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Improving the Stability of Non-Noble-Metal M—N-C
Catalysts for Proton-Exchange-Membrane Fuel Cells
through M—N Bond Length and Coordination Regulation

Zhengpei Miao, Xiaoming Wang, Zhonglong Zhao, Wenbin Zuo, Shaoqing Chen,
Zhigiang Li, Yanghua He, Jiashun Liang, Feng Ma, Hsing-Lin Wang, Gang Lu,

Yunhui Huang, Gang Wu, and Qing Li*

An effective and universal strategy is developed to enhance the stability of

the non-noble-metal M—N, /C catalyst in proton exchange membrane fuel

cells (PEMFCs) by improving the bonding strength between metal ions and
chelating polymers, i.e., poly(acrylic acid) (PAA) homopolymer and poly(acrylic
acid-maleic acid) (P(AA-MA)) copolymer with different AA/MA ratios. Méss-
bauer spectroscopy and X-ray absorption spectroscopy (XAS) reveal that the
optimal P(AA-MA)—Fe-N catalyst with a higher Fe>*—polymer binding constant
possesses longer Fe—N bonds and exclusive Fe-N,/C moiety compared to
PAA-Fe—N, which consists of =15% low-coordinated Fe—N,/Nj3 structures.
The optimized P(AA-MA)-Fe—N catalyst exhibits outstanding ORR activity and
stability in both half-cell and PEMFC cathodes, with the retention rate of cur-
rent density approaching 100% for the first 37 h at 0.55 V in an H,—air fuel cell.
Density functional theory (DFT) calculations suggest that the Fe—N,/C site
could optimize the difference between the adsorption energy of the Fe atoms
on the support (E,4) and the bulk cohesive energy (E.) relative to Fe—~N,/N;
moieties, thereby strongly stabilizing Fe centers against demetalation.

Proton-exchange-membrane fuel cells (PEMFCs) are now well-
known as promising sustainable electrochemical energy con-
version devices, especially for transportation applications.”
Currently only platinum-group metals (PGMs) can effectively

catalyze the kinetically sluggish oxygen
reduction reaction (ORR) at the cathode,?
but the prohibitive cost and geographical
scarcity of Pt severely hinder the large-
scale implementation of PEMFCs.B! There-
fore, it is extremely desirable to develop
PGM-free catalysts to partially or fully
replace PGM catalysts.! Metal-nitrogen—
carbon (M-N-C, M=Fe, Co, Mn, etc.)
catalysts with M—-N,/C active sites, espe-
cially Fe-N-C catalysts, have exhibited
outstanding initial ORR activity in both
half-:cell and PEMFC testings, rivaling
that of the commercial Pt/C catalyst.l*e°]
However, numerous and arduous obstacles
must be overcome before the M—N-C cata-
lysts can be applied practically in PEMFCs,
with stability being the most serious of
these challenges.’ Specifically, the typ-
ical operating conditions of a PEMFC are
at 60-80 °C, 0.5-0.8 V, and in strongly
acidic and humid environments, where
most of the commonly used non-noble metals (Fe, Co, Mn, etc.)
are prone to oxidization and being etched away. Although sev-
eral reported M-N-C catalysts have exhibited decent stability
in the acidic electrolyte in half-cell tests at room temperature,
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the performance of a PEMFC with M-N-C cathodes typically
degrades by >50% in the first 20-50 h of testing (cell voltage >
0.5 V).la46l So far, there are four possible mechanisms to
account for the instability of Fe-N-C catalysts in the PEMFCs:"!
1) the demetalation of Fe-N,/C active sites;?“®l 2) carbon corro-
sion (electrochemical corrosion at high voltages and/or chemical
oxidation by H,0,);®! 3) micropore flooding;!” 4) protonation
of surface N-groups and subsequent anion adsorption.! How-
ever, the exact degradation mechanisms are still under debate,
most likely due to the diversity in local coordination environ-
ments of metal centers, carbon structures, and pore distribu-
tion of the catalysts reported by different research groups. For
instance, the demetalation was proposed to occur at crystalline
metal particles rather than Fe-N,/C moieties, 8 while Dodelet
et al.®d observed that the demetalation of Fe-N,/C active sites
was the primary cause for the rapid performance decay in
the initial stages. On the other hand, Dodelet et al.'% consid-
ered that micropore flooding was instead the primary reason
resulting in significant degradation of the catalytic performance.
However, detailed research by Banham et al.’?l suggested that
the observed dramatic loss in activity cannot be solely attributed
to micropore flooding. Additionally, Mayrhofer et al.’ revealed
that CO, emission would be occurring only at potentials >0.9 V,
whereas Shao et al.”?) detected the CO, formation at 0.3 V in
the presence of H,0,/radicals. Among the four reasons men-
tioned above, the demetalation of Fe-N,/C active sites and
carbon corrosion are currently considered as the primary cause
of performance degradation.®l It is worth noting that different
degradation mechanisms might be coupled, such as carbon oxi-
dation and the strong adsorption of hydroxyl free radicals will
result in the fracture of Fe—N bonds. In turn, the leached Fe
ions might react with H,0, to generate oxygen-containing radi-
cals via Fenton reaction and further attack the carbon matrix,
ionomer, and proton exchange membrane, which ultimately
leads to the catalyst deactivation."™ In general, due to the poor
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understanding of degradation mechanisms and the complex
multi-field (mass/electric/heat) coupling environments of the
membrane electrode assembly (MEA), it is still extremely chal-
lenging to provide effective solutions to improve the stability
of M=N-C catalysts in a PEMFC.['?l Thus, the development of
high-performance M—N-C catalysts with significantly enhanced
stability is urgent for the commercial applications of PEMFCs.[]

