PNAS

WWW.pnas.org

Supporting Information for
Dual-axial Engineering on Atomically Dispersed Catalysts for Ultrastable
Oxygen Reduction in Acidic and Alkaline Solutions

Meng Dan,2b Xiting Zhang,2 Yongchao Yang,© Jingfei Yang,2 Fengxiu Wu,2 Shenlong Zhao,*¢ Zhao-Qing
Liu*a

*Shenlong Zhao

Email: shenlong.zhao@sydney.edu.au
*Zhao-Qing Liu

Email: Izqgzu@gzhu.edu.cn

This PDF file includes:

Supporting text
Figs. S1 to S36
Tables S1 to S9
S| References



Supporting Information Text
Experimental details

Preparation of catalysts. All chemicals with analytical grade were used as received without further
purification. The ZIF-8 and Co-ZIF-8 were synthesized by a simple solvothermal method. Concretely, 2-
methylimidazole (16 mmol) was dissolved in 15 mL methanol under stirring in flask A. Zn(NO3)2-6H20
(4 mmol) was dissolved in 30 mL methanol to form a clear solution in flask B. The solution in flask B
was subsequently added into flask A under vigorous stirring (1000 rpm) for 1 h. The solution was
transferred into a 100 mL Teflonlined stainless-steel autoclave and heated at 120 °C for 4 h. The product
was separated by centrifugation, washed with methanol for five times and finally dried at 70 °C under
vacuum overnight. Similarly, the Co-ZIF-8 was synthesized except that the 0.4 mmol Co(NOs)2:6H20
was also added into flask B. The Co/CN, Co/DACN and the controlling samples were prepared via
pyrolysis. The as-obtained ZIF-8 or Co-ZIF-8 was transferred into a quartz boat and placed in a tube
furnace, heated to the desired temperature at a rate of 5 °C-min-! under flowing Ar gas with a dwell time
of 3 h, and then naturally cooled to room temperature. Concretely, the Co/CN and Co/DACN were
prepared by pyrolysis of Co-ZIF-8 precursor at 900 and 950 °C (above the boiling point of Zn (907 °C))
(1,2), respectively. The Zn/CN was synthesized with ZIF-8 as precursor at 900 °C for comparison.

Materials characterizations. Scanning electron microscopy (SEM) images were taken on a JEOL JSM-
7600F microscope. Transition electron microscopy (TEM) measurements were conducted on
ThermoFisher Talos F200X (FETEM) operated at 200 kV. HAADF-STEM images were taken using a
convergence semi-angle of 11 mrad with inner and outer collection angles of 59 and 200 mrad,
respectively. The corresponding EDS mapping was conducted using 4 in-column Super-X detectors. X-
ray diffraction (XRD) patterns were recorded with a Panalytical X'Pert Pro X-ray Powder Diffractometer
using Cu Ka radiation. The D- and G- bands of the carbon in the pyrolyzed samples were analyzed by
Raman spectroscopy on a HORIBA JobinYvon with a 514 nm laser acting as an excitation source. The
Nz adsorption-desorption isotherms and pore-size distributions were determined at 77 K with a
Quadrasorb Sl analyzer. The Brunauer-Emmett-Teller (BET) method was utilized to calculate the
specific areas of the samples. X-ray photoelectron spectroscopy (XPS) was measured on a PHI5300
spectrometer with a Kratos Axis Ultra DLD electron detector. All XPS calibrations were referenced to
the surface adventitious carbon at 284.8 eV. The elemental compositions were measured by inductively
coupled plasma atomic emission spectroscopy (ICP-AES) on a Varian ES.

X-ray absorption spectra (XAS), including X-ray absorption near-edge structure (XANES) and extended
X-ray absorption fine structure (EXAFS) of the samples at Co K-edge (7.69 - 7.79 keV) and Zn K-edge
(9.64 - 9.73 keV) were collected in transmission mode at the Singapore Synchrotron Light Source
(SSLS) center, where a pair of channel-cut Si (111) crystals was used as the monochromator. The
storage ring was working at the energy of 2.5 GeV with an average electron current below 200mA. The
EXAFS data were extracted and fitted according to the standard procedures using the ATHENA module
implemented in the FEFF6.0 software packages (3). The k3-weighted Fourier transform (FT) of x (k) in
R space was obtained over an R-range of 0-14.0 A1 by applying a Besse window function.

