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Abstract
Preparation of electrocatalysts often relies on the use of multiple starting materials — inorganic
salts or organometallic precursors, nanostructured carbon supports, organic additives, dopants
and carbonization under modifying atmospheres (e.g. NHz or Hz) — with the examples of
electrocatalysts arising from a single precursor being much less common. Herein, we have
surveyed a series of heterobivalent scaffolds to identify an iron/benzimidazole-based metal—
organic framework as a uniform starting material. By merging the catechol and imidazole units
together, we get direct entry into a highly efficient bifunctional oxygen electrocatalyst, which
alleviates the need for additional dopants and modifying conditions (ORR: Eo, = 1.01 V, Eip =
0.87 V vs. RHE in 0.1 M KOH; OER: 1.60 V @10 mA cm™2 in 0.1 M KOH; AE = 0.73 V). We
demonstrate that by fine-tuning the chemical nature of an organic linker, one is able modulate the
electrochemical properties of a single precursor-derived electrocatalyst material.
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Metal-organic frameworks (MOFs) are a great platform for designing and building novel
materials with a foray into applications in energy storage and conversion, e.g. water splitting, fuel
cells and metal—air batteries.[? MOFs incorporate both the metal centres and organic ligands,
which serve as essential building blocks.®! Hence, having an intrinsic ability to modify their
combinations may lead to more efficient, modular electrocatalyst materials. The oxygen reduction
reaction (ORR) electrocatalysts have been exemplary with different MOFs having been
traditionally employed as carbon-scaffolds and nitrogen-rich sources.” However, they often
necessitate using dopants to raise the overall performance of the underlying electrocatalyst.” To
date, only a few MOF-derived materials were shown to serve as highly efficient electrocatalysts



for ORR (Figure 1). Among them are iron-based MIL-88B-NH,," cobalt-based ZIF-67," and
bimetallic systems based on MET-6! and hexaaminebenzene.!”!
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Fig. 1 a) Organic ligands complexed to a metal (M), widely used to prepare M—N—C cathode electrocatalyst
materials for ORR. b) Non-innocent ligand participation in the ORR.[®% ¢) Metal-organic frameworks used
as single precursors for unsupported and non-doped ORR electrocatalysts.

In the ORR domain, the use of organic constituents for fabrication of earth-abundant metals-
based electrocatalyst materials (M—N—C) dates back['” to the report of the first M—N—C catalyst,
cobalt phthalocyanine (Figure 1a).'"! Since then, a number of complementary metal complexes
(e.g. phthalocyanines,"'? porphyrins,['*='®! phenanthrolines,!'’='°! and ferrocene®”) have been
examined. Recent work indicated that conductive MOFs such as Ms(HITP)®*?" and
M3(HHTP),?'*?2 may also serve as potential ORR catalysts. While such systems show low
intrinsic activity, they have been used to demonstrate that organic constituents can participate in
the [8e]IectrochemicaI Oz reduction through complementary ligand-centric mechanisms (Figure
1b).

Herein, we introduce a new family of carbon-rich®® benzimidazole-based MOF precursors,
which are equipped with additional functional groups to modulate their electronic and ligating
properties (Figure 1c). We assess them as ORR and oxygen evolution reaction (OER)?* catalyst
materials to identify that monocatechol/imidazole fused hybrid 1 is the best performing ligand for
fabricating effective bifunctional oxygen (ORR/OER, AE = 0.73 V in 0.1 M KOH) electrocatalyst
from an iron MOF-derived single-component precursor.

We envisaged building Fe-N-C catalyst from a single MOF precursor by using designer
ligands. While one would typically rely on multidirectional, symmetric structures based on
porphyrins, phthalocyanines and hexa-substituted triphenylenes, we wished to focus on
constructing several related heterobivalent units. This gave us means to see whether and how



different organic ligands can affect the morphology and catalytic performance of the final
electrocatalyst materials. To test this hypothesis, we prepared three MOFs as insoluble,
polycrystalline powders TAL-1, TAL-6 and TAL-7 from iron chloride and 5,6-disubstituted-1H-
benzo[dJfimidazoles (1, R = OH; 2, R = COOH; 3, R = OCH3) as ligands. For TAL-1, we have
tested various ratios of metal to linker (2:1, 1:1, 1:2), however, they did not significantly alter the
chemical composition of the material obtained (Table S2). TAL materials were then subjected to
carbonization at T = 900 °C and acid leaching to give three electrocatalysts termed TAL-1-900,
TAL-6-900 and TAL-7-900, respectively.

