene and Fe/Co/
N-C composites were at 44.31°, 51.68° and 76.08°, respectively,
which are consistent with the Co (111), Co (200) and Co (220)
(PDF#150806) crystal plane, indicating the successful formation
of Co crystals in these composites. The diffraction peaks at
35.45°, 43.84° and 45.00° were also observed in Fe/Co/N-C/
graphene, which are well matched with Fe-N (400), Fe-Co

© 2022 The Author(s). Published by the Royal Society of Chemistry

(330) and Co (101) (PDF#510740) crystal plane, and also
consistent with the TEM results. Furthermore, Raman spectra
of Co/N-C, Co/N-C/graphene, Fe/Co/N-C and Fe/Co/N-C/
graphene were performed to analyze their defect degree
(Fig. 3h), in which two characteristic carbon peaks were shown,
corresponding to D band peak of 1348 cm ™' and G band peak of
1599 cm ™, respectively. The intensity ratio of the two peaks (Ip,/
I) was used to evaluate the defect degree of the catalysts.”” The
Ip/I; of Fe/Co/N-C/graphene composites is 1.05, which is higher
than that of Co/N-C (1.04), Co/N-C/graphene (1.00) and Fe/Co/
N-C (1.01) composites, due to many more defect sites in the
carbon skeleton produced by Fe dopants and graphene. This
may provide more active ORR sites and have good mass transfer
ability.

To probe the chemical element composition and chemical
state, XPS tests of Co/N-C and Fe/Co/N-C/graphene were
further performed. The C, N, O, Co and Fe elements of the Fe/
Co/N-C/graphene composites are shown in Fig. 4a and Table 1.
Graphitic-N and pyridinic-N play important roles in ORR

RSC Adv, 2022, 12, 2425-2435 | 2429


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra08817c

Open Access Article. Published on 18 January 2022. Downloaded on 2/8/2026 4:24:49 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

RSC Advances Paper
b N 1s C Co 2p
Co-N
pyrrolic N pyridinic N
metallic Co
graphtic N Co 2p,,
oxidixed N
N1s
Cis
Co2p O1s
- Co/N-C 1 l
3 A satellite
©
; T T T T T T T T T T T T T
& 1200 1000 800 600 400 200 0 408 404 400 396 392 810 800 790 780 770
7}
c
]
= d . Fe-N N 1s e Co2p f Fe 2p
pyrrolic N Fe 2p,,
Co-N
Co 2pyp Co-0
graphtic N
pyrinidic N i Cohx
oxidized N
A ‘ FeO
/ satellite
= satellite
Co°
T T T T T T T T T T T
410 405 400 395 808 800 792 784 776 740 730 720 710 700

Binding energy (eV)

Fig. 4
2p for Fe/Co/N-C/graphene.

Table1 The different elemental content of Co/N-C and Fe/Co/N-C/
graphene composites by XPS

C1s N 1s O 1s Co 2p Fe 2p
Samples (%) (%) (%) (%) (%)
Co/N-C 93.04 1.36 4.87 0.73 —
Fe/Co/N-C/graphene 89.42 2.02 6.41 1.3 0.85

performance,®® which is of great significance to the under-
standing of electrocatalysis. The high resolution N 1s (Fig. 4d) of
Fe/Co/N-C/graphene can be divided into six types: pyridine-N
(398.8 eV), graphitic-N (401.5 eV), pyrrolic-N (400.8 eV), Co-N
(399.5 eV), Fe-N (399.6 eV) and oxygen-N (403.8 eV), and the
corresponding atomic contents are 11.36, 27.32, 8.58, 25.44,

(a) XPS survey scan of Co/N-C and Fe/Co/N-C/graphene; the XPS spectra of (b) N 1s, (c) Co 2p for Co/N—-C and (d) N 1s, (e) Co 2p, (f) Fe

5.84 and 21.46% (Table 2), respectively. Compared with that of
Co/N-C, the overall N content of Fe/Co/N-C/graphene
increased, especially with the sharp increase of the graphitic-
N and Co-N contents. These results suggested that the Fe/Co/
N-C/graphene owns high content of graphitic-N, higher specific
surface area, more Co-N, and Fe-N, active sites, and better
mass transfer efficiency, which is attributed to the addition of
Fe and GO.

