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1 Introduction

Elongated Fe-N-C containing trace atomic Co
dopants for high power density PEMFCs+

Jiayao Cui,?® Junyong Min,® Hao Wang, @ *2° Jianglan Shui, @9 Lishan Peng, @ ¢©
Zhenye Kang, ®F Jieyuan Liu,® Qingjun Chen,*® Shuo Bai® and Yanrong Liu @ *©

Developing single-atom Fe-N,/C catalysts is crucial for the large-scale implementation of proton exchange
membrane fuel cells (PEMFCs). While Fe-N,4/C catalysts are inherently active in accelerating the slow ORR
process, their performance is still inferior to that of Pt/C. Herein, a trace Co-doped Fe single-atom catalyst
(Fe(tCo)-N-C) containing more active Fe,Ng sites has been synthesized. Interestingly, compared with
typical FeN4 sites in an Fe-N-C electrocatalyst, the Fe,Ng sites generate a larger Fe-N bond length due to
Co-doping. The elongated Fe-N bond in Fe;Ng lowers the d-band center and charge density of iron sites,
enhancing the ORR process by facilitating the formation of *OOH and generation and desorption of *OH.
Fe(tCo)-N-C manifested excellent acidic and alkaline ORR activity, with a half-wave potential (Ey,,) of 0.80
V in HClO4 solution and 0.89 V in KOH medium. More importantly, high peak power densities (Pnax) were
realized by applying Fe(tCo)-N-C in PEMFCs, with the P,., reaching 890 mW cm™ in H,-O, and 380 mW
cm™2 in H,-air. Additionally, trace Co dopants in the catalyst improved carbon graphitization and provided
high ORR catalytic stability. This research introduces an innovative approach to engineering highly active
Fe,Ng sites, providing valuable insights for the sustainable progress of PEMFC technology.

Keywords: Proton exchange membrane fuel cells; Oxygen reduction reaction; Platinum-group-metal-free
catalysts; Single-atom catalysts; Bimetallic active sites.

boundary with multiple charge and proton transfer processes,
leading to sluggish kinetics and thus hindering practical

The challenges induced by the shortage of fossil energy have
triggered the development of renewable energy,"” among which
hydrogen energy has the nature of being non-polluting and
having high energy density.® PEMFCs have aroused a lot of
attention as hopeful power trains to replace internal
combustion engines without generating emissions.”’® The
cathodic ORR occurs at the solid-gas-liquid three-phase
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efficiency. The current catalyst of choice uses platinum (Pt) to
accelerate the kinetics, but the use of this costly and scarce
material is  significantly impeding the large-scale
implementation of PEMFCs."" Thus, there is a very urgent need
to explore alternative inexpensive earth-abundant PGM-free
counterparts until their activity and stability are competitive or
even supetior to those of PGMs.'*"?

Ever since the first demonstration of metal-nitrogen-carbon
(M-N-C) by R. Jasinski in 1964,"* this type of material has
aroused great interest as PGM-free ORR catalysts because of
their high efficiency for atomic utilization, high electronic
conductivity, and superior ORR catalytic activity.'"”>" M-N-C
catalysts can be derived from various precursor materials.
Metal-organic frameworks (MOFs) have gained widespread
attention in this context due to their porous nature, high
conductivity, expansive specific surface area (SSA), and versatile
properties, making them extensively explored.?>** Especially via
thermal treatment of zeolitic imidazolate frameworks (e.g., ZIF-
8),>*** volatile Zn nodes could evaporate at elevated
temperature to generate micropores, and imidazole linkers are
transformed into a densely-populated N-doped carbon (N-C)
matrix.”® The additional metal doping in N-C enables catalysts
with an appropriate geometric structure and charge
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distribution, thereby efficiently facilitating oxygen adsorption
and O=0 bond dissociation.*”