In this work, we demonstrate that the demetalation of active
sites should be a primary reason for the degradation of the M—N-C
catalysts and develop an effective strategy to improve the stability
of M-N—C catalysts in a PEMFC by tuning the M—N bonds. It is
found that the Fe—N bond length and coordination of the Fe-N in
the final catalysts can be controlled by tuning the binding constant
between Fe ions and the polymer during the synthesis, which is
achieved by using poly(acrylic acid) (denoted as PAA) homopol-
ymer or poly(acrylic acid-maleic acid) copolymer (denoted as
P(AA-MA)) with different ratios of AA/MA as chelating agents.
X-ray absorption spectroscopy (XAS) and *’Fe Mossbauer spectros-
copy measurements indicate that the average Fe—N bond length
of the optimized P(AA-MA)—Fe—N catalyst (exclusively containing
Fe-N, moieties) is longer than that of its PAA-Fe-N counterpart
(with a substantial portion of Fe-N,/N; moieties). As a result, the
optimal P(AA-MA)(5-1)-Fe-N catalyst reveals an unusual ORR
activity with a half-wave potential (Ej) of 0.843 V versus revers-
ible hydrogen electrode (RHE) in 0.5 m H,SO, as well as high
stability with only a 6 mV E, shift after 5000 potential cycles at
60 °C. More importantly, it demonstrates high initial performance
with a current density of 1.02 A cm™ at 0.6 V as well as respect-
able stability (the current density retention rate up to 100% after
37 h constant voltage test at 0.55 V) in PEMFC tests. Our strategy
can also be applied to Co-N-C and Mn-N-C systems and pro-
vides an effective and universal method to improve the stability of
M-N-C PGM-free catalysts for PEMFCs.

The preparation of PAA-Fe-N and P(AA-MA)-Fe-N cata-
lysts is illustrated in Figure 1. Acrylic acid (AA), which is the

Pyrolysis

Figure 1. PAA-Fe—N and P(AA-MA)—Fe—N catalysts were prepared by lower binding constant PAA-Fe and higher binding constant P(AA-MA)—Fe as