Electrochemical measurements. Electrochemical measurements were performed using a standard
three-electrode system on an electrochemical workstation (Princeton Applied Research model: 636 A).
Hg/HgO and Hg/HgCl electrodes were used as the reference electrode in alkaline and acidic media,
respectively, a carbon rod as the counter electrode, and a glassy-carbon Rotating Ring-Disk Electrode
(RRDE, 5 mm in diameter) as the working electrode. Cyclic voltammetry (CV) and linear sweep
voltammetry (LSV) curves were obtained in an O2- or Nz-saturated 0.1 M KOH solution. Prior to
electrochemical measurements, 4.9 mg of the catalyst was dispersed in a mixture of 300 pL DI water,
700 pL ethanol and 20 pL Nafion solution, followed by ultrasonication for 30 min to prepare catalyst ink.
Subsequently, 10 L of a catalyst ink was transferred onto the RRDE.

Before the ORR test, CVs in Oz-saturated 0.1 M KOH or 0.5 M H2S0O4 were performed at 50 mV s for
at least 10 cycles to clean and stabilize the catalyst surface. And then, LSVs of the ORR measurements
were conducted in 0.1 M KOH or 0.5 M H2S04 purged with Oz (saturated) at a scan rate of 10 mV st
and a rotation rate of 1600 rpm. The durability of the catalyst was evaluated by the Chronoamperometric
(CA) method in Oz-saturated 0.1 M KOH or 0.5 M H2S0Os at a constant potential of 0.60 V vs. RHE. The
electron transfer number (n) and the yield of peroxide (y) were calculated from the disk current (Ipisk)
and ring current (Iring) during the RRDE measurements using the following Egs. (1) and (2):

N = 4lpisk/(Ipisk*+IRing/N) (8]
y(%) = (200x%IRring/N)/(Ipisk+Iring/N) 2)
where N = 34% is the current collection efficiency of the Pt ring.



The electrochemically active surface area (ECSA) was estimated by the double-layer capacitance (Ca)
via CVs in a non-Faradaic potential region at scan rates ranging from 5to 50 mV st in 0.1 M KOH. The
ECSA was calculated from the corresponding Ca, based on Eq. (3):

ECSA = Cul/Cs 3)

The Ca was calculated as the double-layer charging current divided by the scan rate (Ca = ic/v). The Cs
is the specific capacitance, reported to be similar in the same aqueous electrolyte (4).

The mass and specific activities were calculated using Egs. (4) and (5):

Mass activity(mA/mgmetal) = j/catalyst loading(mgmeta/cm?) (4)
Specific activity (mA/cm?ecsa) = mass activity/ECSA (cm?2/mgcatalyst) (5)
where jk is the kinetic current density according to the Koutecky—-Levich equation.

All the measured potentials against the Hg/HgO were converted to the reversible hydrogen electrode
(RHE) using the equation: E(RHE) = E(Hg/HgO) + 0.0591pH + 0.098 V.

All the measured potentials against the Hg/HgCl2 were converted to the reversible hydrogen electrode
(RHE) using the equation: E(RHE) = E(Hg/HgCl2) + 0.0591pH + 0.241 V.

ZAB measurements. The performance testing of the catalysts in rechargeable ZABs was conducted
using homebuilt electrochemical cells. All data were collected using a CHI 760D (CH Instruments, Inc.,
Shanghai, China) electrochemical workstation at room temperature. Zinc foil was used as the metal
anode, and the air electrode was fabricated using a Nafion-coated carbon fiber paper loaded with 3.0
mg Pt/C and 3.0 mg catalyst. For comparison, a gas diffusion layer loaded with 3.0 mg Pt/C and 3.0 mg
IrO2 was used as the air electrode. For all ZABs, an aqueous 6.0 M KOH solution was used as the
electrolyte.

DFT calculations. First-principle calculations were performed with the Vienna Ab Initio Simulation
Package (VASP, version 5.4), utilizing a generalized gradient approximation (GGA) with the
Perdew-Burke-Ernzerhof (PBE) exchange and correlation functions (5, 6). A plane-wave basis
set with a cut-off energy at 400 eV within the framework of the projector-augmented wave
method was used (7,8). The Brillouin zone was sampled with 3 x 3 x 1 K points. The vacuum
space was set to 15 A to avoid the interaction between neighboring lattices. All atoms were
converged to 0.01 eV/A. The geometry optimization convergence tolerance of energy and the
force were set to 1.0 x 1074 eV/atom and 0.03 eV/A, respectively. The spin polarization was
considered in all calculations.

