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ABSTRACT: In this work, the effects of the addition of transition metals
(Mn, Fe, Co, Ni, Cu) on the structure and performance of the doped carbon
catalysts M-PANI/C-Mela are investigated. The results show that the doping
of various transition metals affected structures and performances of the
catalysts significantly. Doping with Fe and Mn leads to a catalyst with a
graphene-like structure, and doping with Co, Ni, and Cu leads to a disordered
or nanosheet structure. The doping of transition metals can enhance the
performance of the catalysts, and their ORR activity follows the order of Fe >
Co > Cu > Mn > Ni, which is consistent with the order of their active N
contents. We suggest that the various performance enhancements of the
transition metals may be the result of the joint effect of the following three
aspects: the N content/active N content, metal residue, and the surface area
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and pore structure, but not the effect of any single factor.
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1. INTRODUCTION

Doped carbon catalysts for oxygen reduction application have
become one of the most attractive materials in the field of fuel
cells recently, because their application will result in the sharp
decrease in both the usage of precious platinum and the cost
of fuel cells and will make the large-scale commercialization of
fuel cells possible.' Great efforts have been made for developing a
high-performance low-platinum®~" or a platinum-free doped
carbon catalyst®'* and exploring the forming mechanism of active
centers in the catalyst and the catalytic mechanism of oxygen
reduction on the doped carbon catalysts.

It is recognized widely that the codoping of the transition
metals would further enhance the performance of the catalyst
based on enhancement of doped nitrogen. Many doped carbon
catalysts with codoping of transition metals have been prepared
and reported, and many efforts have been undertaken to reveal
the role of transition metals for the performance enhancement of
the catalysts." In the initial experiments, the cobalt was codoped,
and its improvement and role were investigated.'”'® Recently,
the codoping of late transition metals has been investigated
widely. It has been found that the codoping of transition metals,
especially codoping of Fe, could improve the ORR activity and
stability. Although the importance of the codoping of transition
metals has been verified and recognized by more and more
researchers,’” > the issues related to the role and the action
mechanism of the doped transition metals in a doped carbon
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catalyst, as well as the effects of various transition metals, still
remains unclear.**~2¢

Choi et al.”” prepared a series of nitrogen-doped carbon
nanotube catalysts with codoping of Fe, Co, Nij, respectively, and
investigated the effect of various transition metals on the
performance of the catalysts. They found that the ORR activity
of the catalysts follows the order of Co > Fe > Ni. They suggested
that the doping of various transition metals might result in a
different degree of sp>-carbon network in the catalysts, thus
causing various promotions. However, other researchers reported
different promotion order for a different type of doped carbon
catalyst. Zhang et al.*® prepared a series of nitrogen-doped carbon-
based catalysts with codoping of various transition metals. They
found the ORR activity of the catalysts follows the order of Fe >
Co > Zn > Mn > metal-free >>Cu > Nij, different from the order
obtained by Choi et al,”” implying that the promotion of the
transition metals may relate to the composition and structure of
the catalysts. Behret et al*® studied the effect of nonprecious
transition metal chalcogenide additives on the ORR activity, and
they found the ORR activity of these compounds with an order of
Co,S, > Ni;S, > Fe,S,. They suggested that empty (or half-empty)
orbitals were playing a key role to back bonding with the z*-
electrons of the oxygen. Meanwhile, some theoretical studies on
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Figure 1. Cyclic voltammograms of M-PANI/C-Mela (M = Mn, Fe, Co, Ni and Cu) in O,-saturated 0.1 M HCIO, (a) and 0.1 M KOH (b). Linear-
sweeping curves of JM Pt/C catalyst and M-PANI/C-Mela in O,-saturated 0.1 M HCIO, (c) and 0.1 M KOH (d) with a scanning rate of S mV s™".
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the mechanism issue have been reportecl,3 32 and recently, it was

revealed by a density functional theory (DFT) calculation®® that
the adsorption behaviors of the catalysts doped with various transi-
tion metals were quite different, depending on the geometrical
location of the active site, as well as the nearest neighbors and the
oxidation state. Importantly, they suggested that the transition
metals did not have intrinsic catalytic activities toward ORR.