Within different kinds of M-N-C materials, nitrogen-
coordinated Fe samples (Fe-N-C) are hailed as the best
prospective PGM-free ORR catalysts, because of their suitable
binding strength between intermediates and catalytic centers,
which follows the Sabatier principle.?®** To enhance the
performance of ORR and address the inherent constraints of
the intrinsic activity of Fe-N-C, researchers often introduce
secondary metals to adjust the electronic structure of the Fe
center or to construct dual-metal active centers.’**>> Such
regulated active sites can optimize the chemical environment
encompassing the metal center, especially the electronic
structure,®** thereby boosting the desorption of intermediate
species and cleavage of O=O bonds.”> Additionally, the
addition of a secondary metal has the potential to effectively
improve the degree of graphitization, thus efficiently enhancing
the catalyst stability.*® Therefore, metal atom doping is a useful
strategy for boosting the performance of Fe-N-C and shows
great promise for possible applications in PEMFCs. However,
M1M2 replacing Zn on the ZIF skeleton followed by pyrolysis is
commonly used to construct metal active sites. However, this
approach could generate inactive metal species with many
active sites buried in a bulky matrix and inaccessible to O, and
protons in PEMFCs, so there is a call for better synthesis
methods. Ammonia treatment has been demonstrated to
produce catalysts with much higher ORR intrinsic activity;*”**
e.g., pyrrole nitrogen can be transferred from pyridine nitrogen
by removing additional carbon atoms to generate high-purity
FeN,.** However, metal nitride particles are generally produced
during NH; pyrolysis and decrease the utilization of Fe:N,
species. Therefore, thermal treatment, impregnation, and
subsequent NH; treatment are expected to precisely control the
metal content; thus, the isolated active site density and ORR
activity are potentially enhanced.

This study presents a methodology for obtaining an
enhanced Fe-N-C ORR catalyst, incorporating the trace
atomic Co dopants, referred to as Fe(¢Co)-N-C, which is
highly effective in catalyzing the ORR in half cells and
PEMFCs. To prepare Fe(tCo)-N-C, a Co-doped ZIF-8
precursor material was carbonized into a ¢Co-N-C support,
which was then impregnated with Fe®*, followed by an NH;
treatment. Findings from this investigation highlight that the
Fe,Ng sites within Fe(¢Co)-N-C exhibit notably superior
intrinsic ORR activity compared to conventional Fe-N, sites
found in typical Fe-N-C ORR electrocatalysts. This
enhancement can be attributed to the regulated electric
charge density and lowered d-band center of the iron atom,
which facilitates *OOH formation and the generation and
desorption of *OH, culminating in a significantly improved
ORR performance. Optimized Fe(tCo)-N-C manifests superb
ORR activity in a half cell (E,/, of 0.80 V in HCIO,, 0.89 V in
KOH) and PEMFC (Ppq of 0.89 W em™? for H,-O,, 0.38 W
ecm™ for H,-air). More importantly, in contrast to a typical
Fe-N-C ORR electrocatalyst, Fe(tCo)-N-C, featuring the Fe,Ng
sites and trace atomic Co dopants shows improved stability
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during fuel cell testing. It retains about 89% of its initial
activity even after a 60 hour durability test. The developed
catalysts provide great candidates for PGM-free catalysts for
half cells and PEMFCs and represent a highly promising
avenue for designing single-atom catalysts with bimetallic
sites.

2 Results and discussion

The preparation scheme is depicted in Fig. 1a. In addition, Fig.
S1t illustrates the synthesis of ZIF-8 and the Co-doped ZIF-8
precursor, denoted ZnCo-ZIF, in line with evidence from X-ray
diffraction (XRD). XRD images show that the ZnCo-ZIF
precursor maintained the ZIF-8 crystalline structure. We then
utilized scanning electron microscopy (SEM) to inspect the
ZnCo-ZIF precursor (Fig. S2). The microstructure of Fe(tCo)-N-
C was examined using SEM and a transmission electron
microscope (TEM). According to Fig. 1b, target catalysts
maintained a uniform rhombic dodecahedron morphology,
similar to that of the ZnCo-ZIF precursor (Fig. S2bt), after two
carbonization processes. After the last step of thermal treatment
in NH;, the target catalysts exhibited a much smoother surface
and smaller particle size of approximately 400 nm (Fig. 1b and
S3t). Moreover, Fe(tCo)-N-C and its precursor were analyzed by
XRD. According to Fig. S4 and S5a,f only two carbon peaks at
23° and 44° were manifested in the investigated samples,