The Co-N, and Fe-N, are one of the most effective active
sites to improve the catalytic activity of ORR performance under
alkaline conditions. As seen in Fig. 4e, two main peaks of the Co
2p spectra of Fe/Co/N-C/graphene were observed, correspond-
ing to Co2pyy, (797.2 €V) and Co2p;, (780.5 eV), respectively.
Co2ps, can be divided into Co® (780.0 €V), Co-O (781.2 eV), Co-
N, (782.9 eV) and satellite peak (787.0 eV), respectively. Co-O
may be due to the oxidation of Co on the surface of GO, and Co-

Table 2 The different nitrogen atomic content of Co/N-C and Fe/Co/N—-C/graphene composites by XPS

Oxidized-N Graphitic-N Pyrrolic-N Pyridinic-N Co-N Fe-N
Samples (%) (%) (%) (%) (%) (%)
Co/N-C 34.78 10.75 8.07 32.96 13.44 —
Fe/Co/N-C/graphene 21.46 27.32 8.58 11.36 25.44 5.84

2430 | RSC Adv, 2022, 12, 2425-2435
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N confirms the existence of Co-N,, which can increase the
catalytic activity of ORR under alkaline conditions.>® The Fe 2p
spectra (Fig. 4f) show Fe 2ps/, (711.6 €V), Fe 2p,,, (724.3 eV),
satellite peak (716.1 eV) and Fe® (719.5 eV), indicating that Fe
not only acts as an additive to form uniform dispersion and
many more pores of ZIF-67, but can form the active sites of Fe-
N, to enhance the ORR performance. In addition, Co® in Co 2p
and Fe® in Fe 2p confirm the presence of Fe-Co alloy, which can
also improve the catalytic activity of Fe/Co/N-C/graphene.

To evaluate the ORR performance of Co/N-C, Co/N-C/
graphene, Fe/Co/N-C and Fe/Co/N-C/graphene, their CV
measurements were carried out at a potential scan rate of
100 mV s~ ! through a three-electrode system in O,-saturated
0.1 M KOH.* As seen in Fig. 5a, the CV curves of Co/N-C, Co/N-
C/graphene, Fe/Co/N-C and Fe/Co/N-C/graphene show large
cathodic reduction peaks at 0.81 V, 0.84 V, 0.78 V and 0.87 V,
respectively, indicating the Fe/Co/N-C/graphene composite has

View Article Online
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a larger oxygen reduction peak. The LSV curves of Co/N-C, Co/
N-C/graphene, Fe/Co/N-C and Fe/Co/N-C/graphene compos-
ites were recorded in Fig. 4b. Fe/Co/N-C/graphene composites
have excellent ORR electrocatalytic activity with the limiting
current density of 6.78 mA cm™>, which is slightly higher than
that of 20 wt% Pt/C (6.63 mA cm ™). It can be seen from Table 3
that Co/N-C/graphene has a corrected initial potential (Eopget) at
0.89 V and half-wave potential (E;/,) at 0.83 V, which is higher
than that of Co/N-C (0.86 V, 0.81 V) and Fe/Co/N-C (0.85V, 0.81
V). This is attributed to the enhanced electrical conductivity and
increased activity sites with the addition GO. However, the
change of Eysec and Ey ), is relatively small with the addition of
Fe. Furthermore, with the co-addition of GO and Fe, the Eg ¢
and E;;, of Fe/Co/N-C/graphene are 0.91 V and 0.85 V, which
were higher than that of 20 wt% Pt/C (0.91 V, 0.82 V), indicating
that Fe/Co/N-C/graphene composites had a remarkable ORR
activity. This is due to the enhanced electrical conductivity and
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Fig. 5

(a) CV curves of Co/N-C, Co/N-C/graphene, Fe/Co/N-C and Fe/Co/N-C/graphene in O,- and N,-saturated 0.1 M KOH electrolyte; (b)

LSV curves on a RDE in O,-saturated 0.1 M KOH at a 1600 rpm, (c) on set potential (Eqnset) (red) and half-wave potential (E1/,) (blue) and (f) Tafel
plots of Co/N-C; Co/N-C/graphene; Fe/Co/N-C; Fe/Co/N-C/graphene and 20 wt% Pt/C; (d and e) LSV curves of Fe/Co/N-C/graphene and
Co/N-C at different rotating speeds rotating speeds in O,-saturated 0.1 M KOH solution (inset: corresponding K-L plots of within different

potentials, respectively).
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Table 3 ORR activity comparison for Co/N-C, Co/N-C/graphene, Fe/Co/N-C and Fe/Co/N-C/graphene composites

Samples Co/N-C Co/N-C/graphene Fe/Co/N-C Fe/Co/N-C/graphene 20 wt% Pt/C
Eonsec” (V vs. RHE) 0.86 0.89 0.85 0.91 0.91
El/zb (V vs. RHE) 0.81 0.83 0.81 0.85 0.82
n° 3.94 3.13 3.80 4.02 4.00

% Eonset = ON set potential. b E.,» = half-wave potential. © n = electron transport number.