The structure and morphology of prepared electrocatalysts was examined by powder X-ray
diffraction (PXRD), X-ray photoelectron spectroscopy (XPS), high-resolution scanning and
transmission electron microscopy (HRSEM and HRTEM) (Figure 2 and Sl). The HRTEM images
of TAL-1-900 and TAL-7-900 show dense Fe/FesC nanocrystals, which are embedded into the
structured, onion-like shells of carbon (Figure 2d). The characteristic layer distance of the iron/iron
carbide particles was 0.203 nm and the spacing of the carbon shells was 0.371 nm, and they
remain constant after acid leaching.!*® The presence of a-Fe/FesC in TAL-1-900 and TAL-7-900
was confirmed by PXRD (Figure 2b). TAL-6-900 material, however, incorporated iron oxide
nanoparticles with a characteristic interplanar spacing of 0.29 nm corresponding to d (220) of
Fe;04.1%%1 The XPS survey spectra show the presence of carbon, oxygen, nitrogen and iron on the
surface of the catalyst materials (Figures 2c and S1 and Table S1). The deconvolved N1s region
shows the presence of Fe—Nx and pyridinic nitrogen species, which are both required for high
ORR/OER activity.!'%%4!
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Fig. 2 Physical and morphological characterization of TAL-derived composites and precursors. a) PXRD
patterns of TAL precursors, b) PXRD patterns of TAL-derived catalyst materials. c) XPS core-level spectra
in the N1s region. d) HRTEM micrographs. Scale bars, 10 nm.
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With optimized materials in hand, we evaluated electrochemical behaviour of TAL-1-900, TAL-
6-900 and TAL-7-900 using cyclic voltammetry (CV) in argon-saturated 0.1 M KOH solution at
room temperature (Figure 3a). We compared electrochemical performance against the state-of-
the-art commercial 20 wt% Pt/C catalyst (E-TEK; loading 20 uge: cm=2). The TAL electrocatalysts
exhibited a symmetrical and rectangular CV profile without any characteristic redox features. The
double-layer capacitance was larger than that of Pt/C, indicating that TAL-derived materials have
high electrochemically active surface area.

The rotating disk electrode (RDE) technique was employed to study the ORR kinetics of TAL-
modified glassy carbon (GC) electrodes in O;-saturated 0.1 M KOH (Figure 3b). TAL-1-900 (R =
OH) performed on par with 20 wt% Pt/C catalyst (Eon = 1.01V, E12=0.87Vvs. Ecn =1.01V, E12
= 0.85 V). While TAL-6-900 was less active than TAL-1-900, electrocatalyst TAL-7-900 showed
good performance, albeit with a slight offset in the onset potential (E.n). Notably, when 1 and
iron(Ill) chloride were pre-mixed in DMF for 2 h, concentrated and subjected to carbonization, the
afforded material was not effective in the ORR tests (data not shown). Hence, the formation of
corresponding MOFs is a prerequisite for fabrication of an active electrocatalyst.
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Fig. 3 Electrochemical oxygen reduction on TAL materials in 0.1 M KOH. a) Cyclic voltammograms of
electrocatalyst-modified GC electrodes (under argon); v = 50 mV s™'. b) RDE polarization curves for TAL
and Pt/C modified GC electrodes at 1900 rpm; v = 10 mV s~ ¢) Koutecky-Levich plots for Oz reduction on
TAL-1-900 modified GC electrode, inset: number of electrons transferred per O molecule. d) RDE
polarization data on oxygen reduction recorded at various rotation rates on TAL-1-900 modified GC
electrode; v = 10 mV s™'. e) Tafel plots for Oz reduction on TAL and Pt/C catalysts. f) Electrochemical
stability test for TAL-1-900.



Koutecky-Levich (K-L) plots (Figure 3c) were constructed from the RDE data (Figure 3d) and
showed good linearity and parallelism for TAL-1-900. This behaviour is typical for the first-order
reaction kinetics with respect to the concentration of dissolved dioxygen. The number of electrons
transferred per O molecule (n) was calculated from the RDE data using the K-L equation.’*”! All
TAL-derived electrocatalysts follow the desired four-electron transfer pathway (n = 4; the insets
in Figures 3d and S5), indicating that oxygen is reduced fully to water. Kinetic current densities
were calculated using the K-L equation at 0.9 V and compared. TAL-1-900 exhibited the jx value
similar to that of Pt/C (2.0 vs 1.9 mA cm™).

