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ABSTRACT: The atomically dispersed iron site and nitrogen co-doped carbon catalysts (Fe-N-C)
have demonstrated promising performance in replacing Pt towards the oxygen reduction reaction
(ORR) in acids for proton exchange membrane (PEM) fuel cells. However, the insufficient
durability of Fe-N-C catalysts prohibitively hinders their practical applications. Herein, we report
that the co-doping of Zr and Fe single metal sites into a ZIF-8-derived mesoporous carbon
exhibited significantly improved durability for the ORR. Especially, a membrane electrode
assembly (MEA) from the ORR cathode catalyst only lost 25% voltage after 20 hours of
continuous operation at a constant current density. After an extended test of up to 100 hours, the
Zr-doped Fe-N-C catalyst retained 40% of its initial performance, superior to the catalyst without
Zr doping with more than 70% activity loss after only 20 hours. The cathode also showed
significantly improved ORR activity, achieving a maximum power density of 0.72 W ¢cm 2 under
Haz/air conditions. Extensive experimental characterization and density functional theory (DFT)
calculations suggested that the promoted catalytic activity and stability are due to the formation of

Zr-based active sites with enhanced acidic tolerance than the individual Fe sites. Also, the doping



of Zr could suppress the formation of H>O> and other free radicals, thus mitigating active site
degradation. The possible Fe/Zr dual metal active sites, i.e., No(N)-Fe-N>-Zr-N2(O3), likely have

enhanced intrinsic ORR activity relative to conventional FeNy sites.
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1. INTRODUCTION

The oxygen reduction reaction (ORR) is an essential process in the cathode of proton exchange
membrane (PEM) fuel cells and determines their overall performance and durability.! Due to the
sluggish kinetics of the ORR in acids, current cathode catalysts are still predominantly based on
Pt and its alloys. However, the scarcity and consequent high cost of Pt catalysts significantly hinder

the large-scale commercialization of PEM fuel cells. Hence, an urgent need is to develop



alternative platinum group metal (PGM)-free catalysts with high catalytic activity and good
durability to make PEM fuel cells affordable for large-scale transportation and other applications.>

Among the PGM-free catalyst formulations studied, transition metal single-atom doped
carbon catalysts (M-N-C) are the most promising candidates due to their high activity and four-
electron pathway selectivity in the challenging acidic media of PEM fuel cells.*® Recently,
numerous M-N-C catalysts (M: Fe, Co, and Mn.”!?) with atomically dispersed transition metal
sites have exhibited dramatically enhanced catalytic activity for the ORR in acidic aqueous
electrolytes and membrane electrode assemblies (MEAs) of PEM fuel cells. In particular, single
site-based Fe-N-C catalysts attracted the most attention because they have achieved promising
catalytic activity and initial MEA performance.!'3-1¢

Unfortunately, current Fe-N-C catalysts doped with single Fe atoms still do not meet the
requirements for practical use in Hz/air PEM fuel cells because of their unsatisfactory stability and
durability. This is mainly due to the possible Fe dissolution from Fe-Nx active centers'’ and
corrosion of the local carbon structure,'® likely caused by hydrogen peroxide attacks formed during
cathodic oxygen reduction.!” Thus, developing PGM-free catalysts with excellent durability and
enhanced catalytic activity toward the ORR is one of the most pressing topics in this field.

During our continuous endeavors to develop highly active and durable Fe-N-C catalysts, we
explore a strategy by introducing Zr to enhance catalyst stability and durability. In principle, Zr
has a much better acid tolerance than Fe and can effectively suppress the production of H>O in

the cathode.?” 2! As expected, the newly prepared Zr/Fe and N co-doped ZIF-8 derived carbon

catalyst exhibited improved durability in RDE measurements and single Hj/air fuel cells.

3



Significantly, introducing Zr improved the durability and enhanced the catalyst activity towards
ORR and the performance in a single PEM fuel cell. Although other dual transition metals co-
doped catalysts (such as Fe-Co,22° Fe-Ni,?* 2’ Co-Ni,?® % and Co-Zn*) have been reported
previously by other groups,! the atomically dispersed Zr/Fe co-doped M-N-C catalyst is the first
one with earlier transition metal Zr co-doping, showing improved durability and enhanced ORR

activity.