2-MI—~ oznz

RT 24h Carbonization

Jcrysta\hzahon

1000°C NH,

2 Fe** adsorption Activation

Fe(tCo)-N-C

Fig. 1 (a) Graphical synthetic routes of the trace Co-doped Fe-N-C
catalyst (Fe(tCo)-N-C). Electron microscopy images in (b) scanning and
transmission (b insert); (c) high-resolution transmission; (d and e) AC
HAADF scanning transmission; and (f) EDS mapping images of Fe(tCo)-
N-C.
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assigned to the amorphous carbon plane (002) and graphitized
carbon plane (100),>>*° respectively. No metal-related crystalized
species were detected, suggesting that all impregnated Fe** ions
were translated into isolated sites and embedded in the carbon
substrate. The disorderliness of the carbon morphology in
Fe(tCo)-N-C was also verified via high-resolution (HR) TEM
images, as shown in Fig. 1c, which indicates that no distinct
particles were visible. Notably, abundant micropores can also be
noticed in the HR-TEM pattern of the studied catalysts.
Aberration-corrected (AC) HAADF scanning transmission
electron microscopy (STEM) revealed uniformly distributed
atomically dispersed metal sites (highlighted by bright spots)
throughout the carbon matrix, as illustrated in Fig. 1d.
Interestingly, in HAADF-STEM images, there are abundant dual
bright spots that can be classified as diatomic active sites.
Energy-dispersive spectrum (EDS) mapping images demonstrate
the even dispersion of primary elements on the carbon
substance (Fig. 1le and f). In Fig. 1f, it is evident that the Co
content is extremely low. EDS results indicate that the atomic
ratio of Fe to Co is as high as 25.9.

To examine the effects of the trace atomic Co dopants, a
reference sample without the addition of Co (Fe-N-C) was
synthesized. To comprehend structural and compositional
distinctions between reference Fe-N-C and corresponding
Fe(tCo)-N-C, we conducted XRD, Brunauer-Emmett-Teller
(BET) analysis, Raman spectroscopy, and X-ray photoelectron
spectroscopy (XPS). As indicated in Fig. S5a,f no distinct metal
particles can be seen in either Fe(tCo)-N-C or Fe-N-C, showing
the disordered carbon structure, in agreement with HR-TEM
observed in Fig. 1c. BET results and details are shown in Fig.
S5b and c¢ and Tables S1 and S2,;f in which Fe(¢Co)-N-C
exhibited a greater SSA (1486 m* g ') and microporous volume
(Vinicro: 0.56 cm® g™') than Fe-N-C, showing more favorable
structural features and surface areas for the ORR. Moreover, it
was observed that typical I-type N, adsorption isotherms with
abundant micropores (<2 nm) are displayed in Fig. S5b and c,}
further revealing structural advantages towards the ORR.
Meanwhile, Raman analysis further disclosed the degree of
defects and graphitization of Fe(tCo)-N-C and Fe-N-C. As
depicted in Fig. S5d,f two distinct peaks were observed at 1590
em™ and 1350 ecm™, corresponding to G bands (representing
graphitic sp> C) and D bands (indicative of defects in the
graphitic structure), respectively.*' A lower I/I; value (intensity
ratio) of Fe(tCo)-N-C compared to that of Fe-N-C revealed that
a catalyst containing the trace Co-dopants would show a higher
degree of graphitization, which can contribute to reinforcing
the stability.

The surface composition was unveiled by an XPS test. XPS
survey results in Fig. S61 showed that Fe(tCo)-N-C was different
from Fe-N-C as it contained Fe, Co, O, C, and N. However, most
Fe and Co atoms are located at the surface of the pore structure
rather than at the outer surface of the material, leading to the
lower intensity of XPS Co 2p and Fe 2p peaks. Hence,
characteristic peaks are not observed in Co 2p and Fe 2p
spectra. Table S31 summarizes the detailed C, N and O contents
of the above two catalysts according to the XPS test. The ratio of
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Fe to Co content was also assessed via inductively coupled
plasma optical emission spectrometry (ICP-OES) and mass
spectrometry (ICP-MS). The Fe/Co ratio in Fe(tCo)-N-C was
determined to be 23.7, consistent with the ratio of 25.9 obtained
from the EDS mapping results of AC HAADF STEM. This
consistency provided further verification of the trace doping of
Co in the material. Furthermore, high-resolution N 1s
spectroscopy was conducted to elucidate the types and
proportions of various nitrogen species (Fig. S7at).® According
to Fig. S7a and Tables S4 and S5, both the catalysts prepared
through pre-doping and impregnation strategies show
abundant active Me-N species and pyridinic N, indicating that
more active sites can be obtained through the pre-doping and
impregnation strategy. Simultaneously, it becomes apparent
that both the catalysts exhibit an abundance of pyrrolic and
proper graphitic N species. Theoretical calculations provided
significant inspiration by uncovering that pyrrolic N has a dual
impact. First, the O, adsorption energy of bonded Fe atoms is
affected. In addition, adjacent C atoms are turned into active
sites for the ORR.>** Pyridinic N can anchor the metal and
lower the ORR overpotential, whereas graphitic N can enhance
electrical conductivity.**** Moreover, C 1s and O 1s spectra are
demonstrated in Fig. S8 and S9.f The C 1s spectra depicted in
Fig. S81 indicate that in Fe(tCo)-N-C and Fe-N-C, the main
coordinated forms are C=C, C-N and C=N bonds, in
accordance with their ZnCo-ZIF precursor. Meanwhile, Fig. S9t
reveals that oxygen is primarily adsorbed onto carbon and metal
surfaces.