In the kinetically controlled region of the ORR, the Tafel plots of TAL-1-900 overlapped with
those of Pt/C, with two distinct regions present at different potential ranges (Figure 3e). TAL-1-
900 catalyst had similar dual Tafel slopes in the low and high overpotential regions as Pt/C (-56
and =130 mV dec™ vs. =61 and =117 mV dec™"). The Tafel slope value of —=56 mV dec™" for TAL-
1-900 indicates that the rate determining step in the ORR is the formation of adsorbed
intermediates (OOH).

After continuous cycling from 0.6 to 1.0 V vs. RHE, electrocatalytic activity of TAL-1-900
remained at the same level without any change in the onset potential (Figure 3f). However, only
a slight decrease in diffusion-limited current density was observed indicating that its porosity
remains largely unaffected.

As TAL-1-900 showed excellent electrocatalytic behaviour in the ORR tests, we wished to see
how it performs in oxygen evolution reaction (Figure 4). The materials with high bifunctional
activity are used in metal—air batteries,** however, the active sites responsible for OER’s high
activity are different from the sites required for ORR.!"%24 To assess the overall oxygen electrode
activity (AE) of TAL electrocatalysts, the potential differences of OER at a current density of 10
mA cm~ and of ORR at a current density of —3 mA cm were calculated at electrode rotation rate
of 1600 rpm. The bifunctional ORR/OER activity of TAL-1-900 (AE = 0.73 V; E1o = 1.60 V @10
mA cm2) is among the best reported to date (Table S3), while TAL-6-900 and TAL-7-900 were
less active (AE = 0.83 and 0.78 V, respectively).

TAL-1-900 has a Tafel slope of 84 mV dec™" (Figure 4b), which is considerably smaller than
those of TAL-6-900 (95 mV dec™'), TAL-7-900 (112 mV dec™") and Pt/C (112 mV dec™"), indicating
faster OER kinetics. The durability of TAL-1-900 catalyst was evaluated by chronoamperometry
test at applied potential of 1.6 V (Figure 4c). The current density of TAL-1-900 catalyst shows
slight increase during the testing time, demonstrating that the catalyst exhibits excellent durability
towards OER. Electrocatalytic OER behaviour also remained unchanged after continuous cycling
of TAL-1-900 electrode 5000 times in the potential range between 1.0 and 1.8 V vs. RHE (Figure
4d).
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Fig. 4 Electrochemical oxygen evolution on TAL materials in 0.1 M KOH. a) LSV curves for TAL-
modified GC electrodes, v =10 mV s~'. b) Tafel plots based on LSV curves. ¢c) Chronoamperometric
response for TAL-1-900 and Pt/C recorded at applied potential of 1.6 V. d) Electrochemical stability

of TAL-1-900 after 5000 cycles.

The overall relationship TAL-1-900 > TAL-7-900 >> TAL-6-900 indicates that electron-rich
precursors may boost the ORR/OER catalyst’s activity. Our observation, however, may have
several alternative explanations. These include rendering the activity of Fe—Ny sites and pyridinic
nitrogen;®'% initiation of ligand-centred 2ex2e pathway similar to the one proposed for HITP and
HHTP ligands (Figure 1b);®2"22 creation of hypothetical mixed Fe—N,/Oy sites; the control of pore
sizes and other structural aspects of the carbonised molecular meshwork. Notably, in the case of
TAL-6-900, we observed formation of FezOs but not Fe/FesC nanocrystals. While the M—Ny
species are known to reduce dioxygen in the ORR via a direct reduction of oxygen to hydroxide
(a 4e process), the less active metal-based particles (e.g. Fe/FesC,?® Fe,N?*?l) do it in a stepwise
2ex2e manner (first, forming the peroxides and then decomposing them to water).'®?! This
observation also suggests that the organic linker itself may modulate not only the rate of formation
of nanocrystals embedded into carbon support but also their composition.