2. RESULTS AND DISCUSSION

The Fe-Zr/N/C catalyst was synthesized by pyrolyzing a Zr-doped ZIF-8 precursor at a high
temperature, combined with Fe doping via a gaseous deposition method. Synthesis details were
provided in the Supporting Information. An SEM image of the Zr-ZIF-8 precursor is presented in
Figure la, showing that the Zr-ZIF-8 retained polyhedral morphology, similar to ZIF-8 crystals.
XRD (Figure S1) and FT-IR (Figure S2) results confirmed that partially introducing Zr into ZIF-8
did not affect the morphology and structure (the mole ratio of Zn to Zr was 50:3). However, the
Zr-Z1F-8 particle sizes were about 650 nm in diameter, much larger than ZIF-8s without Zr doping
(380 nm) (Figure S3), likely due to Zr having a larger ion radius than Zn. After the Zr-ZIF-8
precursor was pyrolyzed at high temperatures, the prepared Fe-Zr/N/C (Figures 1b, c) catalyst
maintained the polyhedral morphology much better than the N/C and the Fe/N/C catalysts (Figure
S4), indicating the Zr-ZIF-8 particles was not easily decomposed during the pyrolysis.

Figure 1d shows a high-angle annular dark-field scanning transmission electron microscopy
(HAAD-STEM) image of the Fe-Zr/N/C catalyst, revealing a porous structure with numerous
bright dots. Hence, most of the Fe and Zr are dispersed atomically in the catalyst skeleton without

clusters or metal particles. Figure le presents elemental mapping for the Fe-Zr/N/C catalyst,



showing that all four elements are uniformly distributed. Furthermore, HR-TEM images (Figure
S5) and XRD patterns (Figure S8) of the Fe-Zr/N/C catalyst also confirmed that no Fe or Zr

particles or aggregates existed in bulk or at the surface of the Fe-Zr/N/C catalyst.

Figure 1. (a) SEM of Zr@ZIF-8 precursor; (b, ¢) SEM of the Fe-Zr/N/C catalyst, image (c) being an enlargement

of image (b); (d) HAADF-STEM images of the Fe-Zr/N/C; (e) elemental mapping of the Fe-Zr/N/C catalyst.

Figure S8a compared XRD patterns of the Fe-Zr/N/C, the Fe/N/C, the Zr/N/C, and the N/C.

Only carbon diffraction peaks can be observed for all samples, indicating that Fe and Zr were



atomically dispersed in the catalyst skeleton after pyrolysis during preparation. The Raman spectra
present that the Ip/Ig ratios for the N/C, the Zt/N/C, the Fe/N/C, and the Fe-Zr/N/C are 1.02, 1.01,
1.04, and 1.10, respectively (Figure S8b). The highest ratio for the Fe-Zr/N/C indicated the most
abundant defect sites in the Zr/Fe co-doped catalyst. Figures S8c and S8d showed that the specific
surface areas of the Fe-Zr/N/C and the Fe/N/C catalysts were 1086.5 and 935.3 m?%/g, respectively.
The Fe-Zr/N/C catalyst had a 10% higher specific surface area due to its higher porosity and a
more significant number of defect sites, which could be beneficial for exposing more active sites.

Figures 2a and b show the Fe 2p and N 1s spectra of the Fe-Zr/N/C and the Fe/N/C catalysts,
respectively. The electronic structures of Fe and N were influenced by introducing Zr into the
catalyst. Compared with the Fe/N/C catalyst, the binding energy of the N and Fe species in the Fe-
Zr/N/C shifted positively by 0.2 and 0.3 eV, respectively. In addition, the deconvolution results of
the N 1s spectrum of the Fe-Zr/N/C catalyst present a new peak at 397.4 eV, likely related to the
doped Zr sites. Thus, we speculated that Zr-Nx moieties also existed in the Fe-Zr/N/C catalyst in
addition to traditional FeNx sites. Figure 2¢ presents the Zr 3d spectra of the Fe-Zr/N/C and the
Zr/N/C catalysts. The binding energy of the Zr in the Fe-Zr/N/C shifted negatively by 0.6 eV
compared to the Zr/N/C, suggesting substantial electron transfer to the Zr sites due to the co-
existence of Fe or strong interactions between Zr and N ligands. On the contrary, the binding
energies of Fe and N species in the catalyst were shifted positively (see Figures 2a and b), and the
distribution of various N dopants was changed significantly. Thus, the Zr-Nx moieties likely co-
existed with Fe-based active sites in the catalyst through an N bridge (see Figure 2d). These Zr-

based active sites probably have better activity than the Fe-based ones because more electron was
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transferred to Zr sites capable of weakening the adsorption of O and intermediates on Fe sites.*
Therefore, the formation of Zr-based active sites (Zr-N moieties) and the significant change in the
N structure distribution are critical factors to the enhanced ORR activity and durability.>> 34