precursor, respectively.
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simplest unsaturated monocarboxylic acid, is employed as a
monomer to be polymerized into PAA and chelate with Fe3* to
form a cross-linked hydrogel. Maleic acid (MA), a dicarbox-
ylic acid monomer, is employed to co-polymerize with AA to
increase the carboxylic content of the copolymer (P(AA-MA))
(the chemical structure of the polymers was shown in Figure S1:
Supporting Information).®! By manipulating the molar ratios
of AA/MA (5/1, 3/1, 1/1) during copolymerization (denoted as
P(AA-MA)(5-1), P(AA-MA)(3-1), P(AA-MA)(1-1), respectively),
the concentrations of the carboxylic group in the copolymer
and the corresponding binding constant with metal ions can
be easily regulated. The cross-linked hydrogel formed by the
chelation between hydrophilic carboxylic groups and metal ions
can then make the resulting M—-N,/C sites atomically distrib-
uted in hierarchical 3D structures through subsequent high-
temperature treatment with nitrogen precursors at 800 °C. The
resulting catalysts are denoted as PAA-Fe-N and P(AA-MA)-
Fe—N, respectively. MA-Fe—N catalyst was also synthesized as a
control sample, but MA itself is challenging to polymerize due
to the severe steric hindrance of two neighboring carboxylic
acid groups.l®!

Isothermal titration calorimetry (ITC) is a powerful micro-
calorimetric technique used to measure the binding constant
(K) and stoichiometry of ligands and metal ions.] In this
work, the diluted FeCl; solutions were titrated into the different
polymer solutions (PAA, P(AA-MA), etc.) and the binding con-
stants (Figure 2a) between Fe*" and polymers can be extracted
from the obtained thermograms (Figures S2 and S3: Sup-
porting Information).'®! For P(AA-MA) polymer, there are two
sets of binding constants, i.e., K1 and K2, which may corre-

www.advmat.de

spond to the AA-MA and AA fragments, respectively. Obvi-
ously, the binding constant K1 between Fe’** and P(AA-MA)
(5-1) (4.5 x 10* M) is 18 and 28 times higher than that of PAA
and MA, respectively, indicating a much stronger interaction
between Fe’" and polymer.

The crystal structures of various P(AA-MA)-Fe-N, PAA-
Fe-N, and MA-Fe-N catalysts were investigated by X-ray dif-
fraction (XRD). All of the studied samples exhibit similar dif-
fraction peaks at 24.1° and 43.3°, which can be attributed to
the amorphous carbon (Figure 2b). It is worth noting that no
Fe-related peaks can be observed in XRD patterns, implying
that no visible crystalline Fe species exist in the as-prepared
catalysts. Scanning electron microscopy (SEM) (Figures S4 and
S5: Supporting Information) and transmission electron micros-
copy (TEM) images (Figure S6, Supporting Information) of
P(AA-MA)-Fe-N and PAA-Fe-N catalysts exhibit distinctively
porous and sheet-like structures without any observable Fe-
related species. The microstructure of the P(AA-MA)(5-1)-Fe-N
catalyst is further imaged by high-angle annular dark-field scan-
ning transmission electron microscopy (HAADF-STEM). The
image reveals a uniform dispersion of Fe atoms throughout
the carbon matrix, as reflected by bright dots in Figure 2c. Fur-
thermore, the uniform distribution of C, N, O, and Fe elements
in the P(AA-MA)(5-1)-Fe—N catalyst is confirmed by elemental
mapping through energy-dispersive x-ray spectroscopy (EDX,
Figure 2d-i). The specific surface area of various catalysts
was measured by nitrogen adsorption/desorption using the
Brunauer-Emmett-Teller (BET) method (Figures S7 and S8,
Supporting Information). It is obvious that micropores in the
catalyst are significantly increased in the presence of MA, which
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Figure 2. a) The binding constant between Fe*" and the corresponding polymers. b) XRD patterns of various P(AA-MA)-Fe-N, PAA-Fe-N, and
MA-Fe—N catalysts. c) HAADF-STEM image (single Fe atoms are highlighted by red cycles), and d—i) HAADF-STEM and the corresponding EDX

elemental mapping images of the P(AA-MA) (5-1)—Fe—N sample.
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are often viewed as the active site hosts.”*] The abundant
micropores for the P(AA-MA)(5-1)-Fe-N catalyst (1088 m? g™)
would benefit a high density of active sites. The Raman spectra
(Figure S9, Supporting Information) suggest that the P(AA-
MA)(5-1)-Fe-N and PAA-Fe-N catalysts have comparable peak
intensity ratios of G-band (in-plane carbon)/D-band (carbon
close to the edge), implying similar surface carbon species on
the two catalysts.

