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ABSTRACT: Exploring an economical and efficient oxygen reduction reaction
(ORR) is an essential but challenging field of study. Metal—-organic frameworks
(MOFs) have emerged as promising candidates for the preparation of porous
catalysts. Here we propose a synergistic heat treatment (SHT) method to
synthesize Fe-N-C-SHT catalyst with hierarchical porous hollow structures via a
simple carbonization method by the synergistic heating of ZIF-8-Fe (ZIF-8
doped with Fe) and ZIF-67 in a tube furnace. Fe-N-C-SHT catalyst displays
efficient ORR activity (half-wave potential (Enaf) = 0.88 V versus reversible
hydrogen electrode (RHE) with a loading of 0.204 mgre-n-c-sutcm2), which is
superior to that of Fe-N-C synthesized using individual heat treatment (IHT)
(Enaif = 0.84 V) and Pt/C catalyst (Enair = 0.86 V). We achieve enhanced catalytic
properties, enhanced methanol tolerance, and long-term durability of the Fe-N-
C-SHT catalyst in alkaline electrolyte. The improved ORR activity is attributed
to the synergistic effect of Fe doping and optimized SHT methodology, which
led to the formation of a highly porous catalyst with numerous active sites. The
developed SHT method presents a novel route to fabricate Fe-N-C catalysts with

hollow-mesoporous-microporous structures and high performance in ORR.

Keywords: hollow-mesoporous-microporous; synergistic heat treatment; Fe-N-
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1. Introduction

Fuel cells (FCs) such as proton exchange membrane fuel cells (PEMFCs) and
alkaline fuel cells (AFCs) are powered via electrochemical reactions have attracted
increasing attention and are considered advantageous because of their high power
density and environment friendliness [1, 2]. However, the slow rate of oxygen reduction
reaction (ORR) Kkinetics requires prolonged catalysis at the cathode, limiting the
efficiency of PEMFCs and AFCs [3, 4]. Despite their high cost and low natural
abundance, precious metals like Ru-, Pd- and Pt-based materials are employed as
catalysts to accelerate ORR [5-7] and are considered efficient catalysts for alkaline
environment [8, 9]. Also, the design of two electron process plays an important role in
catalyst development, and has attracted significant attention [10, 11]. Currently, metal-
nitrogen-doped carbon nanomaterials (M-N-C, where M = Fe, Co, Mn, etc.) are
extensively explored as alternative ORR catalysts [12-16]. Among these, Fe-N-C
exhibits an activity toward ORR, which is comparable to activity of commercial
precious metal catalysts [17-23]. The Fe-Nx coordinated complexes are commonly
considered as active centers that change the electron distribution of the adjacent carbon
and enhance its catalytic activity [24, 25].

A hierarchical porous structure of the catalyst is essential, with macropores
facilitating the transfer of reactants and products, mesopores providing large specific
surface areas, and micropores offering high-density active sites [13, 26]. Metal-organic

frameworks (MOFs) have been utilized as potential precursors to prepare M-N-C based

3



ORR catalysts because of their large specific surface areas (>1,000 m? g1), uniform
hierarchical porous structures, high nitrogen and carbon contents, high structural
stability, and ease of doping [27-31]. Among them, the typical MOFs are zeolite
imidazole frameworks (ZIFs), such as ZIF-67 and ZIF-8 that are porous and contain
abundant nitrogen contents, used as precursors for ORR catalysts by hydrothermal
synthesis and heat treatment in inert atmospheres [18, 32-38]. In particular, pyrolysis
of ZIF-8 is considered to produce abundant graphitic carbon with mesopores and large
specific surface areas, which are beneficial to ORR catalytic activity [39]. To date, most
of the ZIF-based hierarchical porous Fe-N-C catalyst structures combine the mesopores
and micropores and do not contain any macropores [34, 36, 38, 40-42]. Catalysts with
macropores are mostly produced on solid templates, such as SiO2 and ZnO, followed
by the removal of templates by etching or pyrolysis [43, 44], thus increasing the
complexity and toxicity of the procedure and even costs [45]. Thus, the development
of new methods for synthesis of ORR catalysts containing all three types of pores,
without the need for external templates, is an urgent requirement.

