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Experimental details:

Catalyst synthesis

Fe content is given in this work in terms of atomic percent of Fe versus the total metal
(Fe+Zn) content in the synthesis of catalyst precursor from 0.05% to 9.0 at.%. The synthesis
of 1.5Fe-ZIF catalyst, i.e., the catalyst derived from precursor with 1.5 at.% Fe content, is
given here as an example: Zinc nitrate hexahydrate (3.39 g) and iron nitrate nonahydrate
(80 mg) were dissolved in 500 mL methanol in a round-bottom flask, followed by addition
of 500 mL methanol solution of 2-methylimidazole (3.94 g). The obtained mixture were
then kept at 60 °C for 24 h. The resulting suspension was separated by centrifuging at 8700
rpm to collect the precipitants, then washed with ethanol three times. The thus obtained
catalyst precursor was dried at 60 °C in a vacuum oven for 8 h, before being heat-treated
in a tube furnace at 1100 °C under N, for 1 h to obtain final catalyst (1.5Fe-ZIF in this
example). The ZIF-8 derived Fe-free catalyst follows the same synthetic procedure above
except for the addition of iron nitrate nonahydrate.

Material characterization

Atomic-resolution micrographs were obtained using a Nion UltraSTEM U100 microscope
operated at 60 keV and equipped with a Gatan Enfina electron energy loss spectrometer
(EELS). Bright field (BF) and high-angle annular dark-field (HAADF) micrographs were
recorded in image pairs. EEL spectra to confirm the composition of Fe sites and clusters
were obtained after eliminating data noise using the open source Hyperspy python library.
Catalyst morphology was also studied using scanning electron microscopy (SEM) on a
Hitachi SU 70 microscope operating at 5 kV. The crystal phases in the samples were
identified using powder X-ray diffraction (XRD) on a Rigaku Ultima IV diffractometer
with Cu K-a X-rays. X-ray photoelectron spectroscopy (XPS) was performed using a
Kratos AXIS Ultra DLD XPS system equipped with a hemispherical energy analyzer and
a monochromatic Al Ka source. The high-resolution of N1s spectra were fitted with four
types of N bonding, including pyridinic N (398.6 eV), pyrrolic N (399.6 eV), graphitic N
(401.1 eV) and oxidized N (402.6 eV and 403.8 eV). The elemental Fe content in precursors
was determined by inductively coupled plasma (ICP), after complete digestion of
precursors in 65% nitric acid. The N, isothermal adsorption/desorption was recorded at
77 K using a Micromeritics TriStar II BET instrument. Samples were degassed at 150 °C
for 5h under vacuum prior to nitrogen physisorption measurements. MoBbauer
spectroscopy was performed in transmission mode at room temperature using a Co>’/Rh
source. Data were collected with a scintillation detector and calibration of the velocity axis
was made with respect to a—Fe foil. The Raman spectra of catalysts coated on glass slides
were recorded with a wavelength of 514 nm laser at ambient condition by the Renishaw
Raman system.

Electrochemical measurements

All electrochemical measurements were performed using a CHI Electrochemical Station
(Model 760b) in a conventional three-electrode cell at room temperature. A glassy carbon
rotating disk electrode (GC-RDE) was used as the working electrode. Each catalyst was
mixed with isopropanol and 5 wt% suspension of Nafion® in alcohols to produce catalyst
ink that was drop-cast onto the GC-RDE and air-dried at 60 °C. Cyclic voltammetry (CV)
was then recorded in N,-saturated 0.5 M H,SO, electrolyte at a scan rate of 20 mV/s to
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estimate the electrochemically accessible surface area from the double layer capacitance,
assuming a capacitance 30 puF per cm? of the catalyst surface (These M-N-C catalysts
contain almost 95% of carbon.), following the approach in our previous work>?. The ORR
activity and four-electron selectivity were determined from rotating ring disc electrode
(RRDE) measurements, performed in O,-saturated 0.5 M H,SO, at room temperature and
rotation rate of 900 rpm. A graphite rod was used as the counter electrode. Hg/HgSO, in
saturated K,SO,, was the reference electrode. The catalyst loading RDE/RRDE testing was
0.8 mg/cm?, except in the loading dependence studies. ORR steady-state polarization plots
were recorded using potential steps of 0.05 V at time intervals of 30 s in the potential range
from 1.0 to O V vs. RHE. The potential of platinum ring on RRDE was kept at 1.2 V vs.
RHE during recording ORR polarization curves. The hydrogen peroxide yield was
calculated from the recorded ring (I;) and disk current (I4) using the following equation
where N=0.36 is collection efficiency:
H,0, yield (%) = 200L/(I,+Nly)