Clearly, although some attempts have conducted, it is still a big
challenge to understand or reveal the role and mechanism of
codoped various transition metals in the doped carbon catalysts.
Previously, we reported a high-performance doped carbon
catalyst with codoping of Fe, which was prepared by pyrolgrzing
hybrid precursors of polyaniline, iron salt, and melamine,* and
this catalyst exhibited excellent ORR activity and excellent H,-air
single PEM fuel cell performance. To investigate the effects of the
codoping of various transition metals, in this work, we prepared a
series of nitrogen doped carbon catalysts M-PANI/C-Mela with
codoping of Mn, Fe, Co, Ni, Cu, respectively, and we investigated
the effects of various transition metals codoped in catalysts on
the structures and performances of the catalysts. We found that
the codoping of various transition metals resulted in different
structures, different surface areas, and different contents and dis-
tributions of active nitrogen, thus causing different improve-
ments to the ORR performance of the catalysts.

2. EXPERIMENTAL SECTION

Preparation of Catalysts. A series of doped carbon catalyst
M-PANI/C-Mela, in which various transition metals (MCIL,, M =
Mn, Fe, Co, Ni, Cu) were codoped, respectively, was 2prepared
with procedures reported previously by our group.’**® First,
the hybrid precursors were prepared by the copolymerization
of melamine, and aniline in the existence of transition metals
salts, with ammonium peroxydisulfate (APS) as oxidant. Second,
the doped carbon catalysts were prepared by pyrolyzing the
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precursors at 900 °C in an argon atmosphere for 1.0 h, followed
by acid leaching with 0.5 M H,SO, at 80 °C (typically: 1.0 g
of catalyst powder per S0 mL of solution) for 10 h, annealing at
900 °C for 1 h.

Characterization of Catalysts. XRD was conducted on
a TD-3500 powder diffractometer (Tongda, China) operated
at 40 kV and 30 mA, using Cu Ka radiation sources. X-ray photo-
electron spectroscopy (XPS) was performed on an ESCALAB
MK2 X-ray photoelectron spectrometer (VG corporation, U.K.)
employing a monochromated Al Ka X-ray source (hv = 1486.6
eV). TEM images were recorded on a JEM-2100HR microscope
(JEOL, Japan) operated at 200 kV. Brunauer—Emmett—Teller
(BET) specific surface areas and pore distribution were mea-
sured on a Tristar I 3020 (Micromeritics, U.S.A.) gas adsorption
analyzer. Raman analysis was performed on a LabRAM Aramis
Raman spectrometer (HJY, France) with a laser wavelength
of 532 nm.

Evaluation of Catalysts. ORR performances of the cata-
lysts were evaluated on an electrochemical workstation (Ivium,
Netherlands) at room temperature (25 = 1 °C), using a three-
electrode electrochemical setup. A graphite rod and Ag/AgCl
(3 M KCI) were used as the counter and reference electrodes,
respectively. The rotating ring disk electrode (RRDE) measure-
ments were performed on a CHI 750E electrochemistry station
(CH Instruments, U.S.A.) and an MSR speed controller
(Pine Research Instrumentation, U.S.A.); the ring potential
was set to 0.5 V. The potential of the reference electrode is
corrected with the reversible hydrogen electrode (RHE), in
0.1 M KOH, E (RHE) = E (Ag/AgCl) + 0.982 V; in 0.1 M
HCIO,, E (RHE) = E (Ag/AgCl) + 0.288 V.

All the catalyst electrodes were prepared by the methods
reported in the literature.>* For doped carbon catalysts, the load-
ing of the catalyst is 0.51 mg cm . JM Hispec 4100 Pt/C

dx.doi.org/10.1021/cs500744x | ACS Catal. 2014, 4, 3797—3805
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Table 1. ORR Kinetic Data for M-PANI/C-Mela Catalysts

ORR onset potential  half-wave potential Tafel slope electron transfer
catalyst (V) (Vg (mV dec™) J (mA cm™2) Jiin (mA cm™2) number (1)

metal-free 0.68% 0.86" 0.41¢ 0.78" 133¢ 59° 0.04¢ 1.13¢ 0.04¢ 1.42° 3.37¢ 3.13°
Mn-PANI/C-Mela 0.78 0.92 0.56 0.82 110 66 0.45 3.14 0.48 7.03 3.73 3.85
Fe-PANI/C-Mela 091 1.01 0.76 0.88 72 70 4.08 5.39 12.72 75.19 3.95 4.10
Co-PANI/C-Mela 0.86 0.97 0.72 0.87 67 64 2.76 4.80 S.10 30.62 3.4S 3.73
Ni-PANI/C-Mela 0.70 0.89 0.48 0.81 116 NU 0.06 2.90 0.06 5.93 3.33 3.50
Cu-PANI/C-Mela 0.80 0.93 0.56 0.84 116 64 0.48 392 0.52 12.59 3.90 3.80