To analyze the valence states of C and N on the catalyst sur-
face, X-ray photoelectron spectroscopy (XPS) spectra were car-
ried out. XPS survey spectra and elemental analyses are shown
in Figure S10 and Table S1 (Supporting Information), respec-
tively. As shown in Figure 3a, the high-resolution C 1s spectra
of P(AA-MA)(5-1)-Fe-N and PAA-Fe-N catalysts can be nicely
deconvoluted into three binding types at 284.7, 285.2, 286.9, and
288.8 eV, which corresponds to C—C, C—N, C—O, and 77n*
bonds,?% respectively (Table S2, Supporting Information). The
formation of C—N bonds in two catalysts undoubtedly confirm
that N has been successfully doped in the carbon network.l*d
In addition, the peak position of C—N bond in the P(AA-MA)
(5-1)-Fe—N catalyst shows a positive shift compared to that of
PAA-Fe-N (285.2 eV vs 285.0 V), indicating a stronger inter-
action between Fe and N.2%1

Two peaks at =401.1 and 398.6 eV are observed in the high-
resolution N 1s XPS spectra of the studied samples, which can
be assigned to graphitic and pyridinic N species,! respectively
(Figure 3b). It is worth noting that P(AA-MA)(5-1)—Fe-N exhibits
significantly higher surface N content (8.99 at%) as well as a
higher pyridinic N/graphitic N ratio than that of PAA-Fe-N (1.83
at%). The surface Fe content of P(AA-MA)(5-1)-Fe-N is =3.5
times higher than that of PAA-Fe—N (0.44 vs 0.13 at%), and the Fe

www.advmat.de

content in bulk catalysts analyzed by inductively coupled plasma-
mass spectrometry reveals a similar trend (ICP-MS, Table S3:
Supporting Information). Therefore, it is speculated that it is
likely that a high density of Fe-N,/C active sites forms in the
P(AA-MA)(5-1)-Fe-N catalyst after the introduction of MA.3¢4]
To provide further insights into the Fe-N structures existing
in the studied samples, ¥’Fe Méssbauer spectroscopy measure-
ments were conducted (Figure 3c). The Mdssbauer spectrum
of the P(AA-MA)(5-1)-Fe-N catalyst consists of two doublets,
which can be assigned to the high-spin Fe'"N, (D1) and Fe'’-
N, (D2) phases, respectively.?!l Apart from the D1 and D2
sites, one more doublet (D3) with high values of central shift
(CS) and quadrupole splitting (QS) appears in the PAA-Fe-N
sample (Table S4, Supporting Information). The CS value of
11+ 0.1 mm s indicates that it stems from high spin ferrous
ions (D2 site), but with a different Fe-N coordination struc-
ture from that in D2 due to the discrepancy of QS value. It is
well known that electric quadrupole splitting is related to the
electric field gradient (EFG) at the nucleus,?? and the electric
charges of neighboring ions or ligands distributed around a
Méssbauer nucleus can contribute to the EFG tensor but only
when they have a symmetry lower than cubic. The dominant
component of the EFG tensor (V,,) is inversely proportional

2
3“)5739‘1, where r indicates the distance

to 1 (Vo) = 24;