Interestingly, we observe an improvement in TAL-1-900 vs. TAL-7-900 performance. This may
be attributed to the catechol unit itself because the iron—catechol complexation is sufficiently
strong®?® and several polycatechol-based covalent?® and metal-organic frameworks were
previously reported.?>* Hence, employing catechol precursors may lead to increased
conductivity of the final material and/or additional (electro)chemical contributions (e.g. enhanced
carbonisation or ligand-centred 2e x2e processes).

In summary, we have surveyed a series of carbon-rich, fused hybrid-type organic linkers to
construct iron-based MOFs, which serve as direct precursors for efficient bifunctional (ORR/OER)
electrocatalyst materials. This single-precursor strategy relied on carbonisation of benzimidazole
derivatives under non-modifying (N2) atmosphere. The active Fe-N-C materials contained Fe—
Nx sites, pyridinic nitrogen and Fe/FesC nanocrystals, except for TAL-6-900, which contained
FesO4 and was much less active. Our results confirm that there is a direct link between the
electronic and ligating properties of the initial organic ligand and the electrocatalytic properties of
the final electrocatalysts. Translating this into practice will require further exploration of structure—
activity relationships of chemically decorated carbon-rich precursors.
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1 Additional Data

Figure S1. The XPS survey spectra and Fe2p core-level XPS spectra for TAL-X-900 materials
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Table S1. Contents of different nitrogen and carbon moieties found on the surface of the catalyst material,
relative to the total nitrogen and carbon content in TAL-X-900 materials.

::;%m N-O | Graphitic | Pyrrolic | Fe—Nyx | Pyridinic

at% % % % % %

TAL-1-900 | 06 | 0 37 Py P

TAL-6-900 | 04 | 10 30 4 Py

TAL-7-900 | 1.0 | 1 51 5 38
TotalC | ¢_o-c, c-OH|C=0| 0-C=0 | Carbide | mn | sp? | sp°
9 % % | % % % % | %

at%

TAL-1-900 97 1 6 ”
TAL-6-900 97.4 63 -
TAL-7-900 93.5 42 ”

Table S2. Elemental analysis of TAL-1 prepared from different metal/ligand ratios

starting | Carbon | Hydrogen | Nitrogen
M/L % % %
21 33.54 3.23 13.50
1:1 36.31 3.18 14.16
1:2 39.65 3.05 15.03
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Figure S2. HRSEM images of TAL-1 (a,b), TAL-6 (c,d) and TAL-7 (e,f)

S4



EHT= 400kv 1pm
Detector = InLens

AT

-

3 pm

Nova NanoSEM NPEP278

TAL-6-900

10.00 kV | 11.8 pm 35 000 x 2. Nova NanoSEM NPEP278

TAL-7-900

Figure S3. TEM and HRSEM images of TAL-1-900 (a,b), TAL-6-900 (c,d) and TAL-7-900 (e,f)
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Figure S5. Koutecky—Levich plots for O reduction on TAL-6-900 and TAL-7-900 modified GC
electrodes; insets: number of electrons transferred per O: molecule

Table S3. Comparison of OER/ORR bifunctional activity (AE = E{(°*R*-E;,°%®) for different catalysts
measured in 0.1 M KOH [pyrolysis/graphitization was required in all instances]|

