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ZIF-Derived Hierarchically Porous Fe-Zn-N-C Catalyst Synthesized via a Two-
Stage Pyrolysis for Highly Efficient Oxygen Reduction Reaction in Both Acidic
and Alkaline Media

Experimental Section
Reagents
Tris(acetylacetonato)iron(IIl) (Fe(acac);, 98%), 2-methylimidazole (98%), KOH
(95%) and HCIO, (70%) were purchased from Shanghai Aladdin Bio-Chem
Technology Co., Ltd. Zinc nitrate hexahydrate (Zn(NOs),-6H,0, 98%), H,SO, (98%),
methanol (99.7%) and N, N-dimethylformamide (DMF, 99.5%) were purchased from
Sinopharm Chemical Reagent Co., Ltd. Nafion D-520 dispersion (5% w/w in water
and 1-propanol, DuPont) and commercial Pt/C catalyst (20 wt%, Johnson Matthey,
JM) were purchased from Shanghai Hesen Electronic Device Co., Ltd. All the
chemicals and reagents were used without any further purification. The ultrapure
water (18.2 MQ cm) was used for solution preparation in all experiments.
Synthesis of Fe-Zn-ZIF
Typically, Fe(acac); (0.4 mmol) and Zn(NO3),-6H,0 (4 mmol) were dissolved in 45
mL of methanol to form a clear solution in flask A. 2-methylimidazole (15.8 mmol)
was dissolved in 10 mL of methanol in flask B, which was subsequently added into
flask A and ultrasonicated for 10 min and then vigorously stirred for 1 h at room
temperature. The resultant solution was transferred into a Teflon-lined stainless-steel
autoclave (100 mL) and heated at 120 °C for 4 h. The resultant product was separated
by centrifugation and washed alternately with DMF and methanol each for three times,
and finally dried at 70 °C under vacuum for overnight.
Two-stage pyrolysis of Fe-Zn-ZIF
The powder of Fe-Zn-ZIF was transferred into a corundum boat and placed in a tube
furnace, which was heated to 400 °C with a heating rate of 5 °C min"! and held at this
temperature for 1 h, and then it was heated to the desirable temperature (800 900 or
1000 °C) with a heating rate of 1 °C min’! and held at that temperature for 2 h under
flowing N,, followed by cooling to room temperature. The obtained sample was
stirred in 0.5 M H,SO, solution at 80 °C for 7 h, and then washed and dried, and the
resultant sample was heated to 900 °C with a heating rate of 5 °C min! and kept at
that temperature for 2 h under flowing N, followed by cooling to room temperature.
The finally obtained sample was denoted as Fe-Zn-N-C-900-2 (Fe-Zn-N-C-800-2 or
Fe-Zn-N-C-1000-2).
One-stage pyrolysis of Fe-Zn-ZIF
The Fe-Zn-ZIF sample was heated to 900 °C with a heating rate of 5 °C min’! and
kept at 900 °C for 3 h under flowing N, and then naturally cooled to room
temperature. The other procedures used were the same as those used in the two-stage
pyrolysis process. The finally obtained sample was denoted as Fe-Zn-N-C-900-1.
Physical characterization

The morphology, structure and composition of the synthesized materials were
characterized by HRTEM (JEM-2100F, JEOL), XRD (D8 Advance, Bruker), XPS
(VG Multilab 2000, Bruker), surface area and porosity analyzer (ASAP2460,



Micromeritics) and laser confocal micro-Raman spectroscopy (DXR, American
Thermo Electron).
Electrochemical characterization

Electrochemical measurements were carried out by using an electrochemical
workstation (PGSTAT 302 N, Metrohm Autolab) in a three-electrode system
consisting of a graphite rod counter electrode, a calibrated reference electrode
(Ag/AgCl for acidic electrolyte and Hg/HgO for alkaline electrolyte), and a catalyst-
modified glassy-carbon (GC) working electrode. All the electrode potentials reported
in this work were reported with respect to RHE. The loading of Fe-Zn-N-C sample on
the GC electrode was 642 pg-cm™ and the loading of the commercial Pt/C (20 wt. %,
Johnson Matthey) catalyst on GC electrode was 86 ug-cm>?. The temperature of
electrolyte (0.1 M HCIO,4 or 0.1 M KOH) was maintained at 25 °C with circulating
ethylene glycol/water. The ORR performance of the catalyst was measured in O,-
saturated electrolyte by LSV with a sweep rate of 10 mV s! at 1600 rpm. The
H,0,/HO, yield () and the electron transfer number (n) during ORR were
determined by using RRDE (Pine) technique with the Pt ring potential set to 1.2 V vs.
RHE (Equations 1 and 2).
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where /; is the ring current, /; is the disk current, and N is the collecting efficiency of
Pt ring (0.37).
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Fig. S1. (a) J of catalysts at 0.8 and 0.9 V in 0.1M KOH; (b) Ji of catalysts at 0.7 and
0.8 Vin 0.1 M HCIOs,.