between the Massbauer nucleus and the neighboring ions. For
the Fe ions with similar valence and spin states in the Fe-N-C
catalysts, the QS values are primarily dependent on the Fe-N
coordination structure. Hence, the D3 site (=15%) with the con-
siderable QS value reveals the existence of shorter Fe—N bonds
in PAA-Fe-N compared to P(AA-MA)(5-1)—-Fe-N.
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Figure 3. a,b) High-resolution C 1s (a) and N 1s (b) XPS spectra, and c) room-temperature *Fe M&ssbauer spectra of the P(AA-MA) (5-1)-Fe-N and
PAA-Fe-N samples. d) k>-weighted FT-EXAFS spectra of P(AA-MA) (5-1)-Fe-N, PAA-Fe-N, and Fe foil samples.
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X-ray absorption spectroscopy (XAS) was carried out to detect
the local Fe-N coordination structures of the studied samples.
The Fe K-edge of the X-ray near-edge structures (XANES)
of P(AA-MA)(5-1)-Fe-N and PAA-Fe-N were measured. As
shown in Figure S11 (Supporting Information), the absorp-
tion edges of the XANES of Fe in the two catalysts are slightly
negatively shifted relative to the Fe,O; reference, implying that
the oxidation state of Fe is between +2 and +3. The k3-weighted
Fourier transforms of the Fe K-edge extended X-ray absorption
fine structure (FT-EXAFS) spectra of the catalysts were further
analyzed (Figure 3d and Figures S12 and S13: Supporting Infor-
mation) and the corresponding fitting parameters were listed in
Table S5 (Supporting Information). Both P(AA-MA)(5-1)-Fe-N
and PAA-Fe-N samples exhibit a prominent peak at =1.5 A,
mainly attributed to the Fe-N(O) first coordination shell.l!
Importantly, no apparent peaks at 2.2 A corresponding to Fe-Fe
pairs can be detected, in agreement with the *’Fe Mdssbauer
spectroscopy and HAADF-STEM results. It demonstrates that
Fe in both P(AA-MA)(5-1)-Fe-N and PAA-Fe-N catalysts can
achieve atomic-level dispersion, and the single Fe atoms are
coordinated with N(O) elements instead of being present as
Fe—Fe bonds. It is worth noting that the peak position of the
Fe—N(O) bond in PAA-Fe-N shifts slightly negative compared
to that of P(AA-MA)(5-1)-Fe-N. The average bond lengths of
Fe—N(O) in P(AA-MA)(5-1)-Fe-N and PAA-Fe-N catalysts are
measured to be 2.035 and 2.006 A, respectively. This result is
consistent with that of ¥Fe Mbssbauer spectroscopy, which
shows that the mean Fe—N(O) bond length of PAA-Fe-N is
shorter than in P(AA-MA)(5-1)-Fe-N. Based on the previous
literature,?3] it is likely that some Fe-N, or Fe—-N; species exist
in the PAA-Fe-N sample (even though the fitted coordination
number of Fe-N is still close to 4), leading to the decreased
Fe—N(O) bond length. In contrast, the coordination structure of
Fe—N sites in P(AA-MA)(5-1)-Fe-N should be Fe-N, dominant.

The electrocatalytic activity and stability of the developed
catalysts were first evaluated by rotating ring-disk electrode
(RRDE) in 0.5 m H,SO, solution at 25 °C (Figure 4a). The
cyclic voltammetry (CV) curves of the P(AA-MA)(5-1)-Fe-N and
PAA-Fe-N catalysts in N, and O,-saturated electrolytes were
recorded, revealing a remarkable current response upon bub-
bling O, (Figure S14, Supporting Information). The half-wave
potential (E;,) of the PAA-Fe-N catalyst is 0.822 V versus RHE,
which is a respectable value for non-PGM ORR catalysts in
acid. After the introduction of MA, all of the P(AA-MA)-Fe-N
and MA-Fe-N catalysts demonstrate significantly enhanced
ORR activity (Figure S15, Supporting Information). Specifically,
the P(AA-MA)(5-1)-Fe-N catalyst reveals an optimal F;, of
0.843 V, outperforming that of P(AA-MA)(3-1)-Fe-N (0.834 V),
P(AA-MA)(1-1)-Fe-N (0.836 V), and MA-Fe-N (0.824 V). The
measured ORR activity of P(AA-MA)(5-1)-Fe—-N is comparable
to that of Pt/C (E;, =0.841 V) and is one of the best among
reported ORR catalysts to date.l®#<1924 Additionally, P(AA-MA)
(5-1)-Fe-N exhibits excellent selectivity with an extralow H,0,
yield (<1.2%) and electron transfer numbers (n) of =3.98 over
the potential range from 0.2 to 0.8 V, signaling a complete
reduction of O, to H,O in a four-electron process. (Figure S16,
Supporting Information). Also, P(AA-MA)(5-1)-Fe-N and
PAA-Fe-N possess the close Tafel slopes, indicating that the
rate-determining step of the ORR for these catalysts should be
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the migration of adsorbed oxygenated species (Figure S17, Sup-
porting Information).