OER ORR
catalyst precursors AE E1o E1z " reference/
10mA cm @-3mAcm boi
@ @1600 rpm
Ry Mn(NOs)2 + Fe(NOs)s + Energy Environ. Sci. 2019, 12, ASAP.
e hexaminebenzene D L D DOI:10.1039/c8e602679g
facial cotton + NHgPYoysis Energy Environ. Sci. 2016, 9, 3079-3084.
NCMT-1000(3D) 0.63 1.52 0.89 DOI:10.1039/c6e€02169g
N-GT(FeCoNi)- . Adv. Energy Mater. 2016, 6, 1601198.
1000 DCDA + Fe, Co, Ni acetates 0.65 1.54 0.89 DOI10.1002/aenm. 201601198
. . Adv. Energy Mater. 2018, 8, 1800480.
CoNi@NCNT/NF NF + melamine + Co(NO3)2 0.67 1.54 0.87 DOI:10.1002/aenm. 201800480
GO + NHsH2PO4 + Energy Environ. Sci. 2017, 10, 1186—
PNGF(op) (NH4)2HPO4 0.705 1.55 0.845 1195.
+ cyanamide DOI:10.1039/c6ee03446b
TAL-1, i.e. .
TAL-1-900 FeCls+ Ligand 1 0.73 1.60 0.87 This work
ZIF-67 + HP™ e Nat. Energy 2016, 1, 15006.
R Co(NOs)o + mim W el — DOI:10.1038/nenergy20156
J. Am. Chem. Soc. 2014, 136, 13295—
Co0304-C/NA Co(C12Hs04)(H20)4 + Cu foil 0.74 1.52 0.78 13931.
DOI:10.1021/ja5082553
ZIF-67 + polypyrrole J. Am. Chem. Soc. 2016, 138, 10226—
Sl nanofibers + carbon cloths e i LED 10231. DOI:10.1021/jacs.6b05046
NiFe-LDH/ Nio.7sFe0.22(OH)/C 0.75 154 0.79 Energy Environ. Sci. 2016, 9, 2020-2024.
Fe-N-C (1:3) + Fe-PANI : : : DOI:10.1039/c6ee01046g
Angew. Chem. Int. Ed. 2017, 56, 610—
S,N-Fe/N/C-CNT FeClz+ KSCN + CNT + bipy 0.75 1.60 0.85 614.
DOI:10.1002/anie.201610119
melamine + HCHO +
Fe/CIN-800 Ketjenblack EC-300J + 0.76 1.59 0.83 J- Phys. Chem. C 2015, 119, 2583-2588.
Fe(NOs)s A0A0ep q
Fe/N/C-800 Fe(OAc)z + phen + PTCDA + 0.76 160 0.84 Science 2009, 324, 71-74.

BP2000 (carbon) + NHgP¥sis
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Nat. Mater. 2011, 10, 780-786.

C0304/N-rmGO GO + Co(OAc). + NHs 0.77 1,60 0.83 fater 2010, 10, T8
NCF-900 Ball milling ZnCl, with cicada - 166 080 J. Mater. A 2018, 6, 7762—7769.
sloughs ’ ' ’ DOI:10.1039/c8ta01078a
urea + glucose +
ACS Appl. Mater. Inter. 2015, 7, 21511—
FesC@NG800-0.2 Fe(NOs)s+NGCM (denoted as |~ 0.78 1,59 0.81 L et e 2015, T 2 o
NG800)
CNTs+CuNP (Cu@CNTSs) Adv. Funct. Mater. 2017, 27, 1605717.
CU@NCNTICoOy  ~ it oxide (CoxOy) NP Bt et o DOI:10.1002/adfm.201605717
TAL-7, ie. .
TAL-7-900 Fool s Ligand 3 0.78 1.61 0.83 This work
. PVA + GO + Mn(OAc). + Adv. Mater. 2018, 30, 1704609.
Sl Ni(OAC): b 43 e DOI:10.1002/adma.201704609
. . Sci. Adv. 2016, 2, €1501122.
N-GRW melamine + cysteine 0.82 1.66 0.84 DOI-10.1126/sciady. 1501122
TAL-6, i.e. .
TAL-6-900 it 0.83 1.64 0.81 This work
P/C (20 wt%) control 0.87 173 0.86 This work
J. Phys. Chem. C 2015, 119, 2583-2588.
0, El E
PH/C (20 wt%) control 0.90 176 0.86 e
IrO2/C (20 wt%) control 0.76 1.60 0.73 J. Phys. Chem. C 2015, 119, 2583-2588.

DOI:10.1021/jp511515q

bipy = 2,2'-bipyridine; DCDA = dicyandiamide; GO = graphene oxide; LDH = layered double hydroxide; mim = N-methylimdazole; NCNT = N-
doped carbon nanotubes; NCMT = N-doped carbon microtubes; NF = nickel foam; NG = nanocrystals on graphene; NGCM = N-doped
graphene-like carbon materials; phen = 1,10-phenanthroline; PNGF = P,N-co-doped graphene frameworks; PTCDA =
perylenetetracarboxylicdianhydride; PVA = poly(vinyl alcohol)

2 Methods

PXRD. The powder XRD pattern for TAL-1 were recorded on a Rigaku Ultima IV diffractometer with Cu Ka
radiation (A = 1.5406 A, 40 kV at 40 mA) and using the silicon strip detector D/teX Ultra with the scan range of
260 =10.0-60.0°, scan step 0.02°, scan speed 5 deg/min. The powder XRD patterns for the rest incl. additional run
for TAL-1 were recorded on a Bruker D8 Advanced diffractometer using Ni filtered Cu Ko radiation and LynxEye
line detector. Scanning steps were 0.013° 26 from 5° to 90 ° 26 and total counting time was 173 s per step. The
scan axes were 26/6. JCPDS Cards No. for a-Fe (#87-0722), FesC (#89-2867), Fe;04 (#75-0033), and a-Fe,O;
(#33-0664).