“The data in the column from 0.1 M HCIO, solution. “The data in the column from 0.1 M KOH solution. “The potential of the current density of
ca. 0.05 mA cm™2 “The current densities at 0.70 V (vs RHE) in 0.1 M HCIO,. “The current densities at 0.8 V (vs RHE) 0.1 M KOH.
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Figure 2. TEM images of (a) Mn-PANI/C-Mela, (b) Fe-PANI/C-Mela, (c) Co-PANI/C-Mela, (d) Ni-PANI/C-Mela, and (e) Cu-PANI/C-Mela; BET
surface areas of these catalysts (f).
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catalysts were used for the comparison; the loading of the catalyst
is 25 ug Pt cm ™,

3. RESULTS AND DISCUSSION

3.1. ORR Activity. Transition metal doping is an effective
method to improve ORR activity.>>~>’ As shows in Figure 1,
doping of transition metals can enhance the ORR activity of the
catalysts significantly, and the catalysts doped with various
transition metals exhibit different performance enhancements.
As shown in Figure 1a—d, the ORR onset potential for M-PANI/
C-Mela follows the order of Fe > Co > Cu > Mn > Ni > metal-
free in both acidic and alkaline mediums. Figure 1c,d show that
the catalysts doped with various metals exhibits quite different
ORR performance, including different onset potential and
different half-wave potential. Interestingly, the limiting current
densities measured with various catalysts are also significantly
different. It may be caused by following two aspects: one is the
four electron selectivity—the catalyst with higher four electron
selectivity exhibits higher limiting current density; another is the
activity of the catalysts—the catalyst with higher ORR activity
generally exhibits higher limiting current density. In both acidic
and alkaline mediums, Fe codoped catalyst exhibited best ORR
activity, and Ni codoped catalyst exhibited worst ORR activity.
Actually, this order also is consistent with the orders of their ORR
onset potential, half-wave potential, and kinetic current density
(Jin) (see Table 1).

It should be pointed out that the graphene-like structured
catalyst exhibits significantly superior activity than the doped
carbon catalyst with normal disorder structures. For example, our
graphene-like Fe-PANI/C-Mela catalyst shows much higher
ORR performance than the Fe-Mel-CPS catalyst reported
previously by literature, with similar nltrogen and Fe contents
but without graphene-like structures.*®

As shown in Table 1, the Fe-doped catalyst has the largest
electron transfer numbers in both acidic and alkaline media.
However, the metal-free catalyst has the lowest electron transfer
number in alkaline medium and nearly the lowest number in the
acidic medium. These results imply that the catalysts doped with
various transition metals have varied four-electron selectivity,
and the Fe doped catalyst has the highest four-electron selec-
tivity. It is important that the kinetic current density of the Fe-
doped catalyst is 200 times higher than that of the Ni-doped
catalyst in the acidic medium and over 10 times higher in
the alkaline medium, revealing the excellent intrinsic activity of
the Fe-doped catalyst. We are not presently able to explain the
reason for this performance, so it requires further investigation.

3.2. Morphologies and Surface Areas of the Catalysts.
Figure 2a—e shows the TEM images of M-PANI/C-Mela cata-
lysts. We found that the structure and morphology of the
catalysts are affected strongly by the codoping of various transi-
tion metals. The Fe-PANI/C-Mela and Mn-PANI/C-Mela
samples look like gauze, with graphene or graphene-like struc-
tures. However, the Co-PANI/C-Mela, Ni-PANI/C-Mela, and
Cu-PANI/C-Mela samples show disordered carbon, nanosheets,
graphite, or mixed structures. It is clearly that the codoping with
various transition metals will result in various structures and
morphologies, and this conclusion is supported by the Raman
analysis results (see Supporting Information Figure S5), in which
the catalysts exhibits obviously different peak shifts and different
ratio of Ip/I.