To further detect the active site coordination of the catalysts,
X-ray absorption spectra (XAS) were performed with respect to
extended-edge (EXAFS) and near-edge (XANES) measurements.
As XANES results in Fig. 2a indicate, Fe(tCo)-N-C has an Fe
absorption edge that is positioned in proximity to iron
phthalocyanine (FePc), manifesting that the iron valency is
approximately +2. In Fig. 2b, the FT-EXAFS spectra of FePc
indicate the presence of an Fe-N structure, where the Fe-N
signal is visible at around 1.5 A. In contrast, the FT-EXAFS
spectra of Fe,O; demonstrate the existence of Fe-O bonds, with
the Fe-O signal observed around 1.4 A. Specifically, Fe foil
spectra reveals the presence of Fe-Fe bonds, and the Fe-Fe
signal is situated at around 2.2 A. In contrast, our Fe(tCo)-N-C
sample exhibits an Fe-N signal, with the notable absence of Fe-
Fe and Fe-O signals. This structural configuration closely
resembles that of FePc and differs from the Fe,O; structure.
These results suggest that Fe species are atomically distributed
and coordinated with N, in conformity to HAADF-STEM and
HR-TEM results. In addition, wavelet transform (WT)-EXAFS
curves are provided in Fig. 2c to illustrate the atomic alighment
and configuration. The maximum intensity was observed only
in low k-space (~3.8 A™) on Fe(tCo)-N-C, assigned to Fe-N(O)
without Fe-Fe bonding (~7.5 A™) or an Fe-Co path (~7.8 A™%),'®
further demonstrating the atomic dispersion of Fe species
without aggregation. In addition, to obtain coordination
information about FeN, in Fe(tCo)-N-C, quantitative EXAFS
fitting was implemented (Fig. 2d and e). Table S7{ shows
specific fitting parameters, in which the Fe-N coordination
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Fig. 2 Fe k-edge (a) XANES spectrum; (b) Fourier transform (FT)-EXAFS spectrum; (c) k*>-weighted y(k) WT-EXAFS spectra; (d and e) EXAFS fitting
analysis of Fe(tCo)-N-C. Fe k-edge (f) k?-weighted y(k) WT-EXAFS spectra; (g and h) EXAFS fitting analysis of Fe-N-C.(i) The proposed configuration

of the Fe,Ng active sites.

number is approximately 3.8, and the bond length is 2.01 A. We
conducted XAS analysis on the control sample of Fe-N-C to
assess the influence of the introduction of Co on the active site.
As depicted in Fig. 2a and b, similar to the Co-containing
Fe(¢#Co)-N-C sample and FePc, the valence state of Fe remains
approximately +2, with Fe also existing as isolated atoms.
Significantly, the WT-EXAFS curves of Fe-N-C in Fig. 2f offered
a slightly different arrangement and configuration, suggesting
existing forms of active sites different from those of Fe(tCo)-N-
C. By employing quantitative EXAFS fitting, the traditional
pyridine-type FeN, configuration in Fe-N-C was confirmed, and
the precise details of its coordination number and bond length
are outlined in Table S7.f In contrast with the typical FeN,
configuration (Fig. 2g and S11at), the Fe(¢Co)-N-C catalyst with
a larger bond length (2.011 A vs. 1.93 A) suggests a different
Fe-N configuration rather than typical Fe-N,. To confirm the
possible configuration, four reasonable models (Fig. S11b-ef)
were proposed, in which the most likely structure (Fe,Ng) is
identified by considering Fe-N bond distance and coordination
number (Fig. 2i and S11e¥).

In this work, the oxygen reduction performance of Fe(¢tCo)-
N-C, Pt/C and other contrasting samples was disclosed by
electrochemical results. In Ar- and O,-saturated acid electrolyte,
cyclic voltammetry (CV) was conducted to initially assess the
ORR activity. According to Fig. 3a, unlike under the Ar-saturated
electrolyte where there was no ORR activity, a distinct reduction
peak was witnessed in the O,-saturated electrolyte, exhibiting
the oxygen reduction activity of the catalysts. Notably, unlike

