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Introduction

Development of universal catalyst materials is the cornerstone of sustainable technologies.
The lock-and-key relationship between one specific catalyst and one specific process is
widely relied upon; however, well-optimized heterogeneous catalysts can eventually be
used for various applications. The purpose of my PhD work was to develop a series of
novel iron and cobalt-based materials derived from polycrystalline and amorphous
metal-organic frameworks, respectively, and applied these materials as universal
catalysts (i) in organic transformations, namely, oxidation and benzylic homocoupling
reactions; and (ii) in various electrocatalytic reactions that are directly linked to energy
conversion and storage devices, specifically, oxygen reduction reaction (ORR), oxygen
evolution reaction (OER), and hydrogen evolution reaction (HER).

Chapter 1 gives a concise overview on preparation and characterization of novel
M-N—C materials. Chapter 2 (Publications I, Il, and IV) describes fabrication and
applications of novel iron-based materials derived from a set of 5,6-substituted
benzimidazoles in ORR, OER and oxidative transformations of alkylarenes. In Chapter 3
(Publications Ill and IV), the best preforming ligand was used to prepare a series of cobalt
based materials, which were then used to identify an optimal one that can
simultaneously be used both as chemo- and electrocatalyst. In Chapter 4 (Publication V),
shungite, a carbon-rich raw material is introduced as a new carbon support. Chapter 5
includes experimental details.
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1 M-N-C catalyst materials

In this Chapter, | give a concise overview of the fabrication, morphological and physical
characterization techniques in relation to M—N-C (metal, nitrogen-doped carbon)
materials, which is a hot topic in heterogeneous and electrocatalysis [1].

In the heterogeneous catalysis domain, most of the organic transformations comprise
of reduction and oxidation reactions, which may often be coupled to a secondary process
such as amination, condensation, or esterification (Table 1) [2—20]. Most of the work
reported to date has focused on the use of iron and cobalt-based materials.

In the electrocatalysis domain, M—N-C catalysts are the cornerstone of the
next-generation clean energy storage and conversion devices, including rechargeable
metal—air batteries (MABs), fuel cells (FCs), and electrolyzes (Fig. 1) [21]. The most
fundamental electrocatalytical interconversions are oxygen reduction reaction (ORR)
[22], oxygen evolution reaction (OER) [23], hydrogen evolution reaction (HER) [24],
nitrogen reduction reaction (NRR) [25] and carbondioxide reduction reaction (CO2RR)
[26].

0, + 2H,0 + 46 — 40H [ORR]
40H~ — 4e” + 0O, + 2H,0 [OER]
2H,0 + 2 — H, + 20H" [HER]
2N, + 66+ 6H* — 2NH, [NRR]
CO, + H,0+2e~ — HCOO + OH" [CO3RR]

Figure 1. Electrochemical processes with M—N—-C materials.

While in organometallic and especially, in organocatalysis, a number of ligands have
been designated as the ‘privileged ligands’ such as BINAP and cinchona alkaloids [27],
it would be beneficial to establish a similar concept for the multifunctional catalysts used
in heterogeneous and electrocatalysis.
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Table 1. Applications of M—N—C materials in heterogeneous catalysis.

I/Z-Py
N| N, HzNYN\IrNHz N 4-Py\r/N\"/4-Py
— 72\ /©/ ©/ Na N [ \>— Na_N
7 = N b H g
)| NH, 4-Py
2-Py
L1 L2 L3 L4 LS L6
entry ligand support reaction substrate reagent ref
iron based catalysts
Vulcan . .
1 L1 XC72R reduction nitroarene H, [2]
2 L2 ;(/gl;:zag hydrogenation (iso)quinolone H, [3]
3 L1 activated hydrogenation furfural 'BUOH 4]
carbon
Vulcan . .
4 L1 XC72R dehydrogenation N-heterocycle air [5]
Vulcan . .
5 L1 XC72R dehydrogenation benzylamine 0, [6]
6 L1 MgO oxidation ethylbenzene TBHP [7]
- bamboo oxidative trans-stilbene TBHP [8]
rearrangement
cobalt based catalysts
Vulcan . .
8 L1 XC72R reduction nitroarene H, [9]
reductive coupling .
9 L1 Mg(OH). to azo compounds nitroarene H, [10]
- reductive nitroarene with
10 L2 Si0 amination benzaldehyde HCOOH (11
. reductive quinoline with
1 L3 Si0 alkylation benzaldehyde HCOOH [12]
12 L1 AlL,O; hydrogenation quinoline H, [13]
13 L4 TiO, hydrogenation pyridine H, [14]
14 L1 SiO, hydrogenation alkyne H, [15]
oxidative
15 L1 LUDOX® esterification + alcohol 0, [16]
bond cleavage
- oxidative .
16 ZIF-67 [using L5] esterification ArCH,OH air [17]
17 ZIF-67 [using L5] oxidation benzyl alcohol air [18]
] . alkylarene, TBHP,
18 ZIF-67 [using L5] oxidation alkene 0, [19]
19 L6 - oxidative ArCHO TBHP [20]
amidation
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1.1 Preparation of catalysts

There are two main strategies to fabricate M—N-C catalysts [22, 28]. One of them is based
on combining various supports, metal salts and heteroatom dopants. Another one relies
on using nitrogen-rich metal-organic or metal-doped covalent organic frameworks
(MOFs and COFs, respectively). However, carbonization by heat treatment in the
400-1000 °C range, is always required to increase the carbon content and generate the
active species. Typically, this leads to the formation of metal nanoparticles (NPs) and
metal-free and/or metal-coordinated sites. The latter are often referred to as single atom
catalysts (SACs) [29, 30]. In the more complexed, bimetallic systems, additional catalytically
active sites are ligated bimetallic sites [31] as well as metal alloy nanoparticles [32]. These
species may contribute to the overall enhanced catalytic properties of the underlying
materials either independently or synergistically.

In case one prefers to use a combination of various precursors (metal salts, supports,
dopants) to generate the M—N—C materials, a greater consideration should be given to
the role that each of the components plays, including their ratios. For example, there is
a multitude of carbon supports, onto which the catalytically active sites can be installed
[33]. These include carbon nanotubes (CNTs), activated carbon, Vulcan XC72R, graphene,
graphene oxide (GO), reduced graphene oxide (rGO), MXenes [34], and polymers such as
polyvinylpyrrolidone (PVP) [35]. Additionally, nature, biomass and waste-derived sources
of carbon can be used such as shungite [36], bird droppings [37], wood [38], chicken
manure [39], bamboo [40], cabbage [41], and beetroot [42]. However, these precursors
also have traces of heteroatoms and metals, which may contribute to the overall activity.
In heterogeneous catalysis, often, non-carbon, Lewis acidic supports are employed such as
Al20s [43], TiO2 [44], Nb20s [45] and ZrO2 [46]. Other supports, specifically, Mg(OH)2 [47],
MgO [48], SiO2 [49], and NaCl [35] are employed as sacrificial supports, which can later
be removed by acid or base etching.