Two accelerated stress testing approaches (potential cycling and constant potential holding)
are both employed to evaluate the stability of catalysts in RRDE. The potential cycling was
carried out from 0.6 to 1.0 V vs. RHE for 40,000 cycles in an oxygen saturated 0.5 M
H,SO,. The polarization curves were recorded every 10,000 cycles. Chronoamperometry
was used to conduct constant potential holding at 0.85 V vs. RHE for 100 h in an oxygen
saturated 0.5 M H,SO,. The corresponding polarization curves were taken every 10 h.

Fuel cell testing

Catalyst ink containing 35 wt% of Nafion® was made by ultrasonically mixing the catalyst,
isopropanol, de-ionized water, and 5% Nafion® suspension in alcohols at a 1:12:12:11
weight ratio for three hours. The inks were applied to the membrane by brushing until the
cathode catalyst loading of ~4.0 mg cm was reached. A commercial Pt-catalyzed gas
diffusion electrode (GDE, 0.2 mgp/cm?, IRD Fuel Cells) was used at the anode. The
cathode gas diffusion layer and the anode GDE were hot-pressed onto a Nafion® 212/211
membrane at 125°C for 5 minutes. The geometric surface area of the membrane electrode
assembly (MEA) was 5.0 cm?. Fuel cell testing was carried out in a single-cell fuel cell
with a single-serpentine flow channels. Pure hydrogen and air/oxygen humidified at 80 °C
were supplied to the anode and cathode, respectively, at a flow rate of 200 mL/min. The
total partial pressure of gases at both electrodes was 1.0 bar. Fuel cell polarization plots
were recorded using standard fuel cell test stations (Fuel Cell Technologies Inc.) in a
voltage control mode. Chronoamperometry was employed to record the current change
during the constant potential holding at 0.7 V or 0.55 V for 118 h and 95 h in the H,-air
cell with the same condition used for testing polarization curves.
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Figure S1. (Top) Schematic illustration of synthesis of precursor Fe-ZIF and their derived catalysts
Fe-ZIF with various doped Fe content in ZIF-8 precursors. (Bottom) Basic An assembled fuel cell
hardware used for PEFC tests (Reproduced from fuel cell training materials of Los Alamos
National Laboratory)
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Figure S2. The BET surface area of 1.5Fe-ZIF as a function of the heat-treatment temperature in
the range from 500 °C to 1100 °C. The BET surface area of the precursor is shown with an open
circle.
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Figure S3. XRD patterns for (a) Fe-free and Fe-doped ZIF precursors and (b) ORR catalysts
obtained after single heat-treatment at 1100 °C as a function of the doped Fe content.
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Figure S4. Raman spectroscopy of the Fe-ZIF catalysts (pyrolyzed at 1100 °C) with different Fe

content in the precursor. (a) Raman spectra for three selected catalysts (Fe-free and two Fe-
containing ones); (b) Raman spectra for all studied catalysts.



Figure S5. The HR-TEM images of the carbon structure of catalysts derived from ZIF-§;
1.5Fe-ZIF, and 9.0Fe-ZIF. Red arrows pointing to different carbon structures present.
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Figure S6. Isothermal N, sorption curves for (a) ZIF-8, 1.5Fe-ZIF and 9.0Fe-ZIF precursors and
(b) catalysts derived from these precursors. (¢) Pore-size distribution plots for ZIF-8, 1.5Fe-ZIF

and 9.0Fe-ZIF precursors; (d) cumulative pore volume in ZIF-8, 1.5Fe-ZIF and 9.0Fe-ZIF

catalysts as a function of the pore width.
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Figure S8. Scanning electron microscopy images of Fe-doped ZIF precursors with various Fe

content (left) and of the corresponding catalysts after the heat treatment at 1100 °C (right).
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Figure S9. Morphology of the “Fe-free” ZIF-8 precursor and catalyst before and after the
heat treatment at 1100 °C.
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Figure S10. TEM images in bright field mode and in HAADF mode for catalysts derived from
(a, b) ZIF-8, (¢, d) 1.5Fe-ZIF, and (e, f) 9.0Fe-ZIF.