© 2024 The Author(s). Co-published by the Institute of Process Engineering,
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Fe-N-C and tCo-N-C, Fe(tCo)-N-C revealed a more positive
peak, indicating its superior ORR activity. Furthermore, by
means of linear sweep voltammetry (LSV), the investigated
catalysts were further assessed for their catalytic activity. As
displayed in Fig. 3b and c, Fe(tCo)-N-C manifests satisfactory
performance for ORR with an E;,, of 0.80 V. This is comparable
to Pt/C and surpasses the performance of Fe-N-C, tCo-N-C,
and N-C. As shown in Table S9,f Fe(tCo)-N-C is amongst the
best PGM-free acidic ORR catalysts. Moreover, the reduced
activity observed in ¢Co-N-C and N-C confirms that FeN, sites
are the main place where the ORR occurs. The enhanced ORR
catalysis of Fe(tCo)-N-C compared with that of Fe-N-C indicates
that possible active sites induced by the trace Co dopants may
demonstrate higher intrinsic ORR catalytic activity.

In this study, the ORR Kkinetics of various catalysts were
investigated to acquire an in-depth understanding. The
kinetic current density (ji) and Tafel slopes were calculated
and compared among different catalysts. As can be seen from
Fig. 3¢, Fe(tCo)-N-C exhibited a satisfactory ji at 0.8 V, which
was equivalent to that of Pt/C and higher than that of ¢Co-N-
C and Fe-N-C. A minimum Tafel slope was observed in
Fe(tCo)-N-C in Fig. 3d, indicating an efficient ORR catalytic
kinetic process. Furthermore, using the Koutecky-Levich (K-
L) equation, the kinetic process and electron transfer
numbers (n) were revealed and obtained, in which linear K-L
plots derived from various rotating rate LSV curves and the
calculated n verified a first-order ORR kinetic process and a
highly selective 4e transfer in Fe(¢tCo)-N-C; see Fig. 3e. The
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Fig. 3 (a) CV plots under Ar- and O,-saturated acidic electrolyte of Fe(tCo)-N-C, Fe-N-C, and tCo-N-C; (b) LSV plots (1600 rpm); (c) ji at 0.8 V

and Ey,; (d) Tafel slopes for Fe(tCo)-N-C and other control samples; (e) LSV plots of Fe(tCo)-N-C at from 400 to 2025 rotating rates (inset: related
K-L curves from 0.3-0.7 V); (f) H,O, yield and corresponding electron transfer numbers; (g) LSV plots before and after 10 000 cycles within 0.6-1.0
V at 200 mV s™%; (h) CA at 0.7 V (1600 rpm); (i) Tolerance to methanol (1 M) for Pt/C, Fe(tCo)-N-C, and Fe-N-C (0.6 V, 1600 rpm) (O,-saturated 0.1

M HClO4 was applied unless otherwise stated).

reaction pathway was further identified through the
implementation of rotating ring disk electrode (RRDE) tests,
wherein the acquired n value and H,0,% are depicted in
Fig. 3f. Within the test potential range, Fe(tCo)-N-C and Fe-
N-C showed satisfactory n values, close to 4 (~3.94), and the
H,0, yield was below 4.8%, suggesting a desirable 4e”
transfer pathway for the ORR. In contrast, Pt/C showed a
value of 3.96 and an H,O, yield below 2.7%. To eliminate the
2e” ORR activity of ¢Co-N-C, the H,0, byproduct was
measured in this work. It is undeniable that ¢Co-N-C
exhibited significant 2e” activity, as illustrated in Fig. S12.}
However, the H,0, yield for Fe(tCo)-N-C significantly
decreased to a level as low as that in Pt/C, suggesting that the
2e” activity was inhibited and nearly negligible in Fe(tCo)-N-
C. Instead, its dominant activity was primarily associated
with 4e” reactive processes.