The stability of the developed catalysts in half-cell conditions
was then systematically evaluated. Interestingly, at 25 °C, both
P(AA-MA)(5-1)-Fe-N and PAA-Fe-N catalysts exhibit superb
stability in an accelerated stability tests (AST), with only 3 and
5 mV decay of E, after 5000 potential cycles between 0.6 and
1.0 V in O,-saturated 0.5 m H,SOy, respectively. In order to eval-
uate the stability of the catalyst in practical PEMFC operation
conditions, stability tests at elevated temperature, i.e., 60 °C,
were performed (Figure 4b). Notably, the FEy, and limiting
current density of the PAA-Fe-N catalyst degrade signifi-
cantly after 5000 potential cycles at 60 °C, specifically by about
60 mV and 1.0 mA cm™, respectively. It suggests the perfor-
mance degradation of PAA-Fe—N is substantially accelerated at
60 °C, pointing to a much more rapid damaging kinetics of
Fe-N,/C active sites at elevated temperatures. Importantly, the
catalyst stability can be greatly improved in the presence of MA
(Figure 4b and Figure S15: Supporting Information). After 5000
potential cycles at 60 °C, the P(AA-MA)(5-1)-Fe—N catalyst dem-
onstrates extraordinarily high stability relative to all other the
studied catalysts, with a negligible loss in E;, (=<6 mV) and lim-
iting current density. It suggests that the P(AA-MA)(5-1)-Fe-N
catalyst with dominant Fe-N,/C moieties and longer Fe—N
bonds could maintain its structural integrity in the conditions
similar to those in a PEMFC. This stability of the developed
P(AA-MA)(5-1)—Fe—N catalyst, measured by RRDE in the acidic
electrolyte, is among the highest when compared with previous
works in the literature, considering that most of the reported
catalysts are evaluated at ambient conditions (Figure 4c).**!

In order to verify the versatility of the developed strategy in
enhancing the stability of the M-N-C catalysts derived from
other metals, we synthesized Co- and Mn-based PAA-M-N
and P(AA-MA)-M-N catalysts using a similar synthesis process
(Figure S18, Supporting Information). As shown in Figure 4d
and Figure S19 (Supporting Information), it is noticeable that
P(AA-MA)-Co(or Mn)-N catalysts also exhibit superior electro-
chemical performance to their PAA counterparts after 5000-
cycle AST. This result demonstrates that our method is an
effective and universal strategy for improving the stability of
M-N-C ORR catalysts.

The detailed mechanisms of catalyst performance degrada-
tion at 60 °C in half-cells are investigated by physical and struc-
tural characterizations. XRD patterns and TEM images of the
catalysts after AST tests reveal similar diffraction peaks and
sheet-like structures to the initial ones, respectively (Figures S20
and S21: Supporting Information). The corresponding FT-
EXAFS spectra of the two catalysts are shown in Figure 4ef,
respectively (Figures S22 and S23, Supporting Information).
For the P(AA-MA)(5-1)-Fe-N catalyst, there is no significant
Fe—Fe bond formation after AST, demonstrating the robustness
of Fe—N bonds, and subsequently, the catalyst's high tolerance
to Fe demetalation. In contrast, the peak at 2.7 A attributable
to Fe—Fe bond in the Fe,O; sample increases sharply for the
PAA-Fe-N catalyst after 5000 cycles compared to the initial one.
This result unambiguously determines that the demetalation of
Fe-N,/C sites does take place in the PAA-Fe—N catalyst during
the stability test at 60 °C and that a part of the detached Fe
atoms likely migrate and form trace amounts of Fe,0; clusters

© 2021 Wiley-VCH GmbH
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Figure 4. a,b) ORR polarization curves of P(AA-MA)(5-1)-Fe-N and PAA-Fe-N catalysts before and after 5000-cycle AST in an O,-saturated 0.5 m
H,SO, solution at 25 °C (a) and 60 °C (b), catalyst loading: 0.6 mgq,.pgm cm 2, disk rotation rate: 900 rpm. c) £y, losses of previously reported M—N-C
catalysts after different cycling numbers of AST from 0.6-1.0 V in Op-saturated 0.5 m H,SO,. d) The ORR polarization curves of P(AA-MA)—Co—-N and
PAA-Co-N catalysts before and after AST. e,f) k>-weighted FT-EXAFS spectra of P(AA-MA) (5-1)-Fe-N, PAA-Fe-N (before and after AST), Fe foil, and