Crystalline porous materials, predominantly, metal-organic frameworks (MOFs) but also
covalent organic frameworks (COFs), are gaining recognition as promising carbon
templates [50, 51, 52]. Since they are crystalline and have a precise topology, they give
rise to carbonized materials that are highly ordered and highly porous; hence, they have
large surface area. Typically, MOFs and metal-modified COFs have metals and
heteroatoms already present in their frameworks, so no additional doping is required.
In several instances, metal exchange can be utilized as a strategy to introduce various
transitional metals in place of the existing ones, while maintaining the topology of the
original MOF, e.g. by using zinc-based ZIF-8 as a precursor [53].

Doping with metals is typically done by pre-mixing the supports with metal salts or other
metal containing compounds prior to the carbonization step by using ball milling,
sonication, hydrothermal or thermal treatments. The organometallic compounds used
as co-dopants include metal porphyrins [54], metal phthalocyanines [55] or other
pre-formed metal complexes, for instance, with 1,10-phenanthroline [10].

In most cases, carbonization is carried out under inert gases (i.e. dinitrogen or argon).
However, dihydrogen or ammonia, which at higher temperatures decompose to give
dihydrogen, are often utilized to modify the atmosphere [56]. This leads to an improved
reduction of metal salts and oxides to give metal nanoparticles. The use of dioxygen,
on the other hand, leads to the formation of metal oxides and/or partially oxidized
carbon support, which improves overall conductivity and activity of the material.
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Heteroatom doping is an essential modification of M—N—C materials because it is crucial
for the formation of catalytic sites at the surface of the carbon to which the metal can
coordinate (Table 2). In addition to metal(0), metal oxide and metal carbide NPs, the use
of heteroatoms can also lead to the formation of other metal species such as metal
nitrides, sulfides, and phosphides. Finally, in some cases heteroatom sites may on their
own act as catalysts without a necessity for a metal.

The nitrogen-ligated metal species (M—Nx, where x = 3-5) are the most widely studied
ones. However, metal species coordinated to several different heteroatoms have been
also reported. As doping with nitrogen is the most prevalent and the most important
contributor to the overall activity of M—N-C materials, a larger number of different
nitrogen sources has been investigated (Table 2 and Fig. 2). When MOFs are used as
precursors, nitrogen doping is not necessary because MOFs themselves have a high
nitrogen content.

Table 2. Examples of heteroatom doping.

heteroatom heteroatom source

B(OH); [57]
boron B.Os [58]
phytic acid [59, 60]
hexachlorocyclophosphazene [61]
Hs;PO, [62]
NaH,PO, [63]
KSCN [64]
sulfur sulfur [65]
thiourea [66]
DCDA [67]
melamine [67]
DABCO [67]
urea [67]
thiourea [67]
and the metal complexes (Fig. 2)
H,O [68]
oxygen air [60]
NH4F [70,71, 72]
PTFE [73]

phosphorous

nitrogen

fluorine
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| HN N _NH; 4-Py __N.__4-Py
—_— N NH, Z m/ 2\ \r/ T
7\ ©’ NN | >— NN
N\ \= N g N T
)| NH, 4-Py
2-Py
L1 L2 L3 L4 LS L6

L7 L8 L9 L10 L11 L12
M]
N HN' “NH
’ ~
. 8
e %‘" )
N* N=
S - Sal v
N N
L13 L14 L15

N-oxide graphitic pyrrolic M-N, sites

Figure 2. (A) Widely used nitrogen containing ligands for M—N—C catalysts. (B) Different nitrogen
catalytic sites. Adapted with changes from ref [74].

Chemical etching is performed with acids such as HCI, HNOs, H.SO4 or combination
thereof to remove metal oxides adsorbed onto the catalyst material surface or supports
that have been used as templates. Sometimes base (e.g. NaOH) can be used to remove
silicon-based sacrificial supports. While materials used in electrochemical transformations
are always chemically etched, the materials used for heterogeneous catalysis are
generally not etched. This, however, creates a misperception about the nature of
catalytically active sites (e.g. nitrogen coordinated metal sites within the molecular
network M—Nx) and species (e.g. metal or metal oxide nanoparticles). Often, chemically
etched samples are subject to an additional carbonization step to remove nitro and
sulfonyl groups, which may be formed during acid treatment.

In the long term, there is a need for the fabrication methods that are more
well-thought-out so that to be able to control and finetune the properties of the
underlying catalyst materials. This is indeed needed because there is a myriad of factors
that go on to contribute to the overall catalyst properties, including stability, activity, and
importantly, the reproducibility.
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1.2 Characterization of catalysts

Various metal nanoparticles and M—Ny sites are the most commonly acknowledged
active species. The nature of the underlying catalyst and its catalytic sites material may
change drastically when different metal and nitrogen sources and supports are being
used as precursors. The same is valid for carbonization at different temperatures and
etching conditions. Thorough characterization of active and spent catalysts provides a
better understanding into the origin of catalytic activity of the specific sites. Unfortunately,
the acid etching step is often omitted for the M—N—-C materials used in heterogeneous
catalysis. Surely, this raises some questions about the composition of the material itself
including the identity of the active species involved.

By merging the datasets obtained from several characterization techniques, one may
get a better insight into the composition as well as the morphological and physical
makeup of both the active and spent catalysts. This information may help understand
the catalytic processes at hand and the ways how to improve catalyst’s performance.
These methods also give an opportunity to study spent catalysts by knowing how the
catalyst is being deactivated by using a combination of experimental and computational
analyses. Various analytical methods used in materials science are briefly summarized
below.

Powder X-ray diffraction (PXRD) is a cost-effective method to study the composition of
the material including the degree of crystallinity. It relies on a crystalline structure
causing a beam of incident X-rays to diffract into many specific directions. In the study of
heterogeneous catalysts, one can decipher the presence of various metallic nanoparticles.
The main limitation of this technique is its poor sensitivity when the concentration of
a given species is low.

X-ray photoelectron spectroscopy (XPS) is used to study elemental composition of
materials at the surface both qualitatively and quantitatively. XPS provides with the
chemical and electronic states of the elements, e.g. M—Ny sites and different nitrogen
species (Fig. 2b). XPS can be used to monitor the formation of active sites at the surface
of precursors, active and spent catalysts.