Why does doping with various transition metals cause various
structures and morphology? We suggest the following likely
factors: One factor is that the various various transition metals
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(e.g, Fe*"), when they form complexes with melamine and
polyaniline, probably adapt coordination numbers of 4 to form
planar macromolecules. However, Ni** and Co** may adapt the
coordination number of 6 to form a cubic three-dimensional
macromolecule, thereby resulting in the different structures and
morphologies. The second is that variable catalysis of various
transition metals toward the pyrolysis of mixture of melamine
and polyaniline are due to their various d electron structures.
To further study the effects of various transition metals,
we measured the surface area of five samples through the N,
adsorption/desorption method (Figure 3a) and found that the
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Figure 3. (a) N, sorption/desorption isotherms of doped carbon
catalysts codoped with various transition metals; (b) Pore-size
distribution curves of doped carbon catalysts codoped with various
transition metals. Density functional theory adsorption pore distribution
(pore width from 0.9 to 3.5 nm).

surface areas of five samples, codoped with Fe, Co, Ni, Mn, Cu,
respectively, follows the order of Fe > Ni > Cu >Mn > Co. The
catalyst with codoping of Fe exhibited the highest surface area
(702 m?/ g); this can be attributed to its graphene-like structure,
resulting from the macroplanar structure of the four-coordinated
Fe complex and its porous structure (see Figure 3b).

When comparing the performance order of five catalysts, we
can see that the ORR performance order of five catalysts is not
exactly consistent with their surface areas order. For example, the
Fe-doped catalyst has the highest surface area and the highest
ORR performance, but the Ni-doped catalyst has the second
highest surface area and the lowest ORR performance. Clearly,
this increase in surface area may be an important factor for the
performance enhancement, but it is not the decisive factor.

If we normalized the activity to the BET surface area
(see Supporting Information Figure S6), we find that the Co-
doped catalyst, but not the Fe doped catalyst, exhibits the highest
specific surface area activity toward the ORR. In addition, the Ni-
doped catalyst exhibits the lowest specific surface area activity,

dx.doi.org/10.1021/cs500744x | ACS Catal. 2014, 4, 3797—3805
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Figure 4. XRD and XPS patterns of Mn-PANI/C-Mela (g, f), Fe-PANI/C-Mela (b, g), Co-PANI/C-Mela (c, h), Ni-PANI/C-Mela (d, (i), and Cu-
PANI/C-Mela (e, j).

revealing that Co-doped catalyst may have the highest activity size (ca. 2.2—2.6 nm). However, they have obviously different
center density, while the Ni-doped catalyst has the lowest. pore volumes. The Fe-codoped catalyst shows the largest pore

As shown in Figure 3b, all five catalysts have almost same volumes at micropore size. It is interesting that the order of
micropore size (ca. 1.1—1.2 nm) and almost the same mesopore micropore volumes for our catalysts is quite consistent with the
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Figure S. High-resolution XPS spectra of N 1s of (a) Mn-PANI/C-Mela, (b) Fe-PANI/C-Mela, (c) Co-PANI/C-Mela, (d) Ni-PANI/C-Mela,
(e) Cu-PANI/C-Mela; (f) the relative N content (atom %) of oxidized N and the sum of pyridinic, pyrrolic, and graphitic N.

ORR performance order. Thus, it seems to be an important
factor affecting the ORR performance of the catalysts. Actually,
Dodelet et al.”>~*" suggested that micropores might host most
of the catalytic sites in their heat-treated Fe/N/C catalysts
previously.

3.3. Existences of Various Transition Metals in Doped
Carbon Catalysts. Figure 4a—e show the XRD patterns of
five catalyst samples codoped with Mn, Fe, Co, Ni, and Cu,
respectively, and we were surprised to find that various doped
metals existed in different chemical states. For the Mn-codoped
catalyst, a strong diffraction peak at 26 of 26.2° could be assigned
to the (211) peak of Mn;0,, which is supported by the results
of XPS (Figure 4f), in which two peaks at 641.7 and 654.2 eV
correspond to the Mn 2p;/,, and Mn 2p,,, spin orbit peaks
of Mn;O, (Figure 4f).*> However, for the Fe-doped catalyst,
Fe exists as Fe, Fe;N, Fe;0,, and CFe,s;(austenite), as shown
by the XRD results (Figure 4b), and the XPS spectrum also
revealed that the Fe exists with Fe(0), Fe(IL), and Fe(IIL), with
relative contents of 28, 32, and 40 atom %, respectively. By XRD
results, cobalt exists in the Co-PANI/C-Mela with metal Co,
cobalt carbide (CoCx), and cobalt nitride (Cos4,N). The XPS
spectrum of Co revealed that the peaks at 780.0 (795.5) and
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783.7 (797.4) eV correspond to the Co and cobalt compounds
(Co—C or Co—N),* respectively. Contents of metal Co and
cobalt compounds are 46—54 atom %. It is interesting that only
elemental metallic Ni, Cu are detected by XRD in the Ni- and
Cu-doped catalysts. According to the deconvolution results
of the XPS spectra of Ni- and Cu-doped catalysts (Figure 4ij),
there should be some oxides of Ni and Cu in the Ni-PANI/C-
Mela and Cu-PANI/C-Mela catalysts, respectively.