Adsorption energies of gas molecules were calculated by the Eqg. (6):

Eads = Etot—(Ecatar+Emol) (6)
where Etot, Ecatal, and Emol refer to the DFT calculated total energy of the adsorption complex, the
catalyst structures and the isolated molecules, respectively.

The free energies of ORR species (AG) can be expressed as the Eq. (7):

AG = Eads + AEzre — TAS )
where AEzpe and TAS refer to zero-point energy correction and entropic energy, respectively, the free
energy of (H* + e) at standard conditions is assumed to be 1/2 Hz (9).



Fig. S1. SEM images of (A) ZIF-8 and (B) Co-ZIF-8. The ZIF-8 and Co-ZIF-8 exhibited similar

morphology with rhombic dodecahedron shape.
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Fig. S2. XRD patterns of ZIF-8 and Co-ZIF-8. The XRD patterns of ZIF-8 can be still maintained with

the introduction of Co.
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Fig. S3. XRD patterns of Zn/CN, Co/CN and Co/DACN.
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Fig. S4. Raman spectra of the Zn/CN, Co/CN and Co/DACN.



Fig. S5. SEM images of (A) Zn/CN, (B) Co/CN, (C) Co/DACN at high and low magnifications.
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Fig. S6. Microscopic characterization of Zn/CN. (A) TEM images, (B, C) HAADF-STEM images, (D)
STEM image and the corresponding elemental distributions of Zn (purple), Co (yellow), C (green), and
N (blue).
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Fig. S7. Microscopic characterization of Co/CN. (A) TEM images, (B, C) HAADF-STEM images, (D)
Scanning transmission electron microscopy (STEM) image and the corresponding elemental

distributions of Zn (purple), Co (yellow), C (green), and N (blue).
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Fig. S8. XPS survey spectra of Zn/CN, Co/CN and Co/DACN catalysts.
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Fig. S9. High resolution XPS spectra of (A) Co 2p, (B) Zn 2p, (C) C 1s, and (D) N 1s for Zn/CN, Co/CN
and Co/DACN. In Co 2p XPS spectra, the peak of Co 2ps;2 was located at 780.45 and 780.88 eV for
Co/CN and Co/DACN, respectively, which centered between 778.1-778.8 eV (Cao®) and 780.9 eV (Co?*).
Therefore, the chemical valence of Co was close to +2 in these samples. The peak of Zn 2ps2 was

located at about 1021.3 eV for Zn/CN and Co/CN, respectively, different from that (1022.0 eV) for ZnO
and metal Zn°(1020.8 eV).
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Fig. S10. a) Normalized XANES spectra at Co K-edge for Co/CN, Co/DACN, and reference samples,
b) WT-EXAFS contour plots at Co K-edge for Co/CN, Co/DACN and the reference CoPc.
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Fig. S11. a) Normalized XANES spectra, b) FT-EXAFS spectra and fitting curves at Zn K-edge for
Zn/CN, Co/CN, Co/DACN, and reference samples, ¢) WT-EXAFS contour plots at Zn K-edge for Zn/CN,
Co/CN, Co/DACN, and the reference ZnPc. The K-edge XANES spectra of Zn (Fig. S11a) supported
that the valence state of Zn was between 0 and +2, which was consistent with the XPS results (Fig. S8,
9 and Tables S3-5). The Fourier transform k3-weighted EXAFS (FT-EXAFS) spectra showed that the
coordination environment of Zn was similar to that of zinc phthalocyanine (ZnPc) with the main peak at
around 1.60 A corresponding to the scattering path of Zn-N bond rather than Zn-Zn bond (Fig. S11b).
Wavelet transform (WT) was also employed to investigate the Zn K-edge EXAFS oscillations of Zn/CN

and Co/CN. Only one intensity maximum was located at about 5.4 A-! which was close to that in the

reference ZnPc.
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Fig. S12. Zn K-edge EXAFS spectra in k space for a) Zn/CN and b) Co/CN.
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Fig. S13. Co K-edge EXAFS spectra in k space for a) Co/CN and b) Co/DACN.
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Fig. S14. Optimized calculation models for a) Co/DACN, b) Co/CN and c) Zn/CN.
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Fig. S15. Optimized theoretical models for Co/DACN-S, the Co/DACN-S with single layer Co/DACN