To examine the stability of Fe(tCo)-N-C for ORR in an
acidic medium, plots of chronoamperometric (CA)
measurements at 1600 rpm were assessed for 40000 s.
According to Fig. 3h, Fe(tCo)-N-C retained 92.47% of initial
current density after 40 000 s, whereas, in the same situation,
Pt/C and Fe-N-C maintained only 32% and 74%, respectively.
The results demonstrated the superiority of Fe(tCo)-N-C
synthesized through a pre-doping and impregnation strategy,
which was further confirmed by the Raman analysis, which
showed a higher degree of graphitization and, thus, higher
stability compared with Fe-N-C. Furthermore, an accelerated
stability test (AST) was also completed by scanning 10000
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cycles at 200 mV s~ (0.6-1.0 V) to assess the stability. In the
acidic electrolyte, after 10000 cycles, the level of Ejj,
degradation of Fe(¢tCo)-N-C was significantly lower than that
of Pt/C or Fe-N-C (Fig. 3g). After accelerated stability tests,
the samples were subjected to post-reaction characterization,
which encompassed TEM observations, XPS analysis, and
ICP-MS tests for dissolved metals conducted in electrolytes.
As depicted in Fig. S13 and S14,f even after undergoing
10000 CV cycles, the catalysts maintained their original
rhombic dodecahedron morphology, showing no evidence of
particle cracking, deformation, or aggregation of metal
centers. Furthermore, the XPS analysis conducted after the
CV cycles and nitrogen species percentage for Fe(tCo)-N-C
and Fe-N-C are depicted in Fig. S7b and S15 and Tables S4
and S5.f Simultaneously, through a comparative analysis of
nitrogen species content before and after the reaction, it was
observed that the loss of pyridinic N and Me-N species in
Fe(tCo)-N-C was less than that in Fe-N-C. This observation
suggests that Fe-N-C wunderwent more pronounced
electrochemical corrosion during the reaction. An ICP-MS
test of the electrolyte after the stability tests was conducted
to evaluate the dissolution of metallic sites during the ORR.**
Based on findings presented in Fig. S16 and Table S6,f the
concentration of dissolved Fe in the electrolyte for Fe(tCo)-
N-C is lower than that in Fe-N-C, indicating that the former
is more stable. Apart from stability and activity, tolerance to
methanol is also important when applying ORR catalysts in
methanol fuel cells. According to Fig. 3i, introducing 1 M
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methanol had no obvious impact on Fe(¢tCo)-N-C, but
significantly decreased the current on Pt/C. This finding
suggests that Fe(tCo)-N-C can resist methanol poisoning,
showing potential for application in the methanol fuel cells.
Furthermore, the resistance of the ¢(Co-N-C catalyst to
methanol poisoning was also evaluated, as shown in Fig.
S17.7 The test results show that tCo-N-C can resist methanol
poisoning, while the current of tCo-N-C in 0.1 M HCIO, is
very low.

Additionally, in alkaline electrolytes, Fe(tCo)-N-C exhibits
satisfactory ORR performance. Fe(tCo)-N-C demonstrated
superior activity for ORR, with an E;;, of 0.89 V in 0.1 M
KOH, which was significantly superior to that of Pt/C (0.84 V)
(Fig. S181). By means of 10000 cycles AST and 40000 s CA
measurements, the stability of Fe(tCo)-N-C was assessed.
From Fig. S18,f there was almost no decay in activity on
Fe(tCo)-N-C after 10000 CV cycles (0.6-1.0 V; 200 mV s '),
while Pt/C showed noticeable deterioration in performance.
Besides, in comparison to Pt/C, the stability benefits of
Fe(¢tCo)-N-C were also verified through CA tests (Fig. S197).
The low H,0, yield below 4% and close-to-4 n also reveal a
favorable 4e” reaction pathway (Fig. S201). Meanwhile, in
alkaline medium, Fe(tCo)-N-C demonstrated notable
resistance to methanol poisoning, as evidenced by further
confirmation in Fig. S21.f

To clarify reasons behind the superior ORR performance
demonstrated by Fe(tCo)-N-C compared to Fe-N-C and verify
the proposed configuration, DFT calculations were undertaken
on the proposed Fe,N; sites and typical Fe-N, in Fe-N-C. The
adsorbed states of O, and oxygenated intermediate species
(*OOH, *O, *OH) on the Fe-N, and Fe,-Nj sites are depicted in
Fig. S22 and S23.f As can be seen from Fig. 4a, the Gibbs free
energy of the two configurations, FeN, and Fe,Ng, was