SEM. Surface morphology was studied by scanning electron microscopy (SEM) using Zeiss Ultra—55. The solid
was deposited onto the carbon tape (TAL-1, TAL-6 and TAL-7 samples were covered with a thin gold layer to
improve conductivity).

XPS. The surface elemental composition was investigated by X-ray photoelectron spectroscopy (XPS) using the
Scienta SES-100 spectrometer. For preparing the samples, the catalytic materials were dispersed in isopropanol at
a concentration of 2 mg mL™" and deposited onto GC plates (1.1x1.1 cm). The samples were tested with a non-
monochromatic twin anode X-ray tube (XR3E2), where the characteristic energies were 1253.6 eV (Mg Ka,,
FWHM 0.68 eV) and 1486.6 eV (Al Ka; 2, FWHM 0.83 eV). The pressure in the analysis chamber was below 10—
9 Torr and the source power was 300 W. Survey spectra were obtained using the following parameters: energy
range 800 to 0 eV, pass energy 200 eV, step size 0.5 eV. High resolution XPS scans were performed using pass
energy 200 eV and step size 0.1 eV. An Ag wire attached to the sample holders was used for energy reference (Ag
3asn at 367.8 eV), no charging effects were observed. Peak fitting was done using CasaXPS (version 2.3.16)
software.

TEM. Scanning transmission electron microscopy was done using FEI Titan 200 with 200 keV electron beam.

IR. Measured on Bruker Tensor 27 FT-IR using KBr pellets.
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Electroanalytical studies. All electrochemical measurements, including ORR and OER tests were performed in a
three-electrode glass cell, using a rotating disk electrode (RDE) setup and an Autolab potentiostat/galvanostat
PGSTAT30 (Eco Chemie B.V.). A glassy carbon (GC) rod served as counter electrode. Potentials were measured
against a reversible hydrogen electrode (RHE) connected to the cell through a Luggin capillary. GC disks
(geometric area of 0.126 cm?) polished to a mirror finish with 1 and 0.3 um alumina slurries (Buehler) pressed into
a Teflon holder served as working electrodes.

Prior to modification, the GC electrode was sonicated in both isopropanol and Milli-Q water for 5 min to remove
polishing residues. The catalyst suspension was homogenized by sonication for 30 min and catalyst suspension
was spin-coated onto the GC electrode and allowed to dry in air, yielding the catalyst loading of 800 ug cm™.

The electrolyte solution was prepared using Milli-Q water, KOH pellets (p.a. quality, Merck); saturated with pure
02 (99.999%, AGA) and deaerated with Ar gas (99.999%, AGA). Comparison experiments were performed with
20 wt% Pt/C (E-TEK; loading of 20 pgp: cm2). The RDE technique was used to explore the electrocatalytic activity
of the catalyst towards the ORR. Cyclic voltammograms were recorded at a potential sweep rate (v) of 50 mV s\,
The RDE polarization curves were measured at different electrode rotation rates (w): 360-4600 rpm. Electrode
rotation rate was controlled using a CTV101 speed control unit connected to an EDI101 rotator (Radiometer). The
background currents were recorded at 10 mV s™' in argon-saturated 0.1 M KOH and were subtracted from the RDE
data.

Koutecky—Levich (K-L) plots at various electrode potentials were constructed from the RDE data. The number of
electrons transferred per O, molecule (#) was calculated from the RDE data using the K-L equation:

11,1 1 1
p - = b 2/3__
jo ok Ja nFkCg,  0.62nFDy *v1/6ch w1/2

where j denotes the measured current density at a specific potential, while jx and jg are the kinetic and diffusion-
limited current densities, respectively. F denotes the Faraday constant (96,485 C mol™), k is the rate constant for
electrochemical reduction of oxygen, CI(’,2 denotes the concentration of O, (1.2x10™° mol cm™ in 0.1 M KOH)
while D, represents the diffusion coefficient of 0> (1.9x107° cm® s™' in 0.1 M KOH), v is the kinematic viscosity

of the solution (0.01 cm? s™') and @ is the rotation rate of the electrode (rad s™).