Furthermore, the N content in the Fe-Zr/N/C was higher than the Fe/N/C (4.55% and 0.55%, shown

in Table S1), which facilitates the formation of nitrogen-coordinated single metal active sites.
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Figure 2. High-resolution N 1s (a) and Fe 2p (b) XPS spectra of Fe-Zr/N/C and Fe/N/C; (c) high-resolution Zr

3d XPS spectra of Fe-Zr/N/C; (d) schematic diagram of the dual active sites in the Fe-Zr/N/C catalyst and the

charge transfer situation (details of active site structure configuration showing at Figure 5a).



To understand the promotion role of Zr doping, ’Fe Mossbauer spectral analysis was
conducted. As shown in Figure 3a, only three doublets were deconvoluted, using the isomer shift
(IS) and quadrupole splitting (QS) values: D1, D2, and D3. Among these, D1, with the largest IS
value of 0.33 and a QS value of 1.09, was assigned to the intermediate-spin species Fe'N4.3* D2
was assigned to the low-spin species Fe"™N4 which had an IS value of 0.26 and a QS value of 2.61.
D3, with an IS value of 0.13 and the largest QS value of 0.42, was assigned to the high-spin species
N-(Fe'"™Ny),*> 3¢ indicating that Fe-Ns moieties existed as one of the main Fe-N structures in the

Zr-Fe/N/C catalyst.

X-ray absorption near-edge structure (XANES), extended X-ray absorption fine structure
(EXAFS), and wavelet transform (WT) were further conducted to reveal changes in the chemical
state and coordination environment of Fe and Zr sites. The XANES spectra of the Fe K-edge
absorption (Figure 3b) show that the Fe K-edge energy absorption threshold values of the Fe/N/C
and the Fe-Zr/N/C located between the reference Fe foil and Fe,O3,?” indicating the chemical state
of Fe in both catalysts is between Fe® and Fe**, but more closer to Fe*". Figure 3d presents the
Fourier transform (FT) k3-weighted y(k)-function curves (R space) of the Fe K-edge EXAFS
spectra. The prominent peak for the Fe/N/C and the Fe-Zr/N/C is around 1.40 A, which is assigned

37.3% without Fe-Fe peaks observed in either spectrum.

to the dominant Fe-N(O) coordination,
Therefore, Fe species in both catalysts existed as atomic sites likely coordinated with N(O).
EXAFS wavelet transform was the most effective way to analyze the backscattering of atoms

in the catalysts. The WT of Fe-Zr/N/C presented in Figure 3f indicates an intensity maximum at 5

A~1in the k-space, which was very close to that of FePc (~4.8 A™!) but far different from the values



for Fe foil (~8 A™") and Fe,Os3 (~8.2 A™!) (as displayed in Figure S13), confirming Fe existed
primarily as FeNy moieties. Similarly, the Zr K-edge energy absorption threshold value of the Fe-
Zr/N/C catalyst was higher than that of the reference Zr foil and closer to that of ZrO (Figure 3c),
confirming that the chemical state of Zr was closer to Zr*'. Further, the central peak of Zr K-edge
EXAFS occurred 1.50 A from the Zr R space (Figure 3e), which was assigned to Zr-N(O)
coordination. In contrast, no peaks for Zr-Zr (2.91 A) were present, indicating that Zr either was
coordinated only with N(O) or was atomically dispersed in the sample. The WT of the Fe-Zr/N/C
showed an intensity maximum at 5 A~! in the k-space, compared with 9.5 A™! for the Zr foil (Figure
S14), further confirming the atomic dispersion of Zr species in the catalyst. Thus, combined with
the results of XAS analysis, we can conclude that Fe and Zr are atomically dispersed within the

catalyst, primarily coordinated with N or O atoms.