structure.
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Fig. S16. Density of states (DOS) of Zn/CN, Co/CN and Co/DACN.
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Fig. S17. DOS of 3d orbitals of Co in Co/CN and Co/DACN.
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Fig. S18. The d-band centers of Co atom in all-obtained catalysts.
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Fig. S19. Electron location function (ELF) and charge density plots of Co/CN and Co/DACN, whereas

the charge accumulation and depletion are represented in blue and yellow regions, respectively.
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Fig. S20. The binding energies of Co 2ps2 from XPS studies.
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Fig. S21. Calculated free energy diagram of ORR on the different samples at 0 and 1.23 V.

ov
4
3
1.23V
04
22 ;
OZ

*OOH

24

Zn/CN
Co/CN
~——— Co/DACN
Co/DACN-S
)
-‘"'_'._.'_.'.'T*\“:‘
\:‘\
’—\ \E\‘J
\\\\ —— ;“.
\‘_ - :E' :
*0 *OH H,0




Zn/CN
Co/CN
5 Co/DACN
) Co/DACN-S
0.85V /
3 \\ N ~ . CE—
% 14 \\ \_\\\\
B ‘\ \ \\
c \ \\
@ '—\ 1Y
Q N
Q . \ —
I.IL. 0 | \\ — 0
\‘_\\ l"
\\\ ,
-1 4
0, *OOH *0 *OH H,0

Fig. S22. Calculated free energy diagram of ORR on the different catalysts at 0.85 V.
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Fig. S23. CV curves of Co/DACN in Oz- or Nz-saturated 0.1 M KOH solution.
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Fig. S25. CV curves of a) Pt/C, b) Zn/CN, c) Co/CN, and d) Co/DACN.
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Fig. S26. The Ca values over these catalysts from Fig. 25.
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Fig. S27. Nitrogen adsorption-desorption isotherms of Zn/CN, Co/CN and Co/DACN.
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Fig. S28. BJH pore size distributions of Zn/CN, Co/CN and Co/DACN.
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Fig. S29. Peroxide yield and the corresponding electron transfer number at different potentials.
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Fig. S30. The XRD patterns of Co/DACN before and after the ORR
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Fig. S31. Charge and discharge polarization curves of Zn-air batteries.
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Fig. S32. Cycling performance of Co/CN at 10 mA cm™2,
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Fig. S33. Cycling performance of Pt/C at 10 mA cm™2,
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Fig. S34. Comparison of Zn-air battery performance using Co/DACN with the reported state-of-the-art
catalysts.
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Fig. S35. Elementary steps of the ORR on Co/DACN in alkaline media.
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Fig. S36. Charge density difference on Co/DACN during the ORR process.
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Table S1. Composition of all samples detected by ICP-MS measurements

Samples Zn wt.% Co wt.%
Zn/CN 8.89
Co/CN 5.04 4.37
Co/DACN 4.28
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Table S2. The atomic ratio of C and N in all samples detected by XPS

Samples CIN
Zn/CN 8.86
Co/CN 7.08
Co/DACN 29.53
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Table S3. Chemical composition of Zn/CN obtained by XPS analysis

Elements Assignment Position (eV)
C-N 287.49
C C=N 285.47
C-C 284.70
Oxidized N 402.90
N Graphitic N 401.07
Pyrrolic N 399.78
Pyridinic N 398.30
Zn 2p1s2, 2psr 1044.40, 1021.30
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Table S4. Chemical composition of Co/CN obtained by XPS analysis

Elements Assignment Position (eV)
C-N 288.15
C C=N 285.64
Cc-C 284.64
Oxidized N 403.38
Graphitic N 401.00
N Pyrrolic N 399.85
Pyridinic N 398.40
Zn 2p112, 2p3r 1044.44,1021.36
Co 2p1s2, 2Pz 795.70, 780.45
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Table S5. Chemical composition of Co/DACN obtained by XPS analysis

Elements Assignment Position (eV)
C-N 287.58

C C=N 285.27
Cc-C 284.70
Oxidized N 404.34

N Graphitic N 401.25
Pyrrolic N 399.90
Pyridinic N 398.53

Co 2p112, 2p3r 796.20, 780.88
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Table S6. Structural parameters extracted from the EXAFS fitting