Accelerated durability tests were also performed by cycling electrodes 5000 times in the potential range between
0.6 and 1 V vs. RHE (ORR) and between 1.0 and 1.8 V vs. RHE (OER), using a scan rate of 100 mV s™'. RDE
polarization curves for ORR and OER were recorded before and after 5000 cycles and compared. The
chronoamperometry measurements were conducted at the potential of 1.6 V vs. RHE and lasted for 10000 seconds
in total. All experiments were carried out at room temperature (23 = 1 °C).

3 Synthetic Procedures

General

All chemicals were used as supplied. Chromatographic separations were performed on ThoMar OHG silica gel
60A (40-63 um). Thin-layer chromatography was performed on Merck TLC Silica gel 60 Fass and visualized by
UV (254 nm), KMnO4 and/or phosphomolybdic acid. 'H and '*C NMR spectra were recorded on Bruker Avance
400 spectrometer. Residual solvent peaks were used as internal standards [1]. Chemical shifts are quoted in ppm
using the following abbreviations: s singlet; b7 broad; or a combination thereof.

Preparation of Organic Linkers

HO

o 0 NO o NH o N

- HNO, ? NHNHzH0 |~ | Heom - N\ 48%HBr N\
—_— —_— “ —_— > —_—

~o ~o No, PUICEOH |Ng NH, ~o N Ho N
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1,2-Dimethoxy-4,5-dinitrobenzene [2]

1,2-Dimethoxybenzene (11.08 g, 80.19 mmol, 1.0 equiv) was added dropwise into conc. HNOs (100 mL, 65%) at
0 °C, after addition, the mixture was left to stir at 80 °C. After 2 h, the mixture was cooled down to 0 °C, and the
resulting precipitate was washed with distilled water until neutral to give the desired compound as a yellow needle
crystal (15.39 g, 67.45 mmol, 84%).

"H NMR (400 MHz, CDCl3) & 7.33 (s, 2H), 4.01 (s, 6H).

3C NMR (100 MHz, CDCl;) 8152.0, 136.8, 107.1, 57.2.

5,6-Dimethoxy-1H-benzo[d]imidazole [2]

Hydrazine monohydrate (22.6 mL, 464.7 mmol, 10.8 equiv) was added dropwise to a solution of 1,2-dimethoxy-
4,5-dinitrobenzene (9.85 g, 43.2 mmol, 1.0 equiv) and Pd/C (10%, 0.985 g) in anhydrous EtOH (60 mL) at 0 °C,
after addition, the mixture was left to stir at 80 °C. After 30 min, the mixture was filtered through silica gel
(CAUTION! Pd/C on silica gel may catch fire!), concentrated under reduced pressure, to which formic acid (98%,
100 mL) was added, and the mixture was left to stir at 100 °C. After 16 h, the mixture was concentrated under
reduced pressure, water (50 mL) added, and the solution was basified with solid K,CO;. The precipitate was
collected, washed with water and dried to give the desired compound as a colorless solid (7.00 g, 39.3 mmol, 91%).
"H NMR (400 MHz, DMSO-ds) & 8.03 (s, 1H), 7.14 (s, 2H), 3.82 (s, 6H).

3C NMR (100 MHz, DMSO-ds) 6 147.2, 141.1, 132.5, 99.2, 56.8.

1H-Benzo|d]imidazole-5,6-diol [2]

5,6-Dimethoxy-1H-benzo[d]imidazole (7.79 g, 43.7 mmol, 1.0 equiv) was added into HBr (48%, 50 mL), and the
mixture was left to stir at 120 °C. After 4 h, the mixture was cooled down to 0 °C, and the precipitate was collected,
washed with petroleum ether to give the desired compound as a colorless solid (4.59 g, 30.6 mmol, 70%).

"H NMR (400 MHz, DMSO) § 9.75 (s, 2H), 9.25 (s, 1H), 7.12 (s, 2H).

BC NMR (100 MHz, DMSO) § 146.4, 136.9, 123.7, 98 4.

H; HCO,H KMn04 HooC N
ICL,, e O ?