ZIF-8 can easily be doped with transition metals (TM, such as Fe, Co, Mn), by
hydrolysis method or double solvents method [18, 46, 47]. During the pyrolysis process,
TM catalyzes the ZIF-8 to porous carbon materials and coordinates with N to Fe-Nx
active sites or with C to FesC compound, which is also considered beneficial to ORR
catalytic activity [21, 25, 28, 48-51]. Here, we report on a synergistic heat treatment

(SHT) method to produce Fe-N-C-SHT catalyst with a hollow-mesoporous-
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microporous structure by synergistic heating of ZIF-8-Fe (ZIF-8 doped with Fe) and
ZIF-67 in a tube furnace. We optimize the SHT method by examining the effect of
pyrolysis temperature, different TM (Fe, Co, Mn), and contents of doped Fe used on
the structure and porosity of the catalyst. We achieve the formation of hollow-
mesoporous-microporous Fe-N-C-SHT catalyst having an ORR activity (half-wave
potential Enair = 0.88 V) higher than that of hollow structure-free Fe-N-C catalyst (Enar
= 0.84 V) produced by conventional individual heat treatment (IHT) and by SHT
without metal doping N@C catalyst (Enair = 0.77 V) in alkaline electrolyte (0.1 M KOH).
The activity of Fe-N-C-SHT toward ORR is also enhanced with a positive half-wave
potential (20 mV) compared to that of Pt/C 20 wt.%. Additionally, this Fe-N-C-SHT
catalyst has enhanced methanol tolerance and long-term durability in 0.1 M KOH
solution. From the results of our spectroscopic studies, we attribute the enhanced ORR
activity of Fe-N-C-SHT to the synergistic effect of Fe doping and SHT-derived hollow-
mesoporous-microporous structure with greater number of active sites.

2. Experimental

2.1. Synthesis of ZIF-67 and ZIF-8

All the chemicals used in this study were purchased from Aladdin; they were
used without further purification. To synthesize ZIF-8, 594.98 mg (2 mmol) of
zinc nitrate hexahydrate (Zn(NOz)2+6H20) were dissolved in 16 mL of anhydrous
methanol and stirred for 5 minutes. Then 656.8 mg (8 mmol) of

dimethylimidazole dissolved in 16 mL of methanol were added dropwise into the
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former solution. After stirring for 6 hours at room temperature, the solution was
centrifuged at 5,000 rpm and washed with methanol three times. The solid
product was dried in vacuum oven for 12 hours at 60 °C. The synthesis of ZIF-
67 was realized by employing the same procedure with 582.06 mg (2 mmol) of
cobalt nitrate hexahydrate. The white product was ZIF-8 and purple product was
ZIF-67.

2.2. Synthesis of ZIF-8-Fe (ZIF-8-Co and ZIF-8-Mn)

To prepare ZIF-8-Fe, 100 mg of ZIF-8 were dissolved in 16 mL of methanol
and ultrasonicated (ShuMei, KQ3200DV, 90 Hz) for 20 minutes. Then different
volumes of 150 pL (50, 100, 200, 250 pL) of 50 mg mL ! aqueous solution of
ferric chloride hexahydrate (FeClz*6H>0) were injected into the former solution
to investigate the optimal doping amount of iron. After being ultrasonicated for
2 hours at 25 °C, the solution was stirred for 1 hour at 500 rpm, centrifuged at
5,000 rpm, and washed two times with methanol. Finally, the white-yellow ZIF-
8-Fe powder was collected after vacuum drying for 12 hours at 60 °C. Samples
with other metals, ZIF-8-Co and ZIF-8-Mn, were prepared via the same method
except by doping 150 pL of 50 mg mL ™! aqueous solution of cobalt(ll) acetate
tetrahydrate (CsHsC004-4(H20)) and 150 pL of 50 mg mL* aqueous solution of

manganese(ll) chloride (MnCly).

