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Experimental Sections

Materials and Preparation of the catalysts

All reagents were analytical grade and used without further purification. All



solutions used in electrochemical experiments were prepared with Millipore water
(>18 MQ).

In a typical procedure, 1g MOFs were dried under vacuum at 60 °C for 3 hours and
then soaked in a certain amount methanol solution in the presence of urea, or dimethyl
sulfoxide (DMSO), or urea and DMSO for about 12 hours. The resulted MOFs were
filtered and carbonized in a flow of ultrapure N, for 5 hours at 900 °C with the heating
rate of 10 °C min’!. The obtained samples were collected and washed with dilute
hydrochloric acid solution and distilled water. The co-doped products were dried
under vacuum at 60 °C for 5 hours and denoted as NS(A:B)-C-MOF-5 (A:B
represents the atomic N:S ratio in NS(A:B)-C-MOF-5, which is listed in Table S1
(ESIt)).

For comparison, the pristine (C-MOF-5) or doped solely carbons with N (N-C-
MOF-5) or with S (S-C-MOF-5) were treated under similar conditions.
Characterizations

The HRTEM images were recorded on JEOL-2100F apparatus at an accelerating
voltage of 200 kV. Surface morphologies of the carbon materials were examined by a
scanning electron microscope (SEM, JSM-7600F) at an acceleration voltage of 10 kV.
The EDS spectra were taken on JSM-5160LV-Vantage typed energy spectrometer.
The powder X-Ray diffraction (XRD) patterns were recorded on a D/max 2500VL/PC
diffractometer (Japan) equipped with graphite monochromatized Cu K, radiation (A =
1.54060 A). Corresponding work voltage and current is 40 kV and 100 mA,
respectively. X-ray photon spectroscopy (XPS) was recorded by a scanning X-ray
microprobe (PHI 5000 Verasa, ULAC-PHI, Inc.) using Al k, radiation and the Cj;
peak at 284.6 eV as internal standard. The Raman spectra of dried samples were
obtained on Lab-RAM HRS800 with excitation by an argon ion laser (514.5 nm). The
nitrogen adsorption-desorption experiments were operated at 77 K on a Micromeritics
ASAP 2050 system. Prior to the measurement, the samples were degassed at 150 °C
for 10 hours.

Electrode preparation



All electrochemical experiments were conducted on a CHI 760D electrochemical
station (Shanghai Chenhua Co., China) in a standard three electrode cell at room
temperature. An Ag/AgCl with saturated KCI, and a Pt wire were used as reference
and counter electrode, respectively.

The procedures of glass carbon electrodes (5.0 mm in diameter from Gamry
Instruments, USA) preparation were as follows: prior to use, the electrodes were
polished mechanically with aluminite power under an chamois, successively washed
with ethanol and de-ionized water by sonication for 5 minutes, and dried in a
desiccator. 4 mg of the catalysts were dispersed in 2 ml of solvent of Nafion (5%) and
de-ionized water (1:9) by sonication, respectively. Typically, 10 ul (2 mg/ml) well-
dispersed catalysts suspensions were pipetted onto the glassy carbon electrode surface
and allowed to dry at room temperature for 30 minutes. For comparison, a
commercially available Pt-C (20 wt%, Johnson Matthey) catalyst was prepared in the
same way.

Cyclic voltammetry experiments (CVs) were performed at room temperature in 0.1
M KOH solutions which were purged with N, or O, for at least 30 minutes before
measuring oxygen reduction reaction (ORR) activity from -1.0 to 0.2 V at a scan rate
of 100 mV s

In the rotating disk electrode (RDE) and rotating ring-disk electrode (RRDE) tests,
the linear sweep voltammograms (LSVs) were measured in O, saturated 0.1 M KOH
solution and the potential was varied from 0.2 to -1.0 V with a scan rate of 10 mV s!
at various rotating speeds from 400 to 1600 rpm.