a b
sju=ov — FeN,
— Fe,Ng
>4 —
() —
o Y
> 3
2]
G 2
&
o1
o :
A 1AG=0.63 eV
*Og) *OOH 'O *OH  H,0
d Reaction coordinate e
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calculated at 1.23 V, 0 V, and the corresponding applied
potential. On both sites at U = 0 V, all elementary steps behaved
with a consistent decrease in free energy, suggesting a
spontaneous reaction process. Moreover, according to the DFT
calculations at U = 1.23 V, the formation of *OH in Fe,-Ng and
Fe-N, was the rate-determining step (RDS). For the RDS, the
free energy change on the Fe,-Ng structure was lower (0.51 eV)
than that on Fe-N, (0.63 eV), demonstrating that Fe,-Ng is more
favorable than Fe-N, in accelerating the ORR. Additionally, the
free energy change on the Fe,-Njg structure was lower than that
on Fe-N, in view of first (*O, — *OOH) and last (*OH — H,0)
steps, indicating easier formation of *OOH and desorption of
*OH intermediates on Fe,-Ng, resulting in a favorable 4e”
reaction process. To further explain the superiority of the Fe,Ng
sites, the electronic structure of Fe centers on the Fe,-Ng and
Fe-N, sites was examined using Bader charge analysis.
According to Fig. 4b and c, there was a slight increase in charge
transport from the iron center to surrounding N atoms at the
Fe,-Nj site in comparison to Fe-N,, which could be related to
the elongation of the Fe-N bond.*> Based on the regulated
charge density on Fe centers, the adsorption of intermediate
species *O would be weakened and dissociation would be
facilitated, further facilitating the ORR. Moreover, the PDOS
(projected density of states) of the iron atoms in Fe,~Ng was also
analyzed to further reveal the origin of the higher ORR activity.
As indicated in Fig. 4d and e and Table S8,f a clear negative
shift in the Fe-d orbital on Fe,~Ng can be observed compared to
Fe-N,, which represents a d band center shift toward lower
energies and an increase in filling of antibonding orbitals.*®
This increased filling of Fe antibonding orbitals would weaken
the interplay between Fe sites and adsorbate *O,/*O/*OH, thus
boosting the oxygen reduction process. These results explain
the higher intrinsic ORR activity observed on Fe,-Nj sites in the

Density of states (a.u.)
Density of states (a.u.)

FeN,

-6 - T T
4 3 2 14 0 1 2 3 4 4 3 2 41
E-E, (eV)

E-E, (eV)

p

Fig. 4 DFT calculations of the ORR mechanism and electronic structures of Fe,Ng and FeNy. (a) Free energy diagrams of Fe,Ng and FeN4 at 0 V,
1.23 V, and the applied potential (0.6 V for FeN, and 0.72 V for Fe;Ng). The difference in charge distribution on (b) FeN, and (c) Fe;Ng; yellow
(blue) represents the charge accumulation (depletion). The PDOS curves of (d) FeN4 and (e) Fe,Ng (Fe-d orbitals). (f) The proposed ORR process on

an Fe,-Ng site in Fe(tCo)-N-C.
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Fe(tCo)-N-C catalyst compared to that on the typical Fe-N,
sites, which is consistent with electrochemical data.
Furthermore, the proposed ORR process on an Fe,-Ng site in
Fe(tCo)-N-C is shown in Fig. 4f.

Herein, practical application of Fe(¢tCo)-N-C as a cathode
catalyst was evaluated by assembling a PEMFC using Pt/C as an
anode catalyst (Fig. 5a). Scribner 850e with O, (or air) and H, at
80 °C under 100% RH (relative humidity) was used to evaluate
the PEMFC performance. Flow rates of 0.4 and 0.3 L min™" for
O, (or air) and H,, respectively, were adopted. Fe-N-C without
the trace Co dopants was also tested for comparison.
Impressively, PEMFC with Fe(tCo)-N-C showed high activity
and power densities (Ppax) in H,-O, and H,-air atmospheres.
As can be seen from Fig. 5b-e, the high OCV (open circuit
voltage) for Fe(¢Co)-N-C and contrast catalyst (0.98 V under H,-
0,, 0.93 V under H,-air) indicated that they have high ORR
intrinsic activity. Moreover, Fe(¢Co)-N-C displayed much more
favorable polarization curves with rising current density
compared to Fe-N-C. Under 22 psi O,, 0.31 A cm™ (@0.8 V)
was achieved on Fe(tCo)-N-C, which was double that of Fe-N-C
(0.16 A cm™@0.8 V). Increasing the air pressure to 22 psi, 0.12
A cm>@0.8 V was generated on Fe(tCo)-N-C, which was triple
that of Fe-N-C (0.04 A c¢m °@0.8 V). Furthermore, the
corresponding Py, for Fe(tCo)-N-C and Fe-N-C were also
obtained. Based on data presented in Fig. 5b and c, Fe(tCo)-N-
C demonstrated a significantly higher P« of approximately
890 mW cm 2 in H,-O, and 380 mW cm 2 in H,-air, while Fe-
N-C exhibited inferior values in H,-O, and H,-air, as can
clearly be seen from Fig. 5d and e. The high-intrinsic-activity
Fe,Ng active centers, dominant microporous SSA, abundant
porous structure, and good electroconductivity can assist in
increasing the performance of Fe(tCo)-N-C in PEMFCs by
efficiently decreasing the activation, ohmic, and concentration
polarization. Furthermore, the abundant porosity can suppress
micropore flooding; thus, the utilization rate of catalytic sites
and catalyst deactivation can be increased and prevented,
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respectively. The results described above illustrate that Fe(¢Co)-
N-C could effectively facilitate oxygen reduction and show great
prospects as a PGM-free catalyst for PEMFC applications. To
assess the stability of the as-prepared catalyst for practical
application in PEMFC and verify the effect of the addition of Co
on PEMFC stability, we performed a 60 hour test of
chronoamperometric current for Fe(tCo)-N-C and Fe-N-C. As
shown in Fig. 5f, the stability of Fe(tCo)-N-C with Co dopants is
higher than that of Fe-N-C without Co during fuel cell tests.
The results indicate that Fe(tCo)-N-C maintained 89% of its
original current density after continuous operation for 60 h.