13



o

o

o

e,

) O
—

=Y

——Activity at 0.85V
—— Activity at 0.80 V

w
E ~
;S 0.80 E‘ i
=2 -
8 075} Z 20
c v
by c
B 0.70} 2
=%
o g 1k
2 0.65 g
: 3
[Fe
= 060 oL
= 1 1 I 1 I 1 1 I I 1
0 2 4 6 8 10 0 2 4 6 8 10
Nominal Fe/Zn ratios in precursors Nominal Fe/Zn ratios in precursors

—
(g)
S
o
p—
Q.
—
o

+0'2 mg]cmz +§1-2F"'Z|F§ s ; ; "
afo e 0Ame/em? A LSFEZIF
~0.6mg/em? . 18FeZF
. +-08mgfem? 2| -22FeZIF
~+1.0mg/cm? |

2.5Fe-ZIF

Current density mA/cm?
o

N : : : : N A
4 e AT
R A 0.5 MH,50, , 900 rpm 0.5 MH,50,, 900 rpm

25°C, O, saturated 5 ; ; ‘ 25:“(:, 0, fawralied

51 ; i i - \ i i ;
0.1 02 03 04 05 06 07 0.8 09 1.0 0.1 0.2 03 04 05 06 0.7 08 09 1.0

Current density mA/cm?

Potential (V vs. RHE) Potential (V vs. RHE)

(f)

O

0 ; : 3 1.00 ; : :
- - 15Fe-ZIF ——15Fe2IF |
”E 1 i i : : ! :
L B 0.75 -
<
E o

2+ g % ; :
& > o050
b S.
© T
e 30 i 5 i
s 0250
= ; ; i i i
=]

U R O O O O Lt
o 4 1 1 1 1 1 J’ E : s - :
i | O, safurated, 25°C 0.00 i i i i i i
01 02 03 04 05 06 07 08 09 10 01 02 03 04 05 06 07 08
Potential (V vs. RHE) Potential (V vs. RHE)

Figure S11. ORR activity of Fe-ZIF catalysts as a function of the doped-Fe content using (a) ORR
half-wave potential determined in RDE testing at a rotation speed of 900 rpm and (b) current
density at high potentials of 0.85 V and 0.80 V; catalyst loading of 0.8 mg/cm?. (¢) ORR RDE
plots for the best performing 1.5Fe-ZIF catalyst at different loadings at the disk. (d) ORR RDE
plots for Fe-ZIF catalysts with Fe content from 1.2 to 2.5 at%. ORR activity (e) and selectivity (f)
for the best performing Fe-N-C catalysts with error bars.
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Table S1. Summary of RDE performance in acidic electrolytes of the most active 1.5Fe-ZIF

catalyst in this work and several Fe-N-C catalysts reported in literature.

Electrolyte and Ons‘et Half—v.vave Current density
Catalyst disk rotation | Potential/V' | potential V.| .4 g 9y (5, Ref.
rate/rpm (vs. RHE) (vs. RHE) RHE) /mA c¢m
1.5Fe-ZIF | 0.5 M H,SO,, 900 0.98 0.88 1.5 This
work
Feo 5-900 0.1 M H,SO,, 1600 0.99 0.88 1.5 1
gn(elm)zTPI 0.1 M HCIO,, 1600 091 0.78 0.1 2
Fe/N/C/NF | 0.5 M H,SO,, 900 0.93 0.80 0.2 3
Fe SAs/N-C | 0.1 M HCIO,, 1600 0.95 0.75 0.4 4
PAN-Fe-C | 0.5 M H,SO,, 900 0.93 0.80 0.2 5
+