Table 4 Comparison of the ORR catalytic performances of Fe/Co/N—-
C/graphene with those of other ZIF-derived heteroatom-doped
carbon catalysts reported in literature

Eonset E1/2 .]L

Samples (Vvs. RHE) (Vvs. RHE) (mAcm™2) n Ref.
Fe/Co/N-C/ 0.91 0.85 6.78 4.02 This
graphene work
ZIF-67-900 0.91 0.82 5.33 3.52 23
NGR 0.87 0.74 5.63 3.40 30
CONC-CNFs 0.92 0.80 5.91 3.98 37
Zn-Co-ZIF/GO-920  0.91 0.81 6.23 3.97 45
CoNC-1NaCl-800 0.94 0.84 5.43 4.17 49
CNT-900 0.93 0.81 4.98 3.99 61
FeCo/Co2P@NPCF  0.85 0.79 4.89 3.85 62

more Co-N, and Fe-N, active sites with the coincorporation of
Fe and GO. The limiting current density of the Co/N-C, Co/N-C/
graphene, Fe/Co/N-C and Fe/Co/N-C/graphene (Fig. 5d-f, S4a
and ct) increased with the increasing rotation rate from 400 to
2000 rpm, suggesting higher diffusion rate of O, to improve
ORR activity.

According to the Koutecky-Levich (K-L) diagram (Fig. 5d, e
inset, S4b and dt), the average electron transfer number (1) of
Fe/Co/N-C and Co/N-C/graphene composites at 0.2-0.6 V was
calculated to be 3.13 and 3.80, respectively. Moreover, the n of
Co/N-C and Fe/Co/N-C/graphene composites in the range of
0.2-0.6 V was 3.94 and 4.02, respectively, indicating that it was

which produces water instead of intermediate products such as
H,0, during the ORR process. Furthermore, the electro-
chemical activity comparison between Fe/Co/N-C/graphene and
other previously reported catalysts is summarized in the Table
4, which shows Fe/Co/N-C/graphene has the better ORR
performance. From the slope of the corresponding Tafel curve
(Fig. 5f), the Tafel slope of Fe/Co/N-C/graphene is 70.25 mV
dec™, which was lower than that of Co/N-C (71.98 mV dec™ ),
Co/N-C/graphene (111 mV dec™ '), Fe/Co/N-C (144 mV dec ™)
and 20 wt% Pt/C (158 mV dec '). These results further
confirmed the excellent ORR activity of Fe/Co/N-C/graphene
composites, due to the synergistic effect among the graphene,
graphitic-N, Co-N, and Fe-N, activity sites.

In addition, to further assess the mechanism of enhanced
ORR activity on Fe/Co/N-C/graphene, we identified the electron
transfer numbers and the peroxide (H,0,) yield using a rotating
ring disk electrode (RRDE). As shown in Fig. 6a, the H,0, yield
is below 8% and the n value within the potential of 0.2-0.9 V is
3.84 during the ORR process, which is better than Co/N-C
(Fig. S51). This demonstrates a dominant four-electron ORR
catalytic pathway. Therefore, the RRDE result for Fe/Co/N-C/
graphene is in accordance with that of the RDE.

To gain further insight into the catalytic efficiencies of the
Co/N-C, Co/N-C/graphene, Fe/Co/N-C and Fe/Co/N-C/
graphene, the turnover frequencies (TOF) and Cg4 of Co/N-C
and Fe/Co/N-C/graphene were calculated. Compared to that of
Co/N-C (19.25 mol O, min~" catalyst min ), the TOF of Fe/Co/
N-C/graphene catalyst displayed a higher value of 49.18 mol

_ . . e —1 e =1 . . . . .
a favorable 4e~ oxygen reduction pathway in the ORR process, O2 min catalyst min~", indicating the increasing average
4 100 25
a b C = Co/N-C
_ gy 4 * FelCo/N-C
L 80 & [ 20:200 mV's 20 ] 4 Co/N-C/graphene
3] g v FelCo/N-C/graphene
<
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Fig. 6

Potential (V vs.RHE)

Scan Rate (mV/s)

(a) Electronic transfer number and H,O, yield scurves of Fe/Co/N-C/graphene on a RRDE at 1600 rpm during ORR, (b) non-faradic CVs of