2.3. Synergistic heat treatment of ZIF-8—-Fe (ZIF-8-Co and ZIF-8-Mn) with ZIF-
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The powders of ZIF-67 (100 mg) and ZIF-8 (-M) (100 mg) were pyrolyzed in a
quartz tube in a furnace at different temperatures, T = 900 °C (700, 800, 1000 °C). A
ceramic boat with powder of ZIF-67 was placed next to ZIF-8-Fe, and they were heated
under Ar atmosphere at a heating rate of 5 °C min%, pyrolyzed for 2 hours, and cooled
in the furnace to T = 60 °C. For all SHT processes, ZIF-67 was placed at the outlet of
argon. The black powders of Fe-N-C-SHT, Co-N-C-SHT, and Mn-N-C-SHT were

collected.

2.4. Preparation of N@C and individual heat treatment of ZIF-8-M (M=Fe, Co,

Mn)

To examine the effect of metal doping, N@C catalyst was prepared by SHT of
ZIF-8 and ZIF-67 at 900 °C for 2 hours. To investigate the effect of ZIF-67 on
ZIF-8-M (M = Fe, Co, Mn), we prepared Fe-N-C, Co-N-C-I (to distinguish it
from SHT of ZIF-67 derived Co-N-C) and Mn-N-C catalysts by the IHT of ZIF-

8-Fe, ZIF-8-Co, and ZIF-8-Mn at 900 °C for 2 hours.

2.5. Materials characterization

The morphology of all samples was studied using field emission scanning electron
microscopy (FESEM, Hitachi Limited S-4800) and high-resolution transmission
electron microscopy (HRTEM, JEOL JEM-2100F). For the elemental mapping, the
scanning transmission electron microscope (STEM) was operated at 200 kV with a

high-angle annular-dark-field (HAADF) detector (Hitachi S-5500). The morphology
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was also examined with another high-resolution transmission electron microscopy
(HRTEM, FEI Tecnai G2 T20). X-ray powder diffraction (XRD) patterns were
recorded on Rigaku 2550VB. For chemical and compositional analysis, X-ray
photoelectron spectroscopy (XPS, Thermo ESCALAB250) and inductively coupled
plasma atomic emission spectroscopy (ICP-AES, Baird PS-6) were used. The degree
of graphitization of the electrocatalysts was investigated by Raman spectroscopy
(LabRAM ARAMIS). Brunauer—Emmet-Teller (BET) specific surface area and
Barrett-Joyner—Halenda (BJH) pore size distribution of the products were measured

with nitrogen adsorption—desorption (Mike ASAP 2020 HD88) isotherm curve at 77 K.

2.6. Electrochemical measurements

All the electrochemical measurements were obtained using a CHI 760E
electrochemical workstation (CH Instruments, Chenhua, China) in a
conventional three-electrode cell. A silver/silver chloride electrode (Ag/AgCl)
and graphite rod electrode were used as the reference electrode as counter
electrode, respectively. For the preparation of catalyst inks, 5 mg of the prepared
catalyst was dissolved in ultrasound bath for 2 hours in a mixture solution of 60
pL Nafion (5 wt.%) solution, 470 pL ultrapure water, and 470 pL ethanol. Five
milligrams of 20 wt.% Pt/C were ultrasonically dispersed into 960 pL
isopropanol and 40 puL. Nafion. Then 8 pL of catalyst ink were deposited on the
glass carbon (GC) rotating disk-ring electrode (RRDE) (4 mm in diameter for

disk and 1 mm for ring) and dried in air (at room temperature) for 30 minutes.
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This resulted in a catalyst loading of 0.204 mg cm™2. In alkaline media, N2 or O-
saturated electrolyte solution, the electrode was activated with 50 cycles of cyclic
voltammetry (CV) at a scanning rate of 0.1 V s ! between —1.0 V and 0.2 V at
room temperature. The CV curves were measured at a scanning rate of 50 mV
sL. Linear sweep voltammetry (LSV) curves were tested with the RRDE in Oz-
saturated 0.1 mol L™* KOH, and the working electrode was rotated at 1600 rpm
with a scan rate of 10 mV s™1. Koutecky—Levich (K—L) plots were analyzed at
various electrode potentials, and their slopes and linear fit lines were used to

calculate the number (n) of electrons transferred following the K—L equations:

1 1 1 1 1

TR T e T e T )
B = 0.2nF Cy(Dg)?/3v=1/6 (2)

where j refers to the current density, j. and jk are the diffusion-limiting and
kinetic current density, respectively, w is the rotation rate of RRDE from 400 to
2025 rpm, n denotes the number of electrons transferred per Oz, F denotes the
Faraday constant, Co denotes the bulk concentration of Oz, Do denotes the
diffusion coefficient of O, v denotes the kinematic viscosity of the electrolyte,
and k denotes the electron-transfer rate constant. The constant 0.2 is adopted
when the rotating rate is rpm. There is another method for calculating the number
of electrons transferred and yield of H.O2 with RRDE, given by the following

equations:
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where lgisk is the disk electrode current, lring is the ring electrode current, and N is
the collection efficiency (0.39) at the ring electrode. The disk electrode was
scanned at a rate of 10 mV s1, while the ring electrode was biased at 1.48 V (vs.
RHE).
3. Results and Discussion

A new method of SHT of ZIF-8-M (where M = Fe, Co, Mn) and ZIF-67 was
used to prepare a hollow-mesoporous-microporous structure catalyst and our
results were compared with the conventional IHT method (Fig. S1la—b). The ZIF-
8 and ZIF-67 MOFs have rhombic dodecahedral structures sized 400 = 50 nm
(Fig. 2a and Fig. Sic). In IHT, ZIF-8-M is pyrolyzed individually in a quartz
tube. In the SHT method, ZIF-8 (or ZIF-8-M) is placed next to ZIF-67 in a
separate boat and both are pyrolyzed together under Ar atmosphere. The
morphological properties of the samples are characterized using transmission
electron microscopy (TEM) and scanning electron microscopy (SEM). To
examine the effect of metal on the formation of pores, we dope ZIF-8 with Fe
(ZIF-8-Fe). The electron imaging of ZIF-8-Fe reveals the presence of ~60 nm
pores at the surface (Fig. 2b). The XRD patterns of ZIF-8 and ZIF-8-Fe (Fig. 2c)
do not show any significant differences; furthermore, ZIF-8-Fe has slightly lower

pore volume than ZIF-8 (0.585 and 0.627 cm® g* for ZIF-8-Fe and ZIF-8,
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respectively; see Supplementary Information Fig. S2), suggesting that the
FeClz-6H.0 molecules are adsorbed inside the micropores of ZIF-8.

The SEM and TEM images of SHT-produced N@C catalyst with no metal
doping revealed no pores or hollow morphology on the N@C surface (Fig. 2d).
For Fe-doped ZIF-8, the IHT-derived Fe-N-C structures also display no hollow
cavities (Fig. 2e). However, for the Fe-N-C-SHT sample prepared by SHT of
ZIF-8-Fe and ZIF-67, we observed the formation of hollow structures with a pore
size of ~200 nm, hierarchical porous structures and presence of carbon nanotubes
(CNTSs) (Fig. 2f). For evaluating the effect of different metals on the formation
of hollow-mesoporous-microporous structures, we also used Co- and Mn-
containing MOFs to produce catalysts by SHT. We found no noticeable
difference in the morphology or ORR activity of Co-N-C-SHT and Mn-N-C-
SHT compared to those prepared by IHT (Fig. S3). Since our control experiments
show that all samples prepared using individual heat treatment and those
prepared using SHT with other TM (ZIF-8-Mn or ZIF-8-Co) do not reveal
formation of hollow structures, we suggest that the hollow structure is caused by
the combined effect of Fe and ZIF-67 (or Co). During the synergistic heating
process, Co vapor from ZIF-67 diffuses to the ZIF-8-Fe and catalyzes the ZIF to
form porous structures [52]. Thus, the origin of hollow-mesoporous-microporous

structures observed in Fe-N-C-SHT is attributable to the combined catalytic
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effect of Fe and Co from ZIF-67 and the SHT method used. Hence, we further
optimized the conditions used in the SHT method for ZIF-8-Fe.