(CMHPAND 1 5 M H,50,. 900 0.95 0.80 0.2 6
Fe-C
Fe-N-C 0.1 M HCIO,, 1600 0.94 0.84 0.8 7
Fe-PAN-EN- | 5 M1 1,50, 900 0.95 0.83 0.8 g
hydrogel
(DFTPP)Fe-
o CNTS 0.1 M HCIO,, 1600 1.05 0.88 25 9
pCNT@Fel.
5%@GL- 0.1 M HCIO,, 1600 0.98 0.88 2.0 10
NH;
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Table S2. Summary of calculation for the maximum mass-based site density, mass-based kinetic current

and turnover frequency

s fe TOD el IO TOROSY g
1.5Fe-ZIF 2.142 1.24 1.34x10%0 45.0 2.14 This work
FePhenMOF-ArNH;  0.5° 0.2 2.16x10%° 7.78 2.40 12
Fe-N-C-3HT-2AL  6.0° 1.33 1.43x10%0 21.0 0.92 7
a determined by XPS
b determined by ICP
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Figure S12. Cyclic voltammetry of Fe-free and Fe-ZIF catalysts in N, saturated 0.5 M H,SO,

Table S3. Electrochemically accessible surface area of Fe-free and Fe-ZIF-derived catalysts.

Electrochemically accessible

Catalysts surface area (m2/g)

ZIF-8 795
0.05Fe-ZIF 370
0.5Fe-ZIF 566
1.5Fe-ZIF 336
2.5Fe-ZIF >34
3.0Fe-ZIF 495
6.0Fc-ZIF 488
9.0Fe-ZIF 388
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Figure S13. The HAADF-STEM image of the 1.5Fe-ZIF catalyst after the cycling stability test
and the electron energy loss (EEL) spectra from the specified point cycled in green.

Figure S14. Carbon particle morphology in 1.5Fe-ZIF catalysts after potential cycling from 0.6
to 1.0 V in O,-saturated 0.5 M H,SO, solution for 30,000 cycles.
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Figure S15. Carbon particle morphology of the 1.5Fe-ZIF catalyst after the durability test at a
constant potential of 0.85 V for 100 hours. Micrographs highlight the appearance of Fe clusters
and rounding of the carbon particles that implies carbon corrosion.
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Table S4. Summary of activity and durability for PGM-free catalysts at RDE and fuel cells

Times | Acid- RDE tests in acid
of heat | leachi | electrolyte MEA tests
treatm | ng
ent Activity Stability Activity Durability
tal
Cat:l ys Loss in Eyp, Currc?nt Ref.
/V vs. RHE density Peak Current retention | Power density?
Ein (cycle @08V power /%, testing /W, (testing
/V vs. RHE numbers /mA density voltage /V, and voltage /V, and
from 0.6-1.0 and /W duration /h duration/h)
V vs. RHE) (Poidant)
1 No 20 mV
b
(10,1000 755 (1 bar): - 48 (0.171 V, 118
1.5Fe- 0.58 cycles) : ) 0.15°(0.55 V, 95 | This
ZIF 30 mv |06 | s1©55V,95 h) work
(40,000 h)
cycles)
Fegs- 2 No 150¢ . 0.25¢(0.5V 50
950 0.88 - (1.5bar) - 46° (0.5 V, 50 h) h) 1
_78- 400° 43%(0.5V, 100h) h)
1050°C - - 0.91¢ 11
(1.5 bar) 22¢(0.5V 100h) | 0.11°(0.5V 20
-15 h)
3 Yes 8§ mV
Fe/N/C 250° (2 . . 0.14° (0.5 V,
F 0.80 (35,000 bar) 0.90 28¢ (0.5 V,100h) 100h) 3
cycles)?
FePhen 2 Yes b
MOF- 0.78 - SOba(:;.S 0.40° - - 12
AI'NH3
1 Yes 100°¢ c
SA- 0.80 8m V(5,000 0.82¢ 23¢(0.5V,20h) 0.13°(0.5V, 13
Fe/NG cycles) (2.5 bar) 20h)
é(lingS 3 No 80 mV
%@GL 0.88 (Cl()c,l(::(;g) - - - - 10
NH; Y

a Stability test in N, saturated acids. Other catalysts were tested in O, saturated acids.

b H,-air cell
C H2-02 cell

d Calculated power density at the voltage for durability test
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