As we mentioned previously,>**** doped transition metals
may have two roles: one is as a catalyst for the formation of stable
active sites in the pyrolysis process and the other is that the
residual metal compounds serve as active sites directly. With
regard to the catalytic activity of residual metal compounds
toward the oxygen reduction reaction, according to the literature
and our experiments results, metals oxide may not contribute
to the ORR activity enhancement of the catalyst significantly. We
guess this may be one of the reasons that the Mn-doped catalyst
exhibited inferior ORR performance compared with other metal-
doped catalysts, because Mn exists only as an oxide in the
catalyst. Elemental metal may contribute to the enhancement of
performance weakly; it may be reasoned that Ni- or Cu-codoped
catalysts exhibited slight enhancements of ORR performance.

dx.doi.org/10.1021/cs500744x | ACS Catal. 2014, 4, 3797—3805
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Table 2. Contents of Residue Metal, Total Nitrogen and Active Nitrogen of M-PANI/C-Mela Catalysts Doped with Various

Transition Metals, Determined by the XPS Analysis

final surface nitrogen

content (atom %)

relative content (%) of N

sample final surface metal content (atom %)  total N active N
Mn-PANI/C-Mela 0.40 1.3 0.8
Fe-PANI/C-Mela 0.68 19 1.6
Co-PANI/C-Mela 1.38 1.5 1.1
Ni-PANI/C-Mela 0.70 4.0 2.5
Cu-PANI/C-Mela 1.74 3.8 2.7

N—“0~ graphitic N pyrrolic N pyridinic N sum of active N
37.1 252 19.5 182 62.9
13.9 30.5 17.4 382 86.1
26.4 37.1 17.4 19 73.5
38.7 27.8 19.8 13.7 61.3
28.7 35.7 23 12.7 714

According to this work, the existence of nitride and carbide of
transition metals may form new ORR active sites for the catalysts,
which will enhance the performance of the catalyst remarkably.
Superior ORR performances of Fe- or Co-codoped catalysts may
partly result in the contribution of the active sites formed on the
nitride and carbide of Fe and Co.>**°

It is worthwhile to note that the diffraction peak of graphite
(002) shifted with the addition of various transition metals.
This implies that the structures of the doped carbon catalysts
are affected strongly by the various codoped transition metals.
We observe that this peak varied from 23.3 for the Fe-doped
catalyst to 26.5 for the Co-doped catalyst. It further confirmed
that the structures of the doped carbon catalyst could be affected
by the addition of various types of transition metals.

3.4. XPS Analysis of Doped Nitrogen in the Catalysts.
To study the effect of various transition metals on the doping
of nitrogen, we analyzed the N distribution of the five catalysts
with XPS and deconvolution methods. Figure Sa—e show the
XPS spectra of N 1s for the five catalysts doped with Mn, Fe, Co,
Nj, and Cu. Their deconvoluting spectra of N 1s spectrum for
each sample show in the each spectrum. Generally, four peaks
at 398.0 + 0.4, 399.4 + 0.4, 400.8 + 0.4, and 402.0 + 0.4 eV can
be assigned to pyridinic N,* pyrrolic N,* graphitic N,** and
oxidized N species,” respectively. Pyridinic, pyrrolic, and
graphitic N are recognized as active N species toward ORR.>*~>?