We performed SHT at different pyrolysis temperatures, Argon (Ar) flow rates,
and different amount of Fe doping (see Supplementary Information, Fig. S4-S6).
Ar flow rates of 20, 40, 60, 80, 100, and 120 mL min~* and pyrolysis temperatures
of 700 °C, 800 °C, 900 °C, and 1000 °C were examined. No hollow structures
were formed at flow rates less than 60 mL min~! and over 120 mL min~t. Only
at a flow rate of 80 mL min?%, formation of hollow structures was observed. The
optimal pyrolysis temperature for pore formation was found to be 900 °C.
Besides, the porosity is also affected by the Fe content used in SHT by using 50,
100, 150, 200, and 250 puL of 50 mg mL ! aqueous solution of FeClz*6H20 in
SHT. The hollow-mesoporous-microporous structures increased with increasing
Fe content up to 150 pL. At higher quantities of Fe, the porosity decreased;
furthermore, collapse of large pores and some metal agglomeration was
observed. Hence, the optimal conditions for SHT are T =900 °C, Ar flow rate of
80 mL min~?, and Fe content of 150 uL. The final Fe loading is assessed by ICP
MS and in Fe-N-C-SHT it is 1.02 wt.%.

The distribution of metal in a catalyst is important for its performance. Hence,
we assess the morphology of these structures by high-resolution TEM (HRTEM)),
element maps, and element line sweep analysis. The HRTEM images of Fe-N-

C-SHT (Fig. 3a—b) related carbon-based structures with graphite-like crystal
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lattice with a lattice size of 0.375 nm correspond to the (002) plane. No metal
crystallization was observed in the sample containing all metals neither by HR
TEM nor by XRD (Fig. 3b—c and Supplementary Information Figure S7). For
accurate analysis of Fe content, ICP-AES was used and 1.02 wt.% and 1.47 wt.%
of Fe were detected in Fe-N-C-SHT and Fe-N-C, respectively (see
Supplementary Information, Table S1). The high-angle annular-dark-field
scanning TEM (HAADF-STEM) and elemental maps of Fe-N-C-SHT showed
uniform distribution of Fe and N (Fig. 3d), implying that Fe and N were
effectively doped into the carbon framework. Elemental profiles (Fig. 3e)
confirm the uniform distribution of C, N, and Fe. We envisage that during SHT,
Fe may coordinate with N to create Fe-Nx, which would be beneficial for the
catalytic activity as these complexes can act as ORR active sites.

Specific surface area and pore size distribution were assessed via the
measurements of nitrogen adsorption—desorption isotherms. The type-1V
isotherms with sharp uptakes observed at relative pressures below 0.05 and
hysteresis loops ranging from 0.4 to 1.0 were clearly observed for Fe-N-C-SHT
and Fe-N-C (Fig. 4a and Supplementary Information Fig. S8), suggesting the
coexistence of micropores and mesopores. For N@C and Co-N-C, type-1V
curves with hysteresis loops of ~0.4—-1.0 were observed; however, there was no
uptake at low relative pressures, signifying the presence of only mesopores on

their surfaces. The BET method was used for calculating the specific surface
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areas of the samples, BJH method was employed to investigate the mesopore size
distribution, and density functional theory method was utilized to measure the
pore size distributions of the micropores and mesopores (see Supplementary
Information Table S2). The Fe-N-C-SHT and Fe-N-C have large BET specific
surface areas of 1,198 and 1,124 m? g, respectively. Only small increase in the
surface area of Fe-N-C-SHT compared to Fe-N-C is likely due to higher Fe-
content (1.47 wt.%) in Fe-N-C (Fe-N-C-SHT has 1.02 wt.% Fe), facilitating
formation of larger amount of micro- or mesopores. Our results also confirm the
coexistence of ~0.5 nm micropores and ~4.6 nm mesopores in both the samples.
Interestingly, N@C has a larger specific surface area of 1,250 m2 gt likely
because of the uniform three-dimensional distribution of the mesopores with a
size of ~3.4 nm. All other samples have small specific surface areas (e.g., 207 m?
g ! for Co-N-C).

The Raman spectra of Fe-N-C-SHT, Fe-N-C, N@C, and Co-N-C revealed two
characteristic peaks of D (1340 cm™?) and G (1590 cm™?) bands of carbon with intensity
ratios Ip/lc of 1.02, 1.01, 1.01, and 0.97, respectively (Fig. 4b and Supplementary
Information Fig. S8c). The higher Ip/lg of ratio observed in Fe-N-C-SHT indicates
more disordered carbon, which can improve the catalytic activity in the ORR [53]. A
peak at 2700 cm?, characteristic of two-dimension (2D) carbonization, was observed

in the spectra of Fe-N-C-SHT and Co-N-C. We envisage that these peaks confirm the
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presence of CNTSs, which are likely formed because of the strong catalytic effect of Co
from ZIF-67.

The chemical compositions of the catalysts were investigated using XPS (Fig. 4c).
The XPS spectrum of Fe-N-C-SHT revealed C-C (284.5 eV), C—N (285.6 eV), C-O
(286.6 eV), and O=C-O (289.2 eV) signals. Moreover, pyridinic-N (N1, 398.4 eV),
metal-Nx (N2, 399.3 eV), pyrrolic-N (N3, 400.5 eV), quaternary-N (N4, 401.3 eV), and
oxidized-N (Ns, 405.6 eV). The presence of Fe is also validated using XPS, indicating
the presence of Fe(ll) 2p12 (723.4 eV), Fe(ll1) 2p12 (726.7 eV), Fe(ll) 2pa (710.2 V),
and Fe(ll1) 2pz (713.8 eV) (Fig. 4d—f) [54, 55]. The high-resolution XPS spectra for
other samples revealed the same existence of C, N, and Fe for the case of Fe-N-C, and
there were no M-Nx coordinated complexes in N@C (see Fig. S9). We note, that
presence of oxygen in our samples: 9.35 at% in Fe-N-C-SHT, 12.12 at% in Fe-N-C and
10.36 at% in N@C. We envisage that some oxygen is adsorbed when the samples are
transferred from the growth tube and are stored in ambient conditions. We do not expect
significant effect of low quantities of oxygen on catalytic activity and focus on the
effect of N states like pyridinic or graphitic N, which are significant for ORR. It is well
publicized in the literature that pyridinic-N, metal-N, and pyrrolic-N play important
roles in the ORR [56-58]. The contents of these types of N for samples are listed in
Table S3.

The CV curves revealed a peak potential of 0.85 V for Fe-N-C-SHT, 0.85 V

for Pt/C, 0.83 V for Fe-N-C, 0.75 V for N@C, and 0.82 V for Co-N-C (Fig. 5a).
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The LSV curves measured using RRDE (Fig. 5b) showed a high value of onset
potential (Eonset) Of 0.96 V for Fe-N-C-SHT and considerably lower values for
Pt/C (0.95 V), Fe-N-C (0.93 V), N@C (0.84 V), and Co-N-C (0.88 V). The half-
wave potential (Enaf) also had a greater value for Fe-N-C-SHT (0.88 V) in
comparison with other samples (0.86 V for Pt/C, 0.84 V for Fe-N-C, 0.77 V for
N@C, and 0.83 V for Co-N-C). Furthermore, Fe-N-C-SHT had a significantly
higher limited current density (5.8 mA cm2) compared to Pt/C (5.2 mA cm2)
and Fe-N-C (4.8 mA cm™?).

From these results, we deduce that Fe-N-C-SHT possesses promising
properties for use as a catalyst in ORR. To further investigate the electron-
transfer process, the LSV curves were measured at various rotational speeds and
the Koutecky—Levich (K-L) plots were used to analyses the Kinetics of the
reaction. The current density increased with an increase in the rotational speed
and the enhanced kinetics is observed with potentials ranging from 0.85 to 0.95
V, indicating first-order reaction kinetics for Fe-N-C-SHT catalyst (Fig. 5c-d).
The electron transfer number (n) determined from the RRDE suggests a four-
electron transfer pathway and low yield of H2O> (less than 3.5%) for Fe-N-C-
SHT (Fig. 5e). The n value at the kinetics limiting region is in the range 3.83 -
3.98. Moreover, the Tafel slope for Fe-N-C-SHT (80 mV dec™?) is much lower

than that of Pt/C (103 mV dec™?) and other reference samples (117 mV dec* for
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Fe-N-C, 89 mV dec?! for Co-N-C and 106 mV dec! for N@C), further
confirming its superior ORR catalytic performance (Fig. 5f).

The long-term stability of the Fe-N-C-SHT catalyst was studied by employing an
accelerated durability test protocol using a rotating disk electrode (RDE) and comparing
it with the Pt/C catalyst. After 20,000 s, we observed ~10% greater stability for Fe-N-
C-SHT compared to Pt/C, with relative currents of 95% and 85%, respectively (Fig. 6a).
Methanol resistance is also an important requirement for catalyst applications in the
proton exchange membrane fuel cells (PEMFCs), particularly for direct methanol fuel
cells. Direct injection of 5 mL of 3 M methanol into the electrolyte (50 mL) indicates
no modification in the current, with a relative current >97% after 1,000 s. The Pt/C
catalyst is very sensitive to methanol and demonstrates a sharp decrease in the current
immediately after adding methanol (Fig. 6b). These results further confirm significant
advantages of Fe-N-C-SHT as an ORR catalyst. We also note that our SHT-derived Fe-
N-C-SHT catalyst has comparable or superior ORR catalytic activity than that of other
Fe-ZIF-based catalysts prepared using IHT (see Supplementary Information, Table S4).
We attribute the high catalytic performance and enhanced stability of our Fe-N-C-SHT
catalyst to the synergistic effect of doping with Fe salts in SHT and the morphology of
produced structures, i.e., the hollow-mesoporous-microporous structure. In more
challenging acidic electrolyte environment, the Fe-N-C-SHT catalyst shows good
performance: Enar value of 0.77 V is observed in in 0.1 M HCIO4 solution, which is

only 80 mV lower than Pt/C and superior than other reference samples (Fig. 6c).
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4. Conclusions

In summary, a Fe-N-C-SHT catalyst with a hollow-mesoporous-microporous
structure has been successfully prepared using the SHT method, which has been
used for the first time to facilitate the formation of a hollow-mesoporous-
microporous structure. The Fe-N-C-SHT catalyst exhibits an excellent catalytic
activity with respect to the ORR in alkaline electrolytes. Furthermore, the long-
term durability and methanol tolerance of the Fe-N-C-SHT catalyst are
outstanding. The high ORR activity can be ascribed to the synergistic effect of
the doping of Fe and SHT-derived hollow-mesoporous-microporous structure.
Therefore, the SHT method is expected to offer a novel strategy for preparing a
high-performance M-N-C ORR catalyst with a hollow-mesoporous-microporous

structure.
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Fig. 1. (a) Schematic of individual heat treatment and synergistic heat treatment, (b)

formation of synergistic heat treatment-derived hollow-mesoporous-microporous

structure.
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Fig. 2. Representative SEM images of (a) ZIF-8 and (b) ZIF-8-Fe. (c) XRD patterns of
ZIF-8 (blue), ZIF-8-Fe (red), and simulated ZIF-8 (black). Representative SEM and

TEM images of (d) N@C, (e) Fe-N-C, and (f) Fe-N-C-SHT.
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Fig. 3. (a, b) High-resolution TEM images of Fe-N-C-SHT. (c) XRD patterns of Fe-N-
C-SHT (red), Fe-N-C (dark yellow), N@C (green), and Co-N-C (blue). (d) HAADF-

STEM image and corresponding element mapping graphs of N (brown), Fe (dark green)
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and O (dark blue), of Fe-N-C-SHT. (¢) HAADF-STEM image and corresponding

element line sweep curves of C (black), N (blue), and Fe (purple) of Fe-N-C-SHT.

a)| ~ b C
@) O oo O
% MZ)LM— = =
o f i c?g 3 N © FeCo
O')m °0 onreiiz:(nr?]) 0 ; ; N@C Wh—\
~— ) I} CO'N'C )
) — —
= = Elpenc | )
E e rcseed Y
S Fe-N-SHT] ,
00 02 04 06 08 L0 7000 2000 310'00 0 200 400 600 800
P/P, Raman shift (cm™) B.E.(eV)
(d) C1s (e) N 1s ® Fe 2p
. __| Oxidized-N . 2p 3/2
S = | Quaternary-N S
S S | Pyrrolic-N 8 2p 12
2 é\ Fe-Nx é‘
@ @ | Pyridinic-N Q :
5 5 Y &| Satellite Satellite
c = £
Fe3+ Fe3+ Fe2+

292 288 284 280 408 404 400 396 740 730 720 710
B.E. (eV) B.E.(eV) B.E.(eV)

Fig. 4. (a) Nitrogen adsorption—desorption isotherm curve and pore size distribution
(insert) of Fe-N-C-SHT. (b) Raman spectrum of Fe-N-C-SHT. (c) XPS spectra of Fe-
N-C-SHT (red), Fe-N-C (dark yellow), N@C (green), and Co-N-C (blue). High-

resolution XPS spectra of (d) C 1s, (e) N 1s, and (f) Fe 2p of Fe-N-C-SHT.
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Fig. 5. (@) CV and (b) LSV curves of Pt/C (black), Fe-N-C-SHT (red), Fe-N-C (dark
yellow), N@C (green), and Co-N-C (blue) in O.-saturated 0.1 M KOH solution. The
dotted line in (a) represents as CV curve in Nz-saturated 0.1 M KOH solution for Fe-
N-C-SHT. (c) LSV curves of Fe-N-C-SHT recorded with different rotation rates from
400 to 2025 rpm. (d) K-L plots of Fe-N-C-SHT recorded at different potential values.
(e) Electron transfer numbers and yield of H2O> obtained with Fe-N-C-SHT catalysts
and its reference samples. (f) Tafel plots of Fe-N-C-SHT at potential values of 0.95,

0.90 and 0.85 V.

34



@ (b) ©
120 PUC 120l ——PtC _[—Puc 0.1 MHCIO,
_ ——FeN-CSHT oo | Fe-N-C-SHT ”g —— Fe-N-C-SHT
S’\i 90 S 90 g g
= = ol
] 85%| S 6o} \Methanol %
5 60 a £
] > 30} 2 2t
2 %0 £ | b
g7 < 9 S 4f
T @ £
c -30 | 3
0 15000 30000 0 300 600 900 0.2 04 06 0.8 1.0
Time (s) Time (s) Potential (V vs.RHE)

Fig. 6. (a) Current-time (i—t) chronoamperometric response of Fe-N-C-SHT at 0.7 V
(vs. RHE) in 0.1 M KOH solution. (b) i—t chronoamperometric response of Fe-N-C-
SHT and Pt/C catalysts at 0.7 V (vs. RHE) in Oz-saturated 0.1 M KOH solution with

and without 3 M methanol added at 250 s; the rotation rate is 1600 rpm. (c) LSV curves

of Fe-N-C-SHT and its reference samples in 0.1 M HCIOg4 solution.
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