Fe/Co/N-C/graphene electrode at various scan rates, (c) current density difference vs. potential scan rate plots.
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Fig.7 (a)i—-t chronoamperometric response for 12 000 s in O,-saturated 0.1 M KOH and (b) methanol tolerance under a potential of 0.62 V with

3 wt% methanol addition at around 200 s of Co/N-C, Fe/Co/N-C/graphene and 20 wt% Pt/C. The rotation speed is at 1600 rpm.

intrinsic active sites in Fe/Co/N-C/graphene. Cq; was used to
evaluate the largest electrochemical active surface area (ECSA)
of the electrode, which can be measured via the CVs in non-
faradic potential range at various scan rates. The half value of
linear slope for AJ vs. scan rate plots represents the Cq. Fig. 6b
and Fig. S67 show the CV curves of Co/N-C, Co/N-C/graphene,
Fe/Co/N-C and Fe/Co/N-C/graphene at different scanning rates,
whose Cgqs were obtained according to the corresponding
calculation. As seen in the Fig. 6c, the calculated Cq; of Fe/Co/N-
C/graphene electrode (45.46 mF cm ™) is higher than that of Fe/
Co/N-C (16.34 mF cm ™ ?), Co/N-C (43.69 mF cm™~?) and Co/N-C/
graphene (37.72 mF cm™?), which indicates the Fe/Co/N-C/

graphene has the largest ECSA. Because the catalytic activity
of the electrode material is dependent on the ECSA, Fe/Co/N-C/
graphene shows the highest catalytic activity.

Apart from the electrocatalytic activity, the long-term
stability of the catalysts is the key index for their application
in fuel cells. Therefore, the catalytic durability of Co/N-C, Fe/
Co/N-C/graphene and 20 wt% Pt/C composites was evaluated by
measuring it chronoamperometric response at 0.62 V in O,-
saturated 0.1 M KOH at 1600 rpm. As shown in Fig. 7a, after
12 000 s, 96.5% of the initial current for Fe/Co/N-C/graphene
was retained, compared with 91.2% for Co/N-C and 89.3% for
20 wt% Pt/C. The excellent stability of Fe/Co/N-C/graphene is

Fe/Co/N-C/graphene

Fig. 8 The schematic diagram of ORR performance of Fe/Co/N-C/graphene composites.
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attributed to the increased graphitic carbon of nanoporous
carbon particles after the addition of GO. Moreover, methanol
solution (3.0 wt%) was added to O,-saturated 0.1 M KOH solu-
tion at 200 s to test the methanol resistance of Co/N-C, Fe/Co/
N-C/graphene and 20 wt% Pt/C (Fig. 7b). The current of 20 wt%
Pt/C sharply decreased, resulting from the toxic effect of
methanol on Pt, while the current of Co/N-C, and Fe/Co/N-C/
graphene wasn't changed, demonstrating much better meth-
anol tolerance than 20 wt% Pt/C. These results indicate that Fe/
Co/N-C/graphene has better ORR performance, superior dura-
bility and excellent methanol resistance, which makes it
a promising fuel cell catalyst material as the alternative for the
commercial Pt/C catalyst.

As shown from the sketch of the catalytic mechanism in
Fig. 8, Fe/Co/N-C/graphene composites exhibited better ORR
electrocatalytic activity with the addition of Fe and graphene,
which is attributed to the following factors: (1) with the addition
of Fe, the porosity of ZIF-67 could be retained during the
pyrolysis process. More Co-N, active sites are provided and Fe—
N, active sites are generated for improving ORR performance;
(2) with the addition of graphene, there are high specific surface
area and much more active sites to enhance the catalytic
activity. The high electrical conductivity of graphene could
increase the mass transfer efficiency. These special features
endow Fe/Co/N-C/graphene with excellent stability and high
electrocatalytic activity.

4. Conclusions

In summary, Fe/Co/N-C/graphene was facilely and successfully
prepared by the calcination process combined with GO, Fe and
ZIF-67, which have high graphitic nitrogen content, large
porosity and Co-N,, Fe-N, active sites, thus enhancing the
catalytic activity of ORR in alkali media. Furthermore, the Fe/
Co/N-C/graphene exhibits the unexpected, remarkably high
electrocatalytic ORR activity (Eonset = 0.91V, E;)p = 0.85V, Ji =
6.78 mA cm ™ ? and n = 4.02) in alkali solutions, which also
displays an exceptional stability for ORR and excellent meth-
anol tolerance, superior to that of 20 wt% Pt/C. Thus, this
methodology might offer a way to develop cost-efficient non-
noble metal catalysts with high ORR performance.
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