The EXAFS fitting results of the Fe-Zr/N/C catalyst elucidated the coordination environments
of Fe and Zr sites (Figures S15a and b). The average coordination number of Fe-N (Table S4) was
5.0 rather than the usual 4.0, indicating that Fe-N(O) coordination in the Fe-Zr/N/C catalyst was
mainly in the form of Fe-N(O)s, which was likely more active than Fe-N4.>* The WT analysis
results further supported the formation of new moieties. The intensity maximum of the Fe-Zr/N/C
was shifted slightly compared with the Fe/N/C, dominated by Fe-Ns moieties.*” Meanwhile, the
Zr-N(O) coordination environment in the Fe-Zr/N/C was mainly Zr-N(O)s, as the average
coordination number was approximately 6.1 (Table S5). In comparison, the coordination
environment of Fe-N(O) in the Fe/N/C catalyst was mainly Fe-N(O)4, according to the EXAFS
fitting results (Figure S16 and Table S4). These fitting results confirmed that Fe and Zr were

dispersed in the catalyst as single metal sites, as the central coordination structures of Fe-Ns and



Z1Ng, respectively. The Fe-Ns moiety in the Fe-Zr/N/C has a lower reaction energy barrier and
lower absorption energy of intermediate OH than the usual Fe-Njy sites, contributing to higher
activity and durability of catalysts.*!** ZrNe should also contribute significantly to the enhanced
stability of the catalyst. Notably, no Zr-Fe bond could be found in the EXAFS results (Figure 3).
Combining the XRD and XPS results, we suggest that, similar to Fe, the Zr atoms were also
atomically dispersed/doped in the catalyst, likely in the form of Zr-N moieties. Also, the atomically

dispersed Fe-N and Zr-N moieties likely are connected through N bridges (shared N atoms).

Fe foil
Fe,0,
Fe/N/C
121 —— Ee-Zr/NIC

& Fe-ZrINIC .5

Abs / %
Intensity (a.u.)
=
oo

EXP 061
Cal
— 0.4
[m 0.2
o3
| | | \ \ 0.0 1 . . . . . .
-8 -4 0 4 8 7120 7140 7160 7180 7200 7220 7240
s V(o-Fe) / (mms™) Energy (eV)
- c Zr Toil d Fe-Fe Fe foil x 0.5
12} 20, 15 ' Fe:0s
Fe-Zr/N/C r Fe/N/IC
- 1.0 ';\ Fe-Zr/N/C
3 &
0.8 =10t
P R
Z =
£os L
k =
0.4 = 5l
0.2
0.0 | . . . . 0 M A i
18000 18030 18060 18090 18120 18150 0 1 2 3 4 5 6
Energy (eV)
14
e Zr-Zr Zr foil
12+ —Zr0,
Fe-Zr/N/C
= 10
? Zr-N(0)
G i o)
= 8r : S
=<
=3 =
= ¥
0'16 6F Q=
=
=

R (A)

10



Figure 3. (a)’’Fe Mossbauer spectra of Fe-Zr/N/C; Fe K-edge XANES spectra (b) and Fourier transform of Fe
K-edge EXAFS spectra (d) for Fe/N/C, Fe-Zr/N/C, and reference Fe foil, Fe,O3; Zr K-edge XANES spectra (¢)
and Fourier transform of Zr K-edge EXAFS spectra (e) for Fe-Zt/N/C and reference Zr foil, ZrO4; wavelet

transform of the k3-weighted EXAFS data for Fe/N/C and Fe-Zt/N/C (f).

Figure 4a compared the ORR activities of different samples, including the N/C, the Zr/N/C,
the Fe/N/C, and the Fe-Zr/N/C, in O;-saturated 0.1 M HClO4. The Fe-Zr/N/C catalyst achieved a
half-wave potential of up to 0.872 V (vs. RHE), 52 mV higher than the Fe/N/C catalyst (0.820 V
vs. RHE) and only 11 mV less than a commercial Pt/C catalyst (60 pgpicm™). As shown in Figure
4c, the kinetic current density of the Fe-Zr/N/C catalyst at 0.8 V (vs. RHE) was 5.6 times higher
than that of the Fe/N/C, revealing the promotional role of Zr co-doping in activity enhancement.
We calculated the electrochemically active surface area (ECSA; see Figure S17) of the catalysts
by estimating it from the double-layer capacitance (Ca)** to compare the intrinsic activity of the
studied catalysts. The Fe-Zr/N/C catalyst possessed a 2.5-times higher ECSA than the Fe/N/C.
This was consistent with the specific surface area results, implying that the improved performance
of the Fe-Zr/N/C is partially due to the larger surface area induced by Zr co-doping and the
enhanced intrinsic activity.

We also used a rotating ring-disk electrode (RRDE) to analyze the electron transfer number
and H>O; yield of the studied catalysts. In Figure S19 and Figure 4b, the electron transfer number
of the Fe-Zr/N/C catalyst was much closer to four electrons than that of the N/C, the Zr/N/C, and

the Fe/N/C. In addition, the H>O> yield of the Fe-Zr/N/C at 0.5 V vs. RHE was 1.09% (Figure 4d),
11



which was similar to a Pt/C catalyst and far less than that of the N/C (17.59%), the Zr/N/C
(13.19%), and the Fe/N/C catalyst (7.51%), indicating the strong inhibitory effect of Zr towards
the formation of H>O> during the ORR. This conclusion was also supported by the H>O yield data
measured with various catalyst loadings in an electrode disk, as shown in Figure S20. There are
few previous reports of such a low H»O; yield, likely due to Zr co-doping, resulting in better
catalyst selectivity towards four-electron reduction and enhanced durability because H»>O»
formation was effectively suppressed.

Further, the nitrite (NO2) poisoning and electrochemical stripping method developed by
Kucernak et al.* was adopted to measure the site density (SD) of the Fe/N/C and the Fe-Zr/N/C
catalysts. The nitrite stripping measurements were performed in an acetate buffer electrolyte (pH
5.2). Well-defined nitrite stripping peaks were observed for the poisoned catalysts between -
0.3~0.2 V vs. RHE. The Fe/N/C and Fe-Zr/N/C catalysts achieved the stripping charge of 21.55
and 46.48 C g, shown in Figure S34. The SD values of the Fe/N/C and the Fe-Zr/N/C catalysts
were 5.08 x 10?° and 1.10 x 10*! sites g’!, respectively, calculated using the stripping charge
(calculation equations shown in the Supporting Information). The higher SD values of the Fe-
Zr/N/C catalyst also explained its improved catalytic activity than the Fe/N/C, indicating that the
co-doping of Fe and Zr single atoms in the catalyst significantly increased the density of active
sites.

A series of MEAs were prepared with the studied catalysts as the cathode, including the
Fe/N/C, the Fe-Zr/N/C, and a commercial Pt/C, and measured under hydrogen/air (or oxygen)

single PEM fuel cells. As shown in Figures 4e and f, the MEA with the Fe-Zr/N/C cathode achieved
12



outstanding performance, comparable to a Pt/C cathode (0.1 mgpem™?) in a low current density
range, verifying that co-doping with Zr sites boosted the catalytic activity of the Fe/N/C. Under
H,/O; at a pressure of 200 kPa, the MEA with the Fe-Zr/N/C cathode (loading of 2 mg cm2)
generated current densities of 1.0 and 1.75 A cm 2 at 0.7 and 0.6 V, respectively. The maximum
power density reached 1.20 W cm™2, significantly higher than the Fe/N/C catalyst (0.55 and 1 A
cm2 at 0.7 and 0.6 V, and the maximum power density 0.76 W ¢cm 2 under identical conditions).
Under practical 200 kPa Hy/air conditions, the MEA generated current densities of 0.7 and 1.1 A
cm 2 at 0.7 and 0.6 V, respectively, and the maximum power density reached 0.72 W c¢cm 2, higher
than the Fe/N/C cathode and only slightly lower than the typical Pt/C cathode. In Figure 4g, the
MEA with the Fe-Z1/N/C cathode achieved a current density up to 0.04 A cm 2 at 0.9 Vir-free under
H»/O; at a pressure of 150 kPa, close to the U.S. Department of Energy’s 2025 target (0.044 A cm™
% at 0.9 Vir-free).

To better understand the promotional role of Zr co-doping, electrochemical impedance
spectroscopy (EIS) was conducted on MEAs with the Fe-Zr/N/C and the Fe/N/C cathodes. As
shown in Figure S22, they had almost the same ohmic impedance (0.0324 Q c¢m? for the Fe-
Zr/N/C and 0.0325 Q cm?® for the Fe/N/C), a characteristic mainly determined by membrane
resistance.*¢ However, the MEA with the Fe-Zt/N/C cathode had a much lower charge transfer
resistance (0.0147 Q cm?) than the Fe/N/C cathode (0.0258 Q cm?), indicating the Fe-Zr/N/C
possessed improved catalytic activity due to the formation of Zr-based active sites, which is
consistent with the RDE and MEA performance results.

We also investigated the effect of the Fe-Zr/N/C cathode loadings on MEA performance
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(Figure S24). The MEA presented good performance with a low loading in both H>/O> and Ha/air
single PEM fuel cells. Notably, when the loading was only 1 mg cm 2, the maximum power density
decreased by just 5% compared with a catalyst loading of 2 mg cm . We thus speculated that the
Zr co-doping endowed a richly porous structure of the Fe-Zr/N/C catalyst due to larger polyhedron
sizes, more well-defined morphology, and higher surface areas. Also, the Zr co-doping led to a
new active site moiety associated with Zr sites, which enhanced the catalyst activity.
Significantly, the Fe-Zr/N/C catalyst exhibited superior activity and improved durability.
According to the chronoamperometry results (Figure S21) measured at 0.62 V (vs. RHE) in 0.1 M
HCIOg4 solution, the current retention of the Fe-Zr/N/C catalyst was 95.44% after 48,000 s higher
than 83.36% for the Fe/N/C catalyst. The enhanced durability of the Fe-Zr/N/C catalyst was also
observed in an actual single PEM fuel cell. When the cell was fed with hydrogen and pure oxygen
(Figure S25), the voltage of the MEA with the Fe-Zr/N/C cathode decayed only 25.3% after 20
hours at a constant current density (1.0 mA/cm?), compared with a decay of 72.4% of the Fe/N/C
catalyst cathode under identical conditions. After 100 hours of continuous operating, it retains 40%
of its initial voltage (Figure 4h). The output power density of the Fe-Zr/N/C cathode was 509 mW
cm 2, which was higher than the Fe/N/C (178 mW cm?) after 20 hours of operation. Continuous
operating for up to 100 hours, the output power density of the Fe-Zr/N/C cathode was also
maintained at 277 mW cm 2, indicating a more stable output performance. We ascribe the improved
durability to two factors. One is the superior acid tolerance of Zr compared to Fe, which means
that Zr-based active sites remain more stable in an acidic environment. The second is the inhibition

of H,O, formation in the presence of Zr. This was confirmed by the RRDE analyses, which the
14



H>0, yield for the Fe-Zr/N/C sample was much lower than that of the Fe/N/C catalyst (see Figures

4b and d).
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Figure 4. (a) LSV curves, (b) H,O> yield, (c) Kinetic current density at 0.8 V and (d) H2O, yield at 0.5 V of
N/C, Zr/N/C, Fe/N/C, Fe-Zt/N/C, and Pt/C (60 pg Pt on the electrode disk) in O»-saturated 0.1 M HC1O4 with a
rotation speed of 900 rpm and a catalyst loading of 0.8 mg cm2; Single PEM fuel cell performance of Fe-Zr/N/C,
Fe/N/C, or Pt/C (cathode Pt loading was 0.2 mg cm™) as cathode catalyst in conditions of 200 kPa H»/O- (e) and
Hy/air (f); (g) Fuel cell performance of Fe-Zr/N/C fed with 150 kPa H»/O,; (h) Voltage retention of Fe-Zr/N/C
or Fe/N/C as the cathode catalyst after long-time discharge, fed with H»/O; at a constant current density of 1 A
cm2. A single PEM fuel cell was operated at 80°C and 100% RH, and the loading of Fe-Zr/N/C and Fe/N/C in
the cathode catalyst layer was 2 mg cm2, while the Pt loading in the anode catalyst layer was 0.1 mg cm2; the
membrane was Nafion® 211, and the mass ratio of Nafion to Fe-Zr/N/C catalyst in the cathode catalyst layer

was 1:2.

DFT calculations were conducted further to understand the intrinsic catalytic activity of the
catalyst due to Zr doping. Based on the extensive experimental characterization, we propose a new
dual-active-site structure (key active sites in catalyst), No(N)-Fe-N2-Zr-N2(O»), for the Fe-Zr/N/C
catalyst, wherein Fe and Zr are correlated through N bridges, and oxygen may take part in the
structure of Zr-based active sites, as shown in Figures S26 and S27. The axial pyrrolic-N is the
fifth N coordinated with the Fe sites and Zr is coordinated with four N in a plane and two O in the
axial, as shown in Figure 5a.

Figure 5b and Figure S28 show the optimized adsorption structure of all intermediates,
including *O», *OOH, *O, and *OH, adsorbed on the active sites of N2(N)-Fe-N»-Zr-N»(O2) and

Fe-N4, as well as the ORR evolution program. To gain insight into the catalytic activity of the
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No(N)-Fe-N»>-Zr-N»(O») active sites, the change in Gibbs free energy for every ORR elementary
reaction was calculated (Table S6). Figure 5c presents the results for the No(N)-Fe-N2-Zr-N2(O3)
and a Fe-Nj site graphically, showing the rate-determining step of the Fe-Zr/N/C and the Fe/N/C
was *O; hydrogenation to *OOH. The energy barrier of the Nao(N)-Fe-N»>-Zr-N»(O3) site for this
step was 0.56 eV with an applied potential of 1.23 V, which was much lower than that of a FeNy
site (0.71 eV), suggesting the Nao(N)-Fe-N»-Zr-N2(O») site could be kinetically favorable for
reducing O; to H>O. The d-band center of the N2(N)-Fe-N»2-Zr-N»(O2) and Fe-Ny sites were further
analyzed to explain the enhanced catalytic activity. As displayed in Figure S32, the d-band center
of the N2(N)-Fe-N2-Zr-N»(O») site was —1.19 eV, a negative shift compared to Fe-N4 (-1.16 eV).
The downshift of the d-band center could weaken the absorption of oxygen
molecules/intermediates, enhancing intrinsic ORR activity.

DFT calculations also elucidate the enhanced stability observed with the Fe-Zr/N/C catalyst
(Figure 5d). The formation energy of the Na(N)-Fe-N2-Zr-N»(O2) site was —12.99 eV, more
negative than a FeNs site (-2.50 eV), suggesting enhanced thermodynamic stability against
chemical dementallation.” Figures 5e and f display the charge density and Bader charge
distribution in the N2(N)-Fe-N»-Zr-N2(O») site, respectively. Compared with a FeNy site (Figure
S33), significant electrons (about 0.04 e) in the N2(N)-Fe-N2-Zr-N2(O3) site transfer from Fe to N,

resulting in weaker adsorption of O2, consistent with the XPS results.
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Figure 5. (a) Optimized structure of Na(N)-Fe-N»-Zr-N»(O»); (b) optimized structures of *O,, *OOH, *O, and
*OH absorbed on N2(N)-Fe-N»>-Zr-N»(0O»); (c) free energy diagram of the reduction of O> to H>O on N»(N)-Fe-
N2-Zr-N»(O-) and Fe-N4 under a potential of 1.23 V; (d) formation energy of N2(N)-Fe-N»-Zr-N»(O») and Fe-Ng;
(e) the charge density and (f) Bader charge distribution in N2(N)-Fe-N2-Zr-N»(O7), with the yellow area

representing charge density increase and the light blue area representing charge density decrease.
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3. CONCLUSIONS

In summary, we report a highly active and durable carbon catalyst co-doped with atomic Zr and
Fe (Fe-Zr/N/C), with a well-defined polyhedron morphology and atomically dispersed Zr and Fe.
The dual metal site catalyst was prepared by a pyrolysis process using Zr-doped ZIF-8 as the Zr
precursor and ferrocene as the gaseous Fe precursor. The introduction of atomic Zr significantly
improved the catalyst stability, especially in actual hydrogen/air single PEM fuel cells. The
stability enhancement can be ascribed to forming Zr-based active centers (Zr-Nx moieties) with
much-enhanced acid tolerance than Fe-Ny moieties. Also, the Zr site doping suppressed the
generation of H»O,, which mitigates carbon and active site oxidation. The possible synergy
between Zr and Fe could make Fe sites more acid tolerant. The introduction of the atomic Zr sites
also greatly enhanced the ORR intrinsic activity due to the formation of a new dual-metal site,
likely in the form of N2(N)-Fe-N2-Zr-N2(O2). The newly achieved MEA performance represents
one of the best-reported PGM-free catalysts for PEM fuel cells. This study demonstrated an
effective strategy for a carbon catalyst doped with two atomic-scale transition metals (late
transition metal Fe and early transition metal Zr) that exhibited improved performance and
durability in an actual PEM fuel cell. The approach may further provide a solution to design dual
metal site catalysts for other critical electrocatalysis processes such as oxygen reduction to H>O02,%

COs reduction reaction*® and nitrogen electrochemical reactions.**>°
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