We calculated the relative contents of active nitrogen species
and oxidized nitrogen species from Figure Sa—d and list the
results in Figure 5f. From Figure Sf, we can see that the relative
contents of active N species are different with respect to the
various codoped transition metals. The Fe-codoped catalyst has
the highest relative content of active nitrogen, and the Ni-
codoped catalyst has the lowest content of relatively active
nitrogen. Furthermore, we find that the order of relative contents
of active nitrogen in five catalysts is consistent with their ORR
order; it seems that the active N species is an important factor
affected the performance of the doped catalysts. However, it
should be pointed out that the order of absolute N content and
the order of absolute active N content are entirely inconsistent
with the catalyst's ORR performance order at all (see Table 2).
The Ni-doped catalyst has the highest N content and the second
highest active N content, but it has the lowest ORR performance
in the five catalysts.

Clearly, we cannot simply correlate the ORR performance
with the surface N content, or the active N content, or any
single factor. The ORR performance of the catalysts doped
with transition metals may be affected by the N content/active
N content, metal residue, surface area, pore structure, and other
qualities.

3.5. Effect of Metal Residue on the ORR Performance.
As we described above, we believe the transition metal residues
may play an important role for enhanced performances of these
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catalysts. To verify it, we attempt to identify the role of metal
residue in our M-PANI/C-Mela catalysts by removing the metal
residues from catalysts with 37 wt % HCl at 80 °C for 24 h. Figure 6

Pt a
: Il before removal
é 3 = after removal
>
£ 2.
c
o
S 14
k=
e E
3 E
Ni Mn Co

- before removal
E= after removal

Fe
Mn Co Fe

Figure 6. Current density at 0.7 V of M-PANI/C-Mela catalysts before and
after removal of transition metal residues in O,-saturated (a) 0.1 M HCIO,
and (b) 0.1 M KOH. Rotation rate: 1600 rpm; scanning rate: 5 mV s™".

b

S = N W & O O N

Current density (mA cm?)

Ni

presents the ORR performances of the catalysts before and after
removal of metal residues, and it is clear that all five catalyst exhibit
reduced performance after the removal of metals residues by
boiling in acidic chloride, revealing that the metal residues play an
important role for the enhanced performances of the catalysts.
However, the fading extents of ORR performances for five catalysts
are quite different. For Fe-PANI/C-Mela catalysts (Figure 6a),
after removal of Fe residues, its ORR current density at 0.7 V
(vs RHE) decreased from 4.1 to 1.7 mA cm™>, a 63% of per-
formance loss in acidic medium. However, for Co-PANI/C-Mela,
the decrease was from 2.8 to 1.6 mA cm™2, a performance loss of ca.
43%, revealing that the promotions of different transition metals
residues are quite different. In alkaline medium (Figure 6b), the
performance loss caused by the removal of Mn is larger than that
caused by the removal of Cu and Nj, further confirming that the
performance contribution of the residues of various transition
metals is quite different.

A schematic diagram describing the formation process of
the M and N codoped carbon catalyst with different structures is

dx.doi.org/10.1021/cs500744x | ACS Catal. 2014, 4, 3797—3805
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Figure 7. Schematic diagram of the formation processes of the transition metals and nitrogen codoped carbon catalysts with different structures.

suggested (see Figure 7). Simply, transition metal ions may
combine with polyaniline and melamine to form two types of
complexes: four-coordinated planar structured complex macro-
molecule (step a) and six-coordinated cubic three-dimension
macromolecule (step b). For example, Fe may form a four-
coordinated complex with polyaniline and melamine, but Ni may
form a six-coordinated complex. During pyrolysis, the planar com-
plex macromolecules may transform into graphene-like structured
doped carbon catalyst following step c. Three-dimensional com-
plex macromolecules may transform into three-dimensional
carbon catalyst following the step d. Conclusively, the different
morphologies of the doped carbon catalysts with different transi-
tion metals may be caused by the different coordination number of
the transition metals, as well as the different stereo structures of the
complex molecules with various transition metals.

4. CONCLUSIONS

In conclusion, the effects of doping transition metals on the
structure and performance of doped carbon catalysts M-PANI/
C-Mela (M = Mn, Fe, Co, Ni, Cu) were investigated. All the
transition metal codoped catalysts exhibited various enhancing
extents to ORR performance. Doping with various transition
metals will result in a variety of morphologies, surface areas, pore
structures, metal residues, active nitrogen contents, and active
nitrogen distributions. We suggest that the performance enhance-
ment resulted from a combination of these factors rather than any
single factor.
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