To examine the ORR performance, the number of electrons (n) was conducted
according to Koutecky-Levich (K-L) equation:

(1) J! = I+ I = (Bo'2) ! + I,

(2) B=0.62nFCy(Dgy)?3 v -1/

(3) Jx =nFkCop,

Where J is the measured current density, J, and J are the kinetic and diffusion-

limiting current density, respectively. B is Levich slope which is given by (2). N is the



number of electrons transferred for ORR. o is the rotation rate (m = 2 nN, N is the
linear rotation speed), F is the Faraday constant (F = 96485 C mol!), v is the kinetic
viscosity, and Cq, is the concentration of O, (1.2*¥10 mol L), and Do, is the
diffusion coefficient of O, in 0.1 M KOH (1.9*10 cm s°!).

The electron transfer numbers (n) were also estimated by the rotating ring-disk
electrode (RRDE) technique, which was calculated as follows,

n=41Ip/(p+Ig/N)
where Ip and Iy are the disk current and ring current, respectively, N = 0.37 is the

current collection efficiency.
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Figure S1. Simulated and synthesized PXRD profiles of MOF-5.

Figure S2. (a-h) SEM of C-MOF-5, S-C-MOF-5, N-C-MOF-5, NS(1:1)-C-MOF-5, NS(1:2)-C-
MOF-5, NS(1:3)-C-MOF-5, NS(2:1)-C-MOF-5 and NS(3:1)-C-MOF-5, respectively.



Figure S3. (a-h) HRTEM of C-MOF-5, S-C-MOEF-5, N-C-MOF-5, NS(1:1)-C-MOF-5, NS(1:2)-
C-MOF-5, NS(1:3)-C-MOF-5, NS(2:1)-C-MOF-5 and NS(3:1)-C-MOF-5, respectively.
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Figure S4. (A) PXRD and (B) Raman spectra curves of (a) C-MOF-5, (b) S-C-MOF-5, (c) N-C-
MOF-5, (d) NS(1:1)-C-MOF-5, (e) NS(1:2)-C-MOF-5, (f) NS(1:3)-C-MOF-5, (g) NS(2:1)-C-

MOF-5 and (h) NS(3:1)-C-MOF-5, respectively.
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Figure S5. (a-h) EDS of C-MOF-5, S-C-MOF-5, N-C-MOF-5, NS(1:1)-C-MOF-5, NS(1:2)-C-
MOF-5, NS(1:3)-C-MOF-5, NS(2:1)-C-MOF-5 and NS(3:1)-C-MOF-5, respectively.
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Figure S6. (A) XPS-survey spectra and (B) XPS-C; spectra of (a) S-C-MOF-5, (b) N-C-MOF-5,
(c) NS(1:1)-C-MOF-5, (d) NS(1:2)-C-MOF-5, (e) NS(1:3)-C-MOF-5, (f) NS(2:1)-C-MOF-5 and
(g) NS(3:1)-C-MOF-5, respectively. (C) XPS-Ny; spectra of N-C-MOF-5 (a), NS(1:1)-C-MOF-5
(b), NS(2:1)-C-MOF-5 (c) and NS(3:1)-C-MOF-5 (d), respectively. (D) XPS-S,, spectra of S-C-
MOF-5 (a), NS(1:1)-C-MOF-5 (b), NS(1:2)-C-MOEFE-5 (c), NS(1:3)-C-MOF-5 (d), NS(2:1)-C-
MOF-5 (e) and NS(3:1)-C-MOFEF-5 (f), respectively. (X: Peak position)

The nature of N or S species in the surface of doped carbons was further investigated by X-ray
photoelectron spectroscopy (XPS) technique (Fig. S6A). The high resolution of C,g spectra of the
doped porous carbons indicate that the peaks at 284.5 eV correspond to the sp? hybridized C=C
bonds which indicate that graphite carbons are the majority, while the peaks at about 285.5 eV
confirm the present of C-O, C-S and C-N,?! and the peaks around 288.1 eV are assigned to C=0
configurations (Fig. S6).7 As illustrated in Fig. S6C, the Nj; XPS spectra of N doped carbon
materials can be fitted into three peaks at about 400.9, 399.8 and 398.6 eV, respectively.” The
peaks are assigned to graphitic N (~ 400.9 eV), prrolic N (~399.8 e¢V) and pyridinic N (~398.6 eV),
respectively. From Fig. S6C, it can be found that graphitic and pyridinic nitrogen of the N doped
carbon materials are the main components, compared to pyrrolic nitrogen. It is advantageous for
the metal-free carbon materials to be used for ORR, as the graphitic and pyridinic groups have
been shown to be more active than their pyrrolic counterpart. On the other hand, the binding
energy of XPS-S,, is used to analyze the elemental sulfur in the case of S-C-MOF-5 catalyst and
NS(A:B)-C-MOF-5 catalyst. As shown in Fig. S6D , two peaks appear at approximately 163.9 and
165.0 eV, which are assigned to S, 32 and Sy, 12, respectively, as the dominant products; the weak
peak at about 168.5 eV is attributed to oxidized sulfur groups (-C-SOx-C-),'® which are