H, 100 °C 70 °c Hooc N
5,6-Dimethyl-1H-benzo[d]imidazole [3]
A solution of 4,5-dimethylbenzene-1,2-diamine (2.024 g, 14.860 mmol, 1.0 equiv) in formic acid (10 mL) was left
to stir at 100 °C. After 4 h, the mixture was concentrated under reduced pressure, water added, the solution was
basified with solid K»COs3, and the precipitate was collected, washed with water and dried to give the desired
product as a colorless solid (1.813 g, 12.402 mmol, 83%).

"H NMR (400 MHz, DMSO-ds) 8 12.18 (br s, 1H), 8.05 (s, 1H), 7.34 (s, 2H), 2.30 (s, 6H).
BC NMR (100 MHz, DMSO-ds) § 141.0, 130.1, 20.0, two carbons not observed.

1H-Benzo|d]imidazole-5,6-dicarboxylic acid [4]

A solution of KMnOj4 (19.594 g, 123.990 mmol, 10 equiv) was added dropwise into a solution of 5,6-dimethyl-
1H-benzo[d]imidazole (1.813 g, 12.3990 mmol, 1.0 equiv) in water/z-BuOH (16 mL/16 mL), the mixture was left
to stir gradually heating up to 70 °C. After addition, heating was turned off, the mixture was left to stir at RT for
15 min, after which Na,SO; (4.765 g, 37.805 mmol, 3.0 equiv) was added, the mixture was then left to stir at 80
°C. After 30 min, the mixture was filtered through Celite, washed with boiling water, filtrate was concentrated
under reduced pressure to approximately 50 mL, diluted with water, cooled down to 0 °C, acetic acid/water (18
mL/9 mL) added, precipitate was collected, dried to give the desired product as a colorless solid (711.2 mg, 3.4497
mmol, 28%).

"H NMR (400 MHz, DMSO-ds) & 8.45 (s, 1H), 7.91 (s, 2H).

BC NMR (100 MHz, DMSO-ds) § 169.1, 145.5, 127.5, 116.3, one carbon was not observed.

Preparation of TAL-1

FeCl36H,0 (2.97 g, 10.99 mmol, 1.0 equiv) and 1H-benzo[d]imidazole-5,6-diol (3.30 g, 21.98 mmol, 2.0 equiv)
was dissolved in a mixture of DMF (15 mL) and distilled water (15 mL), and the mixture was left to react at 100
°C. After 72 h, the mixture was cooled down to RT, centrifuged, washed with DMF (3x10 mL), and dried to give
the desired material as a black solid (2.32 g).
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Preparation of TAL-6

A solution of FeCl3-6H>0 (440 mg, 1.629 mmol, 1.0 equiv) and 1H-benzo[d]imidazole-5,6-dicarboxylic acid (671
mg, 3.255 mmol, 2.0 equiv) in DMF/water (3 mL/3 mL) was left to stir at 100 °C. After 72 h, the mixture was
cooled down to RT, centrifuged, the precipitate was washed with DMF (3x10 mL), and dried to give the desired
material as a yellow solid (593 mg).

Preparation of TAL-7
A solution of FeCls;-6H,O (758 mg, 2.804 mmol, 1.0 equiv) and 5,6-dimethoxy-1H-benzo[d]imidazole (1.00 g,
5.610 mmol, 2.0 equiv) in DMF/water (3 mL/3 mL) was left to stir at 100 °C. After 72 h, the mixture was cooled
down to RT, centrifuged, the precipitate was washed with DMF (3x10 mL), and dried to give the desired material
as a red solid (599 mg).

Carbonization

Carbonization was undertaken at 900 °C (N3, rapid heat, 2 h, slow cooling). Carbonized materials were suspended
in a 1:1 mixture of 0.5 M H,SO4 and 0.5 M HNOs, stirred for 8 h at 50 °C, filtered, and re-carbonized under N at
900 °C for 2 h to give the acid leached materials TAL-1-900, TAL-6-900 and TAL-7-900.
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5 NMR Spectra
1,2-Dimethoxy-4,5-dinitrobenzene
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5,6-Dimethoxy-1H-benzo[d]imidazole
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1H-Benzo[d]imidazole-5,6-diol

HO N
)OS
N
HO N
A
‘;l " L) .‘O Ll » w - o " OVO a“ s ,v' 8‘. n s IVO " "
W M E]
| |
108 168 138 138 138 138 1S 16 s we 85  se 8 T e e 8 s PARIA » M

S14



5,6-Dimethyl-1H-benzo[d]imidazole
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1H-Benzo[d]imidazole-5,6-dicarboxylic acid
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