Mossbauer spectroscopy is based on Moéssbauer effect, which consists of nearly recoil-free
emission and absorption of nuclear gamma rays in solids. It is widely used to discriminate
between different iron species and requires a relatively large sample amount.

Scanning electron microscope (SEM) is used to study the morphology and elemental
composition of the material. However, it is not quantitative in the latter case because
the information is obtained only from the surface of a material.

Transmission electron microscopy (TEM) is a method that uses a beam of electrons
transmitting through a sample. It can be utilized at any stage of material fabrication while
continuously providing insight into the structure of the catalyst. However, it cannot be
used to detect the presence of single atom catalysts (SACs).

Energy-dispersive X-ray spectroscopy (EDX) is used to study, identify, map, and quantify

elemental composition of surfaces or samples when combined with SEM or TEM,
respectively.
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Electron energy loss spectroscopy (EELS) is complementary to EDX. EELS is capable of
characterizing materials containing relatively low atomic number elements (C, N, and
occasionally O) in terms of their atomic composition, chemical bonding, valence and
conduction band electronic properties, surface properties, and element-specific pair
distance distribution.

High-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM)
is often used when TEM is not able to detect any visible particles, which is the case for
SACs. Different single metal atoms can be detected.

Raman spectroscopy is used to observe how carbon structure defects affect the activity
of a material. It is generally used to determine the ratio between D and G bands, where
the G band is a result of the in-plane vibrations of sp? carbons and the D band is due to
the out-of-plane vibrations attributed to the presence of structural defects. Additionally,
certain metal species can also be characterized by this method.

Brunauer—-Emmett—Teller (BET) is used to study gas uptake, surface area and pore sizes
of a material. Both active and spent catalysts can be examined by this method to make
sure that no changes occurred during catalytic transformations.

X-ray absorption near edge structure/extended X-ray absorption fine structure
(XANES/EXAFS). XAFS (X-ray absorption fine structure) measurements are of importance
not only in demonstrating atomic dispersion of metal atoms but also in giving a more
detailed information on different oxidation states, coordination numbers and
configurations of SACs, and is the most powerful technique to get insight into the
structural information of SACs. The X-ray absorption spectrum can be divided into X-ray
absorption near-edge spectroscopy (XANES) and extended X-ray absorption fine
structure (EXAFS) spectroscopy. XANES mainly reflects the valence state and some
structural information on the absorbing atom. EXAFS is strongly sensitive to the
coordination environment of the absorbing atom. As metal-metal bonds of a same metal
are not observed in EXAFS spectra, it is an efficient method to detect both single and
bimetallic SACs.

Inductively coupled plasma/microwave plasma—mass spectrometry/optical emission
spectroscopy/atomic emission spectroscopy (ICP-MS, ICP-OES, ICP-AES, MP-AES) are
used to quantify metal composition within a given sample. These methods are also used
to monitor metal leaching.

The contribution of different active species (nanoparticles vs. M—Ny sites) is often
studied by selective chemical deactivation by using chemical reagents. For instance,
Fe—Nx and Co—Nx sites can be deactivated using sodium nitrite [75] and potassium
thiocyanate [76], respectively. Chlorine gas was used to deactivate iron carbide
nanoparticles, which were then reactivated by treatment with dihydrogen [77].

All of these techniques can also be applied to characterize spent catalysts to
understand how and why active catalysts lose their activity, for example, metal leaching
from M—Ny sites (e.g. MP—AES), decomposition of nanoparticles (TEM, XRD), which may
be associated with changes in porosity and pore sizes (BET), oxidation of carbon network
(XPS, TEM), etc.
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1.3 Outlook and conclusions

M-N—C materials, which are based on non-precious metals (Fe, Ni, Co, Mn, Cu), are
gaining popularity in both heterogeneous and electrocatalysis. Their fabrication
strategies are quite similar, albeit acid etching is omitted in the former case. To date,
the choice of ligands has remained rather limited, and relied on the use of
1,10-phenanthroline, porphyrins, phthalocyanines and well-established MOFs (ZIF-8 and
ZIF-67). In the future, it might be more insightful to explore a wider range of ligands and
metal combinations to improve the stability and performance profiles of the final
catalysts. This will also be essential for getting more sophisticated computational models
and will eventually result in the uptake of M-N-C materials for the use in large scale
applications. This, however, will require a deeper understanding of deactivation
mechanisms of the catalysts in-hand so as to reduce their loadings, obtain their
environmental toxicity profiles and ensure their sustainability in the long term.

1.4 Aims and objectives
The aim of this study was to develop versatile, carbon-rich MOF-derived materials for

their simultaneous use in heterogeneous and electrocatalysis applications. Specifically, to

[1] design cost-effective carbonaceous ligands (TL1-TL9) to replace non-modular
systems based on HHTP, HITP, porphyrin, phthalocyanine, 2-methylimidazole

(Fig. 3);
[2] test them as electrocatalysts in oxygen reduction and oxygen evolution reactions;

[3] explore their use including the recyclability in organic transformations such as
oxidation and benzylic homocoupling reactions.

HO i HoOC Y _o Y
o | O
HO N HoOC N o N
TL1 TL2 TL3
HN iy HO N HO N
Oy - 00
H,N N HO N HO N
TL4 TL5 TL6
H H F Y HO N i OH
-0~ X0 JC | 0O~
N N HO N HO N N OH
TL7 TL8 TL9

Figure 3. Ligands screened for the linker effects.
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2 Hybrid ligands for metal-organic frameworks-derived
bifunctional oxygen electrocatalysts and heterogenous
oxidation reactions

This Chapter is based on the work published in Publication | [78] and Publication Il [74].
Only a very small panel of organic ligands as precursors for MOF-derived bifunctional
catalysts has been reported to date (Fig. 4a) [79-85]. We wished to explore whether the
use of various carbonaceous [86] organic linkers may lead to variations in the
performance of M-N-C materials. This work was based on the preliminary data
obtained in the Starkov group, where different substituents in C-2 position of
1H-benzo[d]imidazole-5,6-diol were examined [87]. My primary focus was on the
identification of effects caused by alterations at positions C-5 and C-6 of the parent
benzimidazole (Fig. 4b). These results were published as a communication [78].

A B

This work

o
N COOH HO. N 0.
5 ™ Y T T
. / A > >
H HOOC NH, N HO H H o) H
TL1 ° TL2 TL3
I T P R A

ZIF-67 MIL-88B-NH,  MET-6 TAL-1 TAL-6 TAL-7

Figure 4. Organic precursors for metal-organic frameworks used (A) previously and (B) in this work.
Adapted with changes from ref [78].

Three polycrystalline MOFs (TAL-1, TAL-6 and TAL-7) were prepared from iron
chloride and 5,6-disubstituted-1H-benzo[d]Jimidazoles (TL1, R = OH; TL2, R = COOH; TL3,
R = OCHs) (Fig. 4). Upon carbonization at 900 °C, acid etching and recarbonization, three
electrocatalyst materials referred to as TAL-1-900, TAL-6—900 and TAL-7-900 were
obtained.

The HRTEM images of TAL—1-900 and TAL—7-900 indicated the presence of a-Fe/FesC
nanocrystals, surrounded by the graphitic layers (Fig. 5b), with a lattice distance of 0.203
nm and 0.371 nm, respectively [88, 89—92]. These nanoparticles were also confirmed by
PXRD (Fig. 5c). TAL-6—900, however, incorporated iron oxide nanoparticles with a
characteristic interplanar spacing of 0.29 nm corresponding to d (220) of Fes04 [93].
The XPS data was consistent with elemental composition (Fig. 5d and S1 and Table S2 in
ref [78]) showing rather low levels of iron present at the surface of all of the materials
(<0.41 at%). This was also in line with the data obtained from MP—AES (Table S1 in ref
[78]; <3.6 wt%).

The electrochemical behavior of TAL—1-900, TAL—6—900 and TAL—7-900 was assessed
by using cyclic voltammetry (CV) in 0.1 M KOH solution at RT (Fig. 6a). The catalyst
loadings used in this work were 800 pg cm™ for TAL-derived materials (loading
dependences are shown in Fig. S6c in ref [78]). 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 accessible surface area.
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Figure 5. Physical and morphological characterization of TAL—X-900 precursors and derived
catalyst materials. (A) PXRD patterns of TAL precursors. (B) HRTEM micrographs. (C) PXRD patterns
of TAL-derived catalyst materials. (D) XPS core—level spectra in the N1s region. Scale bars, 10 nm.
Adapted from ref [78].

The rotating disk electrode (RDE) technique was employed to study the ORR kinetics
of TAL-modified glassy carbon (GC) electrodes in Oz-saturated 0.1 M KOH (Fig. 6b).
TAL—1-900 (R = OH) performed on par with 20 wt% Pt/C catalyst (Eon=1.01V, E1/>=0.87 V
vs. Eon = 1.01V, E12 = 0.85 V). TAL—6-900 was less active, while electrocatalyst TAL—-7-900
still showed reasonable performance. The number of electrons transferred per O>
molecule (n) was four (inset in Fig. 6¢c and S11 in ref [78]) for all the catalyst materials
suggesting that O, was fully reduced to water in a stepwise process (2ex2e). Stability for
TAL—1-900 was determined by continuous cycling from 0.6 to 1.0V vs. RHE (AEz2=6.1 mV,
Fig. 6f).
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Figure 6. 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-1. (B) RDE
polarization curves for TAL and Pt/C modified GC electrodes at 1900 rpm; v = 10 mV s,
(C) Koutecky—Levich plots for O, 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~1. (E) Tafel plots for O,
reduction on TAL and Pt/C catalysts. (F) Electrochemical stability test for TAL—1-900 (mid—range:
0.6—-1.0 V). Adapted from ref [78].
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The TAL materials were also tested in oxygen evolution reaction (Fig. 7). It is well
known that the materials that are highly active in both ORR and OER are useful for
applications in rechargeable metal—-air batteries [97]. The standard way to assess
such bifunctional activity is to calculate the potential differences (AE) of OER at a
current density of 10 mA cm™ and of ORR at a current density of =3 mA cm™2 at electrode
rotation rate of 1600 rpm. The bifunctional activity of TAL-1-900 (AE = 0.73 V;
E10=1.60V @10 mA cm™2) was one of the best performing ones (cf., Table S7 in ref [78]).
Stability of TAL—1-900 was evaluated using chronoamperometry (Fig. 7c) and continuous
cycling of TAL-1-900 between 1.0 and 1.8 V vs. RHE (Fig. 7d).
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Figure 7. 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. Adapted from ref [78].

The performance among the TAL-derived materials (TAL—-1-900 > TAL-7-900 >>
TAL-6-900) suggests that electron-rich precursors may boost the ORR/OER catalyst’s
activity. One clear explanation is that the catechol unit [95] increases conductivity,
however, other factors may also be at play. These include the presence and distribution
of different nitrogen species and the Fe—Nx sites [96—101], the possibility of mixed M—Ox
[102] and/or Fe—NxOy sites [103], involvement and contribution of Fe/FesC nanoparticles
[89-92] and that of the organic ligand in the electrochemical processes [98, 99, 104, 105].
Notably, in the case of TAL-6—900, we observed formation of FesOs but not Fe/FesC
nanocrystals. This observation suggests that the organic linker itself may not only
modulate the rate of formation of nanocrystals embedded into the carbon support but
also their composition.
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Next, we wished to examine the performance of these newly developed iron-based
heterogeneous catalysts in oxidation transformations of alkylarenes [78]. We compared
reaction conditions for oxidation of toluene and ethylbenzene to benzoic acid and
acetophenone, respectively (Table 3). We found that use of TAL-1 is not safe, because it
led to rigorous reactions, including overheating and explosion. The carbonized material
TAL—1-900, on the other hand, was safer and more robust.

Table 3. Optimization of reaction conditions for oxidation of toluene and ethylbenzene®.

Reaction A Reaction B o
catalyst ¢aoH catalyst
—_——
TBHP neat TBHP, neat
80°C,16 h 80°C,16 h
. isolated yield, %
entry® catalyst equiv of TBHP regetion A resiction B
1 TAL-1 3 11 9
2 TAL-1 6 11 34
3 TAL-1 10 14 50
4 TAL-1-900 3 28 24
5 TAL-1-900 6 34 44
6°¢ TAL-1-900 6 34 67
7 TAL-1-900 10 35 45

@ Reaction conditions: 70% ag. TBHP, neat, 80 °C, 16 h.
b Catalyst loading: 5 mg/mmol of substrate, except entry 6.
¢ Catalyst loading: 10 mg/mmol of substrate.

We then compared the three TAL catalysts in the recycling tests using toluene and
diphenylmethane as substrates. Interestingly, over the course of time the diacid derived
catalyst TAL-6—900 outperformed the rest of the catalysts (Fig. 8a).

A 5 mg/mmol cat B 5 mg/mmol cat
PhCH; —m0m8m————— PhCOOH PhCHPh ——————————— PhCOPh
6 eq TBHP 6 eq TBHP
80°C,16 h 80°C,16 h
—-TAL-1-900 -=-TAL-6-900 —TAL-7-900 —-TAL-1-900 -=TAL-6-900 —~TAL-7-900
50 100
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] c
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e @
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cycle cycle

a Reaction conditions: 70% aq. TBHP, neat, 80 °C, 16 h; catalyst loading: 5 mg/mmol of substrate.
b Yields were determined by NMR using 1,3,5-trimethoxybenzene as internal standard.

Figure 8. Stability of iron-based catalysts in oxidation of (A) toluene and (B) diphenylmethane.
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However, based on the accessibility and cost-effectiveness within different TAL systems,
the scope of the reaction was explored using TAL—1-900 (Table 4). We have focused on
converting methylarenes to carboxylic acids [106] on a practical, lab-bench scale because
the use of strong oxidants, typically, KMnOs, in the stoichiometric amounts is not
sustainable. Recently, Bolm et al. introduced FeCls-catalyzed conditions using pyridine as
solvent and tert-butyl hydroperoxide (TBHP) as a terminal oxidant [107]. However,
the conversion of methylarenes to carboxylic acids was less well explored with only one
example of p-methylanisole having been reported.

In addition to toluene (entry 1), phenylacetic acid and benzyl alcohol were also
converted to benzoic acid (entries 2—4). The former compound first undergoes oxidation
to phenylglyoxylic acid, which is then decarboxylated by the TBHP radical [108, 109].
With polymethylarenes, only the major products were isolated (entries 5-7). para-Xylene
formed para-toluic acid (entry 5), meta-xylene resulted in isophthalic acid (entry 6), and
mesitylene gave uvitic acid (entry 7). Ketones were obtained from ethylbenzene and
diphenylmethane (entries 8—11). Increasing TBHP equivalents from 3 to 6 improved
conversion to benzophenone, however, the isolated yield of acetophenone did not
change significantly.

Table 4. TAL—1-900 catalyzed oxidations®.

entry substrate major product equiv of TBHP isolated yield, %
COOH
1 ©/ 6 37
2 COOH 3 49
o O
3 6 70
OH COOH
4 [:::I/ 3 84
/J:::r/ COOH
5 /©/ 12 34
COOH
6 [:;:r/ [:;:r/ 12 32
COOH
COOH
7 \T:;j/ 18 38
COOH
8 ° 3 50
9 ©/\ ©)\ 6 54
10 7 3 47
11 IIIEI/JL\IIIEI 6 94

aReaction conditions: TAL—1-900 (5 mg/mmol of substrate), 70% aqg. TBHP, neat, 80 °C, 24 h.



In conclusion, we introduced a small library of novel, carbonaceous ligands for
fabrication of M—N—C materials, where M = Fe. We have then tested them as bifunctional
catalyst materials and extended their application to heterogeneous catalysis. Our data
suggests that there is a nexus between the original ligand and the nature of nanoparticles
entrapped into the material (FesOa vs. FesC), its catalytic activity and stability.
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3 Multifunctional catalyst material from an amorphous
cobalt metal-organic framework

Metal-organic frameworks, which are employed in fabrication of M—N—C materials are
typically, crystalline [110]. For example, zinc and 2-methylimidazole-based ZIF-8 and
cobalt and 2-methylimidazole-based ZIF-67 are morphologically rhombic dodecahedra
[82, 111, 112]; iron and 2-aminoterephthalic acid-based MIL-88B—NH, crystals are
needle-like bipyramidal hexagonal prisms [81, 113]; and zinc and triazole-based
energetic MOF MET-6 crystals are octahedron shaped [83, 114]. Their corresponding
topologies are often carried through the carbonization step.

In Chapter 2 we focused on iron-based polycrystalline MOFs [74, 78], Chapter 3,
which is based on Publication Ill, will introduce the use of a cobalt-based amorphous
metal—organic framework (aMOF) [115, 116] as a precursor for the synthesis of M—N—C
materials.
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Figure 9. TAL-2 derived catalysts materials. (A) Preparation of materials. Morphological
characterization by HRTEM micrographs of (B) TAL—2-800, (C) TAL-2-900 and (D) TAL-2-1000
catalysts. Physical characterization of the materials by (E) N, uptake, and (F) pore size distribution
and (G) PXRD patterns. Adapted from ref [117].
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We prepared a series of materials (TAL—2—-800, TAL—2-900 and TAL—-2-1000) using
ligand TL1 and CoCl; in 25% aq ammonia/DMF/EtOH/H,0 4:10:10:15 solvent mixture
followed by carbonization at three different temperatures 800, 900 and 1000 °C (Fig. 9a).
We then tested them as heterogeneous catalysts in three electrocatalytic reactions (ORR,
OER, HER) and two organic transformations.

All the materials incorporated metallic cobalt nanoparticles, albeit TAL—2—-800 had
fewer of them (HRTEM; Fig. 9b—9d, S1 and S2 in ref [117]). The distribution of pore sizes
(3—4 nm) was determined from the nitrogen uptake curves (Fig. 9e and 9f). PXRD patterns
indicated the presence of graphitic carbon and Co(0) nanoparticles (Fig. 9g).

The TAL-2 derived Co—N—C catalysts were then tested in oxidative conditions using
low catalyst loadings (5 mg/mmol of substrate, 1.7 mol% Co) (Fig. 10). Interestingly, while
several transformations of arylmethanes involving TBHP as an oxidant have been
disclosed so far using the Fe—N—C systems [7, 8, 107, 74], the only instance employing
Co—N-C catalyst is limited to just one substrate, ethylbenzene [118].

Overall, Co—N—C materials were more robust and more efficient as catalysts than the
Fe—N—C catalysts derived from iron-based TAL precursors (cf. Fig. 8) [74, 78]. While
TAL—2-900 was more effective for oxidation of toluene to benzoic acid, TAL—2—-1000
remained active for six cycles when diphenylmethane was used as substrate.

A 5 mg/mmol cat B 5 mg/mmol cat
PhCH3 ——————————— PhCOOH PhCH,Ph ————————3=  PhCOPh
6 eq TBHP 6 eq TBHP
80°C,16 h 80°C,16 h
TAL-2-800 —-TAL-2-900 TAL-2-1000 TAL-2-800 TAL-2-900 TAL-2-1000
50 100
=40 T T = 80
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cycle cycle
(o) without acetic acid from para-xylene from meta-xylene from mesitylene
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o COOH
COOH COOH COOH
o + saNoalh e g el
COOH COOH COOH COOH COOH COOH
93% from BnOH? 42% + 3% 32% +18% 16% + 37%2
81% from BnCOOH? 84% from PhEt? 47% + 8%" 45% + 24%"° 20% + 47%"

2 Reaction conditions: substrate (1.0 equiv), TBHP (6 equiv per CH; group), TAL-2-900 (5 mg/mmol), neat, 80 °C, 24 h. ® Additional AcOH (1 equiv per CH; group)

Figure 10. Use of TAL-derived catalysts in oxidative transformations. (A) Catalyst recyclability during
oxidation of toluene into benzoic acid. (B) Catalyst recyclability during oxidation of diphenylmethane
into benzophenone (conversion were determined by NMR using 1,3,5-trimethoxybenzene as internal
standard). (C) Substrate scope for TAL—2—-900-catalyzed oxidations (isolated yields). Adapted with
changes from ref [117].

A screen of additives (AcOH, TCA, TFA, B(OMe)s, TEA, pyridine) in the oxidation of

toluene revealed that only acetic acid resulted in improved conversions and isolated
yields. This effect was also confirmed with polymethylated substrates (Fig. 10c).
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Since the oxidation reactions involve radical intermediates, we were keen to see
whether it were possible to catalyze other radical transformations. We opted for the
benzylic homocoupling reaction. This carbon—carbon bond forming reaction is typically
carried out with stoichiometric lithium [119], magnesium [120], copper [121] or nickel
[122]. Recently, photo- [123, 124] and Rh-catalyzed processes employing dimethylzinc
[125] were reported.

Gratifyingly, when TAL-2-900 (5 mg/mmol, 1.7 mol%) was used as a catalyst together
with methylmagnesium bromide, the desired homocoupling products were observed
(Table 5). The catalyst was significantly deactivated when exposed to aqueous work-up.
To recycle the catalyst, the solvent containing the product was removed using a syringe,
and the reaction vessel was recharged with a new batch of starting material and MeMgBr.

Table 5. TAL—2-900 catalyzed C(sp3)—C(sp3) homocoupling reaction. Adapted from ref [117].

Z 3
X Br cat. TAL-2-900 R
RT —_—_— N A
Z 2 eq MeMgBr, THF Rt
RT,16 h Z
Br |
e Ph g g g
Br |
95% 90% 92% 93%
CF3 F
F
L ¢ F
FsC F.
® e e F
F
F
CF3 F
75% 91% 97%

2 Reaction conditions: substrate (1.0 equiv), MeMgBr (2.0 equiv), TAL-2-900 (5 mg/mmol), THF, RT, 16 h

TAL-2 catalysts were profiled against the three electrochemical reactions: oxygen
reduction (ORR), oxygen evolution (OER) and hydrogen evolution (HER) reactions (Fig. 11).
TAL-2-900, once again, showed a superior activity profiles in all of these processes.

In ORR in 0.1 M KOH, TAL-2-900 (421 m? g™!) was the best performing catalyst
with an onset potential (Eon) of 1.00 V, a half-wave potential (E12) of 0.85 V and a
diffusion-limiting current density of —5.78 mA cm™ (Fig. 11a—11c). The number of
electrons transferred per O molecule (n) was four. RRDE studies confirmed that oxygen
reduction proceeds via a two-step 2x2 mechanism (Fig. S5b and S5c in ref [117]).

In OER in 0.1 M KOH, current density of 10 mA cm™ for TAL—2—-900 was achieved at
1.60 V (Fig. 11d-11f). In chronoamperometric studies (at 1.6 V), after 2.8 h the catalyst
was proven to be stable, while the relative current density of a benchmark catalyst (RuO3)
had decreased to 74%.

The HER activity of TAL-2 derived materials was compared in both alkaline (1 M KOH)
and acidic conditions (0.5 M H2S0a4) against the commercial standard (Pt/C) at the current
density of =10 mA cm™2 (Fig. 11g—11i). The best overpotential value (that for TAL—2—-900)
was achieved at —264 mV vs. RHE with a low Tafel slope value of 115 mV dec™.
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Figure 11. Electrochemical characterization of TAL-2 derived catalyst materials. (A) ORR polarization
curves for TAL and Pt/C-modified GC electrodes at 1600 rom; v = 10 mV s™L. (B) Tafel plots for
ORR on TAL and Pt/C catalysts. (C) Electrochemical ORR stability test for TAL—2-900 (mid-range:
0.6-1.0 V). (D) OER polarization curves (under argon); v = 10 mV s, (E) OER Tafel plots. (F) OER
chronoamperometric stability of TAL—2—-900 and RuO; in 0.1 M KOH over 10,000 seconds (1.6 V).
(G) HER polarization curves for TAL and Pt/C electrocatalysts in 1 M KOH; v = 10 mV s, (H) HER
Tafel plots for TAL and Pt/C electrocatalysts in 1 M KOH. (1) HER polarization curves for TAL and
Pt/C electrocatalysts in 0.5 M H2SO4 v = 10 mV s71. (J) Alkaline single fuel cell test of TAL—2—-900
and Pt/C. (J) Zinc—air battery testing with TAL—2-900, shows the voltage produced by two batteries,
LED light using the same batteries, and (L) galvanostatic cycling of one battery for 8 h. Adapted

fromref. [117].

Finally, TAL-2-900 was evaluated in alkaline electrolyte membrane fuel cell and
zinc—air battery. At 2 mg cm™ loading and HMT—PMBI as a polymer electrolyte, alkaline
membrane fuel cell test yielded current density up to 1100 mA cm™2 (Fig. 11j), which was
20% better activity than Pt/C. The value of power density for TAL—-2—900 was >400 mW
cm™, that above of Pt/C (350 mW cm™). Stability of solid-state PVA-based zinc—air
battery with TAL-2—900 as an electrode material was examined at constant current
density of 5.0 mA cm™ (Fig. 11k and 11l). The TAL—2-900-driven zinc—air battery had a

cycle life of 8 h.
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In conclusion, we have demonstrated that amorphous metal-organic frameworks
(coordination networks [126]) can be used to access new heterogeneous catalysts. Using
TAL-2-900, we have shown their ability to catalyze various electrochemical and synthetic
transformations, including C(sp?)-C(sp®) carbon—carbon bond formation, the first
example of use of carbonized material to carry out reactions in the presence of
organometallic reagents.
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4 Shungite as a carbon support for bifunctional oxygen
electrocatalysts

The heterogeneous catalysts prepared from MOFs TAL-1 and TAL-2, which were
discussed in Chapters 2 and 3, did not employ any carbon support. Typically, however,
carbon supports such as CNTs, activated carbon or Vulcan XC72R are utilized [33]. In this
Chapter, which is based on Publication V, | introduce shungite, a raw material, as a new
carbon support [36].

Shungite is an accessible mineraloid containing 98% of carbon by weight, which was
first found in Karelia, a northwestern region of Russia [127—129]. It has high conductivity
and high specific surface area making it a potentially useful and affordable source of
carbon [130, 131].

The raw shungite (Sh-raw) was first acid etched with a 1:1 mixture of 48% HF and 65%
HNO:s acids for 12 h at RT and washed with water and 2-propanol to give purified shungite
(Sh). These steps ensured removal of traces of metals (Fe, Ni, Mg, Al, Si) and sulfur was
confirmed by EDX analysis (Fig. 12).

The acid-etched shungite was modified during carbonization step with CoCl>-6H,0 or
Fe(OAc)z or a combination of both in the presence of the two most widely used nitrogen
sources, dicyandiamide (DCDA) and melamine (mel) [67].

A

Figure 12. SEM and TEM micrographs and EDX spectra of (A) as-received shungite (Sh-raw) and (B)
acid-etched shungite (Sh). Adapted with changes from ref. [36].

From the ORR and OER data, which were obtained in 0.1 M KOH with catalyst
loading of 153 pg cm™2 (Fig. 13), it is clear that only the materials derived from a mixture
of the two metals showed superior bifunctional activities (AE for Sh—-DCDA—CoFe and
Sh—mel-CoFe are 0.84 V and 0.85 V, respectively).
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Figure 13. Characterization of DCDA and melamine modified electrocatalysts. Cyclic voltammetry
curves for (A) undoped shungite and (B) all the doped shungite-based powders modified GC
electrodes in argon-saturated 0.1 M KOH, scan rate 50 mV s 1. (C) Comparison of ORR polarization
curves at 1600 rpm, scan rate v = 10 mV s~1. (D) iR-corrected OER polarization curves in argon-
saturated 0.1 M KOH at 10 mV s~L. Current—time chronoamperometry response for (E) ORR at 0.75 V

and (F) OER at 1.60 V vs. RHE. Adapted with changes from ref. [36].

We then characterized the Sh—-DCDA—CoFe catalyst by STEM and HRTEM (Fig. 14).
From the elemental mapping and HRTEM micrographs, it was evident that the mixed
alloy FeCo nanoparticles were formed, which were also present in the spent catalyst (S|

in ref. [36]), which means that they are essential for the catalytic activity.
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Figure 14. Characterization of Sh—DCDA—CoFe catalyst by STEM and TEM. Adapted with changes
from ref. [36].

Additionally, we have tried to use acid-etched shungite as a carbon support together
with MOFs ZIF-67, TAL—1 and TAL-2 as metal/nitrogen precursors. However, impregnation
using ball milling or sonification did not result in highly active catalysts and needs further
rounds of optimization (unpublished data).

In conclusion, we have demonstrated that shungite, a raw material, can serve as
carbon support for bifunctional oxygen catalysts. Highly efficient bifunctional performance
was achieved in the cases where FeCo alloy nanoparticles were formed. Direct
modifications with MOFs as a single source of metal and nitrogen need further
optimization.
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5 Experimental section

General

Synthetic chemistry. All chemicals were used as supplied. Chromatographic separations
were performed on ThoMar OHG silica gel 60A (4063 pm). Thin-layer chromatography
was performed on Merck TLC Silica gel 60 F2s4 and visualized by UV (365/254 nm), KMnO4
and/or phosphomolybdic acid. *H and *3C NMR spectra were recorded on Bruker Avance
400 spectrometer. Residual solvent peaks were used as internal standards [132].
Chemical shifts are quoted in ppm using the following abbreviations: s singlet; d doublet;
t triplet; g quartet; gn quintet; sx sextet; non nonet, m multiplet; br broad; or a
combination thereof. The coupling constants J are measured in Hz. High resolution mass
spectra (HRMS) were recorded on Agilent HPLC/Q-TOF G6540A mass spectrometer.
Preparation of ligands TL1, TL2 and TL3 was previously reported in ref [78], and TL5 and
TL6 in ref [87]. Preparation of metal—-organic frameworks TAL-1, TAL-6 and TAL-7 was
previously reported in ref [78], and TAL-20, and TAL-22 in ref [87]. Preparation of
catalyst materials TAL-1-900, TAL-6—900 and TAL—7-900 was previously reported in ref
[78], and TAL-20-900, and TAL—22-900 in ref [87]. Shungite was purchased from
Strecker UG (Wirzburg, Germany). All procedure of modifying of shungite-derived
materials were previously described [36].

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 26 = 10.0—60.0°, scan step 0.02°, scan
speed 5 deg/min. The powder XRD patterns for the rest including additional run for
TAL-1 were recorded on a Bruker D8 Advanced diffractometer using Ni filtered Cu Ka
radiation and LynxEye line detector. Scanning steps were 0.013° 20 from 5° to 90° 26
and total counting time was 173 s per step. The scan axis was 26/6. JCPDS Cards No.
for a-Fe (#87-0722), FesC (#89-2867), FesO4 (#75-0033), a-Fe;0s (#33-0664) and Co
(#42-1467) were compared.

SEM. Surface morphology was studied by SEM using Zeiss Ultra—55. The solid was
deposited onto the carbon tape (TAL-1, TAL-6, TAL-7 and TAL-2 samples were covered
with a thin gold layer to improve conductivity).

XPS. The surface elemental composition was investigated by 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 Kai2, FWHM 0.68 eV) and
1486.6 eV (Al Kai,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 3ds/2 at
367.8 eV), no charging effects were observed. Peak fitting was done using CasaXPS
(version 2.3.16) software.
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TEM. Scanning transmission electron microscopy was done using FEl Titan 200 with
200 keV electron beam. TEM measurements were also performed using a JEOL-2200FS
FEG (S)TEM equipped with Schottky field emission gun (FEG) and operating at
accelerating voltage of 200 kV. TEM samples were dispersed in 2-propanol and sonicated
for 10 minutes. The resulted suspension was pipetted on a 200 mesh copper grid covered
by carbon film.

BET. Low-temperature nitrogen adsorption was done at the boiling temperature of
nitrogen (77K) by using the NOVAtouch LX? (Quantachrome Instruments). Specific
surface (Sser) of carbon samples was calculated from Nz adsorption corresponding to the
BET theory in the P/Po interval of 0.02—0.2, the total pore volume (V:ot), calculated at P/Po
of 0.97. The calculations of pore size distribution and specific surface (Sprr) from N
isotherms were done by using a quenched solid density functional theory (QSDFT)
equilibria model for slit type pores.

MP-AES. Analytical samples were digested in Anton Paar Multiwave PRO microwave
digestion system using NXF100 vessels (PTFE/TFM liner) in 8NXF100 rotor. TAL-X-900
samples (10 mg) were dissolved in 69% HNOs (4 mL) and H20: (2 mL), then 48% HF
(0.1 mL) was added, the vessels were capped and digested in the microwave unit. After
digestion, the samples were diluted using 2% HNOs to a final dilution factor of 61,000
and analyzed using Agilent 4210 MP—AES. Fe and Lu (an internal standard added online
via a T-shaped micro-mixer) were measured at 371.993 and 547.669 nm, respectively.

Electroanalytical studies. All electrochemical measurements 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 pm 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 500 pg 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 argon (99.999%,
AGA). Comparison experiments were performed with 20 wt% Pt/C (E-TEK; loading of
20 pget cm2) and 99.9% RuO: (Alfa Aesar; loading of 200 pug cm™).

The RDE technique was used to explore the electrocatalytic activity of the catalysts
towards the ORR. Cyclic voltammograms were recorded at a potential sweep rate (v) of
50 mV st in argon-saturated solution in the potential range of —0.1+1.4 V. The RDE
polarization curves were measured in Oz-saturated 0.1 M KOH solution at a scan rate of
10 mV st in the potential range of —0.1+1.1 V 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). Background currents (not shown) were
measured in argon-saturated solution at a scan rate 10 mV s in the potential range of
—0.1+1.1 V. The background correction was made by subtracting background currents
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from the RDE data. The data was normalized to the geometric area of the GC electrode.
The ORR and OER data were automatically corrected for iR drop using Nova software.

HER measurements were performed in Argon-saturated 1 M KOH solution. HER was
measured also in 0.5 M H2SOs solution. Before measurement electrodes were cycled 5
times at scan rate of 50 mV s and stable LSV was recorded at 10 mV s™* within the
potential range of 0.8 to 1V vs RHE.

Preparation of TL ligands
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1H-benzo[d]imidazole-5,6-diamine [TL4]

NH2  HcooH N kno, ON N NH,NHa-H,0 HaN N
@[ C[ /> H,SO j@: /> PdIC j@i />
NH, N 2504 O,N N H,N N
1H-Benzo[d]imidazole

A mixture of o-phenylenediamine (15.00 g, 0.139 mol) and formic acid (100 mL) was left
to stir at 100 °C. After 16 h, it was concentrated under reduced pressure, redissolved in
water (200 mL), basified with K2COs and filtered to give the desired compound as a
colorless solid (15.26 g, 0.130 mol, 94%).

'H NMR (CDsOD, 400 MHz) & 8.14 (s, 1H), 7.62—7.58 (m, 2H), 7.27-7.23 (m 2H)

13C NMR (CDsOD, 100 MHz) 6 142.4, 123.8, 116.1.

5,6-Dinitro-1H-benzo[d]imidazole

KNOs (1.07 g, 10.58 mmol, 2.5 equiv.) was added to a solution of 1H-benzo[d]imidazole
(500 mg, 4.23 mmol, 1.0 equiv.) in conc. H2S04 (2 mL) at 0 °C and the mixture was left to
stir at 50 °C. After 1 h, additional KNOs (2.14 g, 21.16 mmol, 5.0 equiv.) and conc. H2SO4
(2 mL) were added and the mixture was left to stir at 110 °C. After 8 h, crushed ice was
added, the formed precipitate was collected by filtration and purified by flash
chromatography (DCM/MeOH, 100:1) to give the desired compound as a light yellow
solid (373.4 mg, 1.79 mmol, 42%).

!H NMR (DMSO-ds, 400 MHz) 6 8.77 (s, 1H), 8.49 (s, 2H).

13C NMR (DMSO-ds, 100 MHz) 6 140.4, 131.3, 130.7, 105.0.
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1H-Benzo[d]imidazole-5,6-diamine

Hydrazine monohydrate (3.1 mL, 63.74 mmol, 11.2 equiv) was added dropwise to a
solution of 5,6-dinitro-1H-benzo[d]imidazole (1.179 g, 5.66 mmol, 1.0 equiv) and Pd/C
(10 wt%, 0.12 g) in anhydrous EtOH (20 mL) at 0 °C and the mixture was left to stir at 80
°C. After 30 min, it was filtered through silica gel, and concentrated under reduced
pressure to give the desired compound as a colorless solid (0.837 g, 5.65 mmol, quant).

'H NMR (DMSO-ds, 400 MHz) 6 7.67 (s, 1H), 6.71 (s, 2H), 4.28 (br s, 4H).

13C NMR (DMSO-ds, 100 MHz) 6 137.6, 132.9, two carbons were not observed.

1,4-Bis(5,6-dimethyl-1H-benzo[d]imidazole-2-yl)benzene [TL7]

NH, ) H
Ti(O'Pr), N N

+ Hooc cooH "l 2 4

NH, N N

H

Terephthalic acid (1.74 g, 10.47 mmol, 1.0 equiv) was added into a mixture of
4,5-dimethylbenzene-1,2-diamine (3.00 g, 22.03 mmol, 2.1 equiv) in titanium
isopropoxide (20 mL), the mixture was left to stir at 150 °C. After 16 h, the mixture was
filtered, washed with MeOH, and dried to give the desired product as a light yellow solid
(2.82 g, 7.69 mmol, 73%).

'H NMR (DMSO-ds, 400 MHz) 6 8.27 (s, 4H), 7.38 (s, 4H), 2.33 (s, 12H).

13C NMR (DMSO-ds, 100 MHz) 6 150.0, 131.2, 130.8, 127.2, 126.6, 115.3, 20.1.

HRMS for Ca4H23N4 [M+H]* found 367.1906; calcd. 367.1917.

5-Fluoro-1H-benzo[d]imidazole-6-ol [TL8]
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N-(3,4-Difluorophenyl)acetamide [133]

Hydrazine monohydrate (7.65 mL, 0.153 mol, 11.2 equiv) was added dropwise to a
solution of 1,2-difluoro-4-nitrobenzene (2.17 g, 13.64 mmol, 1.0 equiv) and Pd/C (5 wt%,
0.108 g) in anhydrous EtOH (25 mL) at 0 °C and the mixture was left to stir at 80 °C. After
30 min, it was filtered through silica gel concentrated, redissolved in DCM (100 mL),
washed with water (3x20 mL), dried over MgS0s, and concentrated to 50 mL. Ac,0
(1.93 mL, 20.46 mmol, 1.5 equiv) and EtsN (2.85 mL, 20.46 mmol, 1.5 equiv) were added
at 0°Cto this solution and the mixture was left to stir at RT. After 1 h, it was concentrated,
redissolved in CHCIs (100 mL), washed with 1 M HCI (30 mL), sat. NaHCOs solution
(30 