Fe,O3; samples.

which cannot be identified in XRD. Elemental analyses by
XPS (Table S1, Supporting Information) demonstrates that
after AST, the Fe content of PAA-Fe-N rises remarkably
from 0.13% to 8.48% while P(AA-MA)(5-1)-Fe-N exhibits sig-
nificantly less surface Fe aggregation (0.44 to 2.89 at%). Even
worse, the destroyed Fe-N,/C structure would promote Fenton
reactionsP¥ and further accelerate the cleavage of adjacent
Fe—N bonds, an outcome consistent with the electron energy
loss spectroscopy (EELS) result reported previously.* Note that
other degradation mechanisms, such as carbon corrosion, may
occur simultaneously on PAA-Fe-N as the C content is signifi-
cantly decreased from 83.62% to 58.07% after AST (Table S1,
Supporting Information).

The developed Fe-N-C catalysts were implemented in a
PEMFCs cathode to evaluate their MEA performance. The
polarization and power density plots for H,—~O,/air fuel cells
with benchmark Pt/C catalysts are presented in Figure S24
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(Supporting Information). In good agreement with RDE data,
P(AA-MA)(5-1)-Fe-N exhibits much enhanced open-cell voltage
(OCV) (0.960 V vs 0.941 V) and current density over the entire
voltage range compared to PAA-Fe-N. The current density at
the kinetic region (0.8 V) and maximum power density of the
P(AA-MA)(5-1)-Fe-N catalyst reach 0.21 A cm™ and 0.65 W cm™
(at 1266 mA cm™?) (Figure 5a), respectively, which is on par with
the state-of-the-art fuel cell performance based on non-PGM
catalystsl®2420] (Table S6, Supporting Information). Similarly,
P(AA-MA)(5-1)-Fe—-N exhibits excellent performance under H,—
air conditions, with the current density at 0.6 V (0.45 A cm™)
higher than that of PAA-Fe-N (0.25 A cm2, Figure 5b). The
stability of P(AA-MA)(5-1)-Fe-N and PAA-Fe-N were evaluated
in Hy—air mode at a constant voltage of 0.55 V (Figure 5c and
Figure S25: Supporting Information). In agreement with AST
on RDE at 60 °C, the stability of the P(AA-MA)(5-1)-Fe-N cata-
lyst at the fuel cell cathode is far better than that of PAA-Fe-N,
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Figure 5. a,b) Fuel cell performance of P(AA-MA) (5-1)—Fe—N and PAA—Fe—N catalysts under H,—O; (a) and H,—air (b) conditions, cathode loading:
3.0 mg cm c) Current density retention of P(AA-MA) (5-1)-Fe—-N and PAA-Fe-N catalysts during stability tests at a constant voltage of 0.55 V in
PEMFCs. d) Current density retention in the first 20 h of various M—N-C catalysts tested in Hy—air fuel cells.

with its retention rate of current density approaching 100% for
the first 37 h. To the best of our knowledge, this outstanding sta-
bility performance in the first 20 h of durability test surpasses
most reported catalysts (Figure 5d and Table S6: Supporting Inf
ormation).3%4¢26%] Based on the stability performance measured
on RDE and PEMFCs, we can surmise that we have indeed
developed an effective strategy to improve the durability of the
M-N-C catalysts and the structural integrity of M—N,/C active
sites by enhancing the binding constant between metal ions and
chelating polymers and tuning the M—N bond length.

To further explore the origin of the great difference in sta-
bility of the P(AA-MA)(5-1-Fe-N and PAA-Fe-N catalysts,
density functional theory (DFT) calculations were performed to
investigate the adsorption energy of the Fe atoms on the sup-
port (E,q) and the difference between E,4q and the bulk cohesive
energy (E.p). In order to use DFT calculations here, the differ-
ence in bond length of the two catalysts is dependent on dif-
ferent Fe-N, coordination compositions (Based on the fitting
results of Mssbauer spectroscopy, about 15% of Fe-N,/N; spe-

cies are present in the PAA-Fe—N catalyst), which are defined
as:?/l

Ead = EFefo/C - ENx/C - Efree—atom (1)
Ecoh = Ebu].k —nX Efree—atom (2)

where n is the number of Fe atoms in the bulk Fe. If E,4 < 0 and
E.q— Econ <0, then the Fe atoms embedded into the support are
expected to be stable against either the metal leaching or aggre-
gating. More negative values in E,4 and E,4 — E, mean that the
embedding of Fe atoms into the N—C matrix is more stable.
Figure 6a,b shows the calculated E,q and E.q — Ey, values
on the Fe-N,/C, Fe-N;/C, and Fe-N,/C structures. All three
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structures are stable against the metal being leached from the
support due to the negative E,q values. However, Fe-N,/C and
Fe-N3;/C possess positive E,q — E.p values, suggesting that
they are less stable against metal clustering when compared
with Fe-N,/C. Although the inclusion of the solvation correc-
tion may stabilize Fe-N3/C slightly, its calculated E,q — E.o, is
still 0.27 eV above the zero lines. Among the three catalysts,
Fe-N,/C is the most stable against both metal leaching and
clustering and is consistent with our experimental results.

In Figure 6¢,d,e, we display the differential charge density
of Fe anchored on the N,/C, N3/C, and N,/C supports, respec-
tively. The positive (negative) value of the differential charge
density indicates charge accumulation (deficit) when Fe is
adsorbed onto the support. Additionally, the Fe—N bonding
strength is nearly the same within each Fe-N,/C structure due
to their symmetrical charge distributions. Interestingly, we find
that the Fe—N bonding strength is also the same in different
Fe-N,/C structures. By performing Bader charge analyses, we
find that there are charge transfers from the Fe atoms to coor-
dinated N atoms on the three catalysts, which are calculated as
0.22, 0.29, and 0.25 e per N atom on Fe-N,/C, Fe-N3/C, and
Fe-N,/C, respectively. The approximately equal Fe-N charge
transfer in different Fe-N,/C structures renders Fe—N bonds
with equal strength. As a result, the more coordinated N atoms
around the anchored Fe atom on the support (such as that in
Fe-N,/C), the more stable the structure will be.

In summary, a general and effective strategy to improve
the stability of M—N-C catalysts is developed by regulating the
interaction between metal ions and polymers in the catalyst pre-
cursor, which allows for the fine-tuning of M—N bond length
and coordination in the final catalysts. Compared to PAA-Fe-N
with 15% low-coordinated Fe-N,/N; moieties, the copolymerized
P(AA-MA)(5-1)-Fe-N catalyst with exclusive Fe-N,/C sites and

© 2021 Wiley-VCH GmbH
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Figure 6. a) The adsorption energy (E,q) and b) the difference between the adsorption energy and the cohesive energy (E,,) of the Fe-N,/C system
calculated without (red) and with (blue) solvation correction. A more negative value means that the embedded Fe atoms in the support is more stable
against metal leaching or clustering. The structure and differential charge density isosurfaces for c) Fe-N,/C, d) Fe—N3/C, and e) Fe-N,/C, respectively.
The cyan and yellow isosurfaces correspond to the charge density contour of —0.02 and +0.02 e A. The big brown, gray, light gray, and small white

spheres represent Fe, C, N, and H atoms, respectively.

longer Fe—N bonds is significantly better performing, an obser-
vation evidenced by *’Fe M&ssbauer spectroscopy and XAS. The
best-performing P(AA-MA)(5-1)-Fe-N catalyst exhibits extraor-
dinarily high activity and stability both in half-cell and H,-air
fuel cells, with an E;;, loss of only 6 mV after AST 60 °C and
a nearly unchanged current density for 37 h at 0.55 V, respec-
tively, among the best overall performance in its class reported
so far. DFT calculations reveal that P(AA-MA)(5-1)-Fe-N pos-
sesses both a more negative adsorption energy of the Fe atoms
(Eaq) as well as a more negative difference between E,4 and the
bulk cohesive energy (E,q — E.on) than PAA-Fe-N, accounting
for its outstanding structural stability and tolerance to demetala-
tion. Solving water flooding, carbon corrosion, and other issues
may further advance the applications of non-PGM cathodes in
PEMFCs, ventures which are ongoing in our laboratory.
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