unconspicuous and chemically inactive for ORR.
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Figure S7. (A) N, adsorption-desorption isotherms and (B) pore size distributions of C-MOF-5 (a),
S-C-MOF-5 (b), N-C-MOF-5 (c), NS(1:1)-C-MOF-5 (d), NS(1:2)-C-MOF-5 (e), NS(1:3)-C-
MOF-5 (f), NS(2:1)-C-MOF-5 (g) and NS(3:1)-C-MOF-5 (h), respectively.

The nitrogen adsorption-desorption isotherms of all carbon materials are of type IV with
distinct hysteresis loops (Fig. S7A). The average pore size of all the samples is about 3.8 nm by
BJH model according to the desorption branch (Fig. S7B), which is characteristic of mesopores. In
terms of the mesopore, it is beneficial to facilitate the diffusion of reactants for ORR.!3- 13
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Figure S8. (a-j) CVs of BGC, C-MOF-5, S-C-MOF-5, N-C-MOF-5, NS(1:1)-C-MOF-5, NS(1:2)-
C-MOF-5, NS(1:3)-C-MOF-5, NS(2:1)-C-MOF-5, NS(3:1)-C-MOF-5 and Pt-C electrodes in an
aqueous solution of 0.1 M KOH saturated by N, or O, or O,-saturated 0.1 M solution of KOH
solution upon addition of methanol for the ORR.
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Figure S9. LSVs and K-L plots of C-MOF-5 (a, b), S-C-MOF-5 (c, d), N-C-MOF-5 (e, f), NS(1:1)-
C-MOF-5 (g, h), NS(1:2)-C-MOF-5 (i, j), NS(1:3)-C-MOF-5 (k, 1) and NS(2:1)-MOF-5 (m, n) in
O,-satureated 0.1 M KOH solution with a sweep rate of 10 mV s!' from -04 to -0.9 V,
respectively. The inset shows the dependence of n on the potential on the corresponding left.
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Figure S10. RRDE voltammograms of the NS(3:1)-C-MOF-5 electrode in an O,-saturated 0.1 M
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To further examine the ORR catalytic pathways of NS(3:1)-C-MOF-5, we carried out rotating
ring-disk electrode (RRDE) measurement. The average electron transfer number of the NS(3:1)-C-
MOF-5 catalyst is about 3.6.
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Figure S11. Current-time (i-t) chronoamperometric response of NS(3:1)-C-MOF-5 and Pt-C

electrodes at -0.4 V in O,-saturated 0.1 M KOH at a rotation rate of 1600 rpm.



Table S1 Elemental compositions of the porous carbon materials after carbonization at 900 °C,

determined by XPS on the left. The BET surface areas of the porous carbon materials are shown

on the right.

Elemental composition (at %) BET surface

Materials C N S about atomic N:S ratio area (m2 g')
C-MOF-5 95.83 —a —a —a 1673
S-C-MOF-5 93.54 —a 2.3 —a 1588
N-C-MOF-5 92.9 3.65 —a —a 1466
NS(1:1)-C-MOEF-5 90.3 1.31 1.21 1:1 942
NS(1:2)-C-MOF-5 93 0.69 1.52 1:2 1577
NS(1:3)-C-MOF-5 95.52 0.61 1.79 1:3 1421
NS(2:1)-C-MOEF-5 90.9 2.31 1.14 2:1 1195
NS(3:1)-C-MOEF-5 88.85 3.31 1.08 3:1 1091

2 No available data for the comparisons.

Table S2 Comparisons of electrochemical properties for different carbons at various conditions.