Sample Bond CN R (A) 0?(103 A?) AE  x2/R factor
Zn/CN Zn-N 4.3  1.98(x0.069) 10.0(+0.013) 1.6 10.0/0.02
Co/CN Co-N 4.4  1.93(x0.05) 10.0(+0.006) -3.3  675.4/0.015
Co/DACN Zn-N 4.2  2.04(x0.12) 6.8(+0.003) 7.0  12.6/0.0007
Co/DACN Co-N 2.3 1.90(x0.10) 6.5(x0.007) 2.8 259.2/0.016
Co-C 29 2.12(x0.12) 6.5(x0.007) -2.8

Co foil Co-Co 12  2.49(x0.0015) 6.1(x0.00018) 5.8  19.8/0.00066
Zn foil Zn-Zn 6 2.63(£0.0051) 11.1(+0.00023) 3.5  21.7/0.0067

Note: The coordinated number Zn was about 4 in Co/CN and reference Zn/CN (Supplementary Table

6), which is similar to ZnPc.
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Table S7. The onset potential and half-wave potential of ORR

Samples Onset potential at 0.1 mA cm2 (V vs RHE) Half-wave potential (V vs RHE)

Co/DACN  0.95 0.85
Co/CN 0.93 0.82
Zn/CN 0.88 0.72
Pt/C 0.95 0.82
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Table S8. The surface area, pore size and pore volume of these samples

Samples Specific surface area (m?g?) Porevolume (cm®g?) Average pore size (nm)
Zn/CN 1013.04 0.05 2.91
Co/CN 1143.87 0.05 3.98
Co/DACN 1187.94 0.06 4.00
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Table S9. Comparison of Zn-air battery performance between Co/DACN and the reported state-of-the-

art catalysts

Voltage Gap Power Density o
Catalysts (AENV) (MW-cm?) Stability Ref.
2336 h (> 7000 cycles), 5
0.76 (5 mA cm™) mA cm .
Co/DACN 093 (10mAcm?) 2101 1688 h (5000 cycles), 10 1S Work
mA cm
. ~333 h (1000 cycles, 10
CoSA/N,S-HCS 0.82 1731 mA cm?)
Co SA/NCFs -- 154.5 600 h, 10 mA~? e
CoHITP2 -- 164 80 h, 5 mA? 12
Co-ASISNPS@NC - 2235 720h (1080 cycles), SMA g
Co-CMS 0.77 219 594 h, 2 mA cm? 4
O—-Co-N/C 0.722 143 150 h, 2 mA cm (15
OLC/Co-N-C 0.8 238 100 h, 2 mA cm? (19)
Fe—N/P—-C-700 -- 133.2 40 h, 10 mA cm? an
FeN4Cly - 170 100 h, 10 mA cm2 (18)
Fe—N4 _ 2 (19)
SAS/NPC 232 36 h (108 cycles), 2 mA
. N 450 h (2200 cycles), 10
Bilayer Fe—N,—C 2114 mA cm
Bilayer Fe—Ns - 164 320 h, 10 mA cm™ @1
CoNi-SAS/CN 0.82 101.4 ;gi h (95 cycles), S mA )
Fe—N4/Pt— _ - 2 (23)
N.@NC 200 40 h, 10 mAcm
PtCo-NC -- 204 35 h,10 mA cm? (24)
Fe—NiNC-50 0.86 220 10,1 (600 cydles), 10 )
Fe,Mn/N-C -- 160.8 81 h, 5 mA? (26)
FeMn-DSAC 0.71 184 80 h, 2 mA?2 @n
BTC—-Co—O—Cu— _ 2 (28)
BTA MOE 200 50 h (50 cycles), 50 mA
IrFe-N-C _ 2 (29)
cathode 113.9 30 h (60 cycles), 5 mA
(Zn,Co)/INSC -- 150 22 h, 5 mA? (30)
Fe1Co:-CNF 1.01 201.7 200,11 (600 cycles), 20
(Fe.Co)-SAICS 0.8 86.65 300 h (300 cycles), S mA™ (s
ZnCo-HNC -- 123.7 110 h, 5 mA?2 @3
CoFeN- 445 h (1335 cycles) 10 (3
NCNTsiccm 076 145 mA cm2
IrCo-N-C 0.701 138.8 225 (430 cycles) 5 MA
Zn/CoN-C -- 230 27.7 h,5 mA cm? (36)
RuCoNy/C 0603 130 70 21 (140 cycles), 2 mA 4,
electrode cm
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