3 Conclusions

In this study, a superior trace atomic Co-doped Fe(¢Co)-N-C
electrocatalyst was successfully developed through a pre-
doping, impregnation and ammonia activation strategy.
Fe(tCo)-N-C had E;), of 0.89 V and 0.80 V in alkaline and
acidic electrolytes for the ORR, respectively. The trace Co
dopants effectively facilitated the formation of the Fe,Ny sites
instead of the typical FeN, structure in common Fe-N-C
electrocatalysts and enhanced the degree of graphitization,
making for high ORR stability. Fe(¢Co)-N-C displayed a high
Ppax Of 890 mW c¢cm 2 when used in PEMFCs with H,-O, and
380 mW cm ™ in H,-air conditions. More importantly, unlike
a typical Fe-N-C ORR electrocatalyst, Fe(¢Co)-N-C with the
Fe,Ng sites and trace atomic Co dopants shows improved
stability during fuel cell testing. The results indicate that
Fe(tCo)-N-C still retained 89% of its original current density
after continuous operation for 60 h. Advanced synchrotron
experiments confirmed the configuration of the Fe,Njg sites
with elongated Fe-N bonds compared with FeN, in Fe-N-C,
while the DFT calculations elucidated the relation between
the elongated Fe-N bond and catalytic activity for Fe(¢Co)-N-
C. Benefiting from the reduced d-band center and improved
occupation of antibonding orbitals, the interplay between the

a b i, 1000 © 10 o
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- e,
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Fig. 5

(a) Schematic plot of PEMFCs. Performance plots of Fe(tCo)-N-C in (b) H,-O, and (c) H,-air. PEMFC results of Fe-N-C in (d) H,-O, and (e)

Hy-air. (f) Current density-time function of a single cell, with a constant voltage of 0.5 V. Cathode loading: 3 mg cm™2; 80 °C; relative humidity:

100%.
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Fe sites and adsorbates can be moderated, effectively
facilitating the desorption of *OH and production of *OOH/
*OH. Additionally, the decreased charge density of the Fe
atoms caused by the elongated Fe-N bond effectively
hindered the adsorption of *O species. This research offers
an updated design approach to heighten PGM-free PEMFC
performance by adjusting the electronic and geometric
structures of a catalyst.

4 Experimental section
4.1 Materials

All  materials, including cobalt(n) nitrate hexahydrate
(Co(NO3),-6H,0) (99%) (Aladdin), ferric chloride (FeCls)
(90%) (Macklin), 2-methylimidazole (98%) (Macklin), zinc(u)
nitrate hexahydrate (Zn(NO;),-6H,0) (99%) (Aladdin),
isopropanol (99.5%) (Macklin), and methanol (99.5%)
(Sinopharm Chem. Reagent Co., Ltd.), were used without
further purification. A Johnson Matthey 20% Pt/C catalyst
was applied. Nafion™ 117 (~5 wt%) was acquired from
Sigma Aldrich. Deionized water (18.2 MQ specific resistance)
was employed in this study.

4.2 Catalyst preparations

Fig. 1a describes the process for synthesizing Fe(tCo)-N-C.
Initially, a Co-doped ZIF-8 precursor (ZnCo-ZIF) was obtained
by thoroughly stirring a methanol solution of transition
metal salts and dimethylimidazole. Then, the as-prepared
ZnCo-ZIF precursor was carbonized to produce a tCo-N-C
support with Co doping to adsorb Fe’" ions. Subsequently,
tCo-N-C powders adsorbed with a certain amount of Fe**
(tCo-N-C + Fe*") were subjected to thermal activation in an
NH; atmosphere for 15 min to make final Fe(tCo)-N-C.
Reference samples of the N-C support stemming from ZIF-8
pyrolysis, and Fe-N-C without Co doping derived from N-C
impregnation and thermal treatment were also prepared.
Details on the catalyst preparation, characterization,
electrochemical measurements, and theoretical calculations
are available in the ESIL}
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