Reference Peak Onset
Materials electrode  potential(V) potential(V) Electrolyte Refs.

NS(3:1)-C-MOF-5 NHE 0.047 0.192 0.1 MKOH  This work
NS(2:1)-C-MOF-5 NHE -0.003 0.187 0.1 MKOH  This work
NS(1:1)-C-MOF-5 NHE -0.013 0.177 0.1 MKOH  This work
NS(1:2)-C-MOF-5 NHE -0.053 0.137 0.1 MKOH  This work
NS(1:3)-C-MOF-5 NHE -0.093 0.107 0.1 MKOH  This work
N-C-MOF-5 NHE -0.033 0.174 0.1 MKOH  This work
S-C-MOF-5 NHE -0.103 0.087 0.1 MKOH  This work
C-MOF-5 NHE -0.043 0.167 0.1 MKOH  This work
N-doped N-C-MOF-5 NHE -0.033 0.174 0.1 MKOH  This work

B;CNTs NHE -0.1082 -0.008P 1.0 M NaOH 1

B;CNTs-NH; NHE -0.0682 0.022b 1.0 M NaOH 2

N-graphene NHE -0.165 0.025b 0.1 M KOH 3
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NCNTs (BTA)
VA-BCN
PDDA-graphene
NG-NCNT
NOMGAs
N-graphene
NCNTs
N-graphene
NGS5
G-CN800
2-CsN4y@CMK-3
PDDA-ACNT
VA-NCNT
N-HCNPs
NG
N-RG-O (8507C)
NG-900
BCN-graphene
MNC-800
Meso-EmG
NCNT-1000

N-graphene (900)

S-doped S-C-MOF-5
SGnP
S-graphene-1050

SGnP

N and S

co-doped NS(3:1)-C-MOF-5

NS(2:1)-C-MOF-5

NHE

NHE

NHE

NHE

NHE

NHE

NHE

NHE

NHE

NHE

NHE

NHE

NHE

NHE

NHE

NHE

NHE

NHE

NHE

NHE

NHE

NHE

NHE

NHE

NHE

NHE

NHE

NHE

-0.0092

-0.058>

-0.1082

-0.058P

-0.0552

-0.115P

-0.0732

-0.0232

-0.103v

-0.0452

0.0172

-0.0382

0.0472

-0.095*

-0.1152

0.0452

-0.0382

0.025P

0.0052

-0.095*

-0.05b

-0.103

-0.145P

-0.093b

-0.195°

0.047

-0.003

-0.0792

0.092>

0.0922

0.1022

0.0752

0.0752

0.077°

0.077°

0.0972

0.105P

0.0972

0.1522

0.1172

0.1252

0.165*

0.167°

0.1752

0.242b

0.2352

0.2322

0.3252

0.3082

0.087

0.0452

0.117°

-0.015°

0.192

0.187

0.1 M KOH

0.1 M KOH

0.1 M KOH

0.1 M KOH

0.1 M KOH

0.1 M KOH

0.1 M KOH

0.1 M KOH

0.1 M KOH

0.1 M KOH

0.1 M KOH

0.1 M KOH

0.1 M KOH

0.1 M KOH

0.1 M KOH

0.1 M KOH

0.1 M KOH

0.1 M KOH

1.0 M NaOH

0.1 M KOH

0.1 M KOH

0.1 M KOH

0.1 M KOH

0.1 M KOH

0.1 M KOH

0.1 M KOH

0.1 M KOH

0.1 M KOH
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NS(1:1)-C-MOF-5 NHE
NS(1:2)-C-MOF-5 NHE
NS(1:3)-C-MOF-5 NHE
CA-TCA_900 NHE
SNGL-20 NHE
N-S-graphene NHE

-0.013
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-0.093

-0.153
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-0.0352

0.177

0.137

0.107

0.0672

0.0872

0.145P

0.1 M KOH

0.1 M KOH

0.1 M KOH

0.1 M KOH

0.1 M NaOH

0.1 M KOH
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2 Reported values derived from the ref.
b Reported values estimated from the ref.

¢ No data derived from the ref.
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