Table S1. J; values of catalysts in 0.1 M KOH and 0.1 M HCIO,.

0.1 M HCIO4 0.1 M KOH
Catalyst
JJ/mA cm?2@0.7V  J/mA cm?@0.8 V.  J/mA cm?@0.8 V. J/mA cm?2@0.9 V
Fe-Zn-N-C-800-2 31.50 4.65 131.86 9.84
Fe-Zn-N-C-900-2 121.30 16.18 154.46 13.53
Fe-Zn-N-C-1000-2 25.84 1.15 123.01 5.23
Fe-Zn-N-C-900-1 41.65 2.84 124.60 5.98
20% Pt/C 35.85 8.91 30.62 1.12
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Fig. S2. LSV curves of Fe-Zn-N-C-900-2 in (a) 0.1 M HCIO4 and (b) 0.1 M KOH
before and after durability test (1600 rpm and 10 mV s!).
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Fig. S3. Methanol tolerance of Fe-Zn-N-C-900-2 and Pt/C in (a) 0.1M HCIO,4 and (b)
0.1M KOH.

Table S2. ORR performance comparison for typical non-precious-metal catalysts.

El/z/v vs. RHE

Catalyst — - - - Ref.
In acidic media In alkaline media
Fe-Zn-N-C-900-2 0.819 0.918 This work
Fe-Fe;C@Fe-N-C 0.79 0.88 1
Fe-ISAs/CN 0.773 0.900 2
Zn-N-C-1 0.746 0.873 3
Fega-N-C 0.776 0.891 4
Zn/CoN-C 0.796 0.861 5
m-FeSNC - 0.904 6
ZIF’-FA-p 0.81 - 7
Fe@C-Fe-N-C 0.730 0.899 8
SA-Fe-HPC 0.81 0.89 9
SA-Fe/NG 0.80 0.88 10
Fe,N-PCNs - 0.87 1
Fe/Fe;sCr,@N-C 0.66 0.85 12
Zn/CoN-C 0.796 0.861 13
Fe,N-HPCC 0.76 0.898 14
FeN,/GM 0.80 - 15

p-Fe-NCNF 0.74 0.82 16
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Fig. S4. TEM images of Fe-Zn-N-C-900-2 (a) and Fe-Zn-N-C-900-1 (b).
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Fig. SS. XPS spectra of Fe-Zn-N-C samples.

Table S3. The composition of Fe-Zn-N-C samples.

Sample C/at. % N/at. % O/at. % Fe/at. % Zn/at. %
Fe- Zn -N-C-900-1 85.40 7.94 5.58 0.32 0.76
Fe-Zn-N-C-800-2 85.74 7.25 5.67 0.74 0.60
Fe-Zn-N-C-900-2 86.70 6.78 5.43 0.59 0.51

Fe-Zn-N-C-1000-2 92.78 3.31 3.39 0.38 0.14
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Fig. S6. (a) High-resolution N1s XPS spectra of Fe-Zn-N-C samples and (b) the
relative contents of the deconvoluted peak areas of N1s XPS spectra.

(a) (b)
Fe-Zn-N-C-900-2 Fe-Zn-N-C-900-1
Fe*'2py,
. e Zpu

3 =
; €' 2p;, \:: N

> z ,
A | “0
E Satellite peak Satemmopa = Satdllite peakSatallice pen

730 725 720 715 710 705 730 725 720 715 710 705
Bindind energy/eV Bindind energy/eV

Fig. S7. High-resolution Fe 2p XPS spectra of (a) Fe-Zn-N-C-900-2 and (b) Fe-Zn-N-

C-900-1 samples.
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Fig. S8. High-resolution Zn 2p XPS spectra of (a) Fe-Zn-N-C-900-2 and (b) Fe-Zn-N-
C-900-1 samples.

Table S4. Specific surface area and pore volume values of Fe-Zn-N-C samples.

Samples SBET/m2 g_l Vtota] pore /Cm3 g-] \/micro/crn3 g-l \/mcso/macro/crn3 g_l
Fe-Zn-N-C-800-2 1393 0.844 0.355 0.489
Fe-Zn-N-C-900-2 1303 0.869 0.323 0.546
Fe-Zn-N-C-1000-2 1211 1.018 0.264 0.754

Fe-Zn-N-C-900-1 1257 0.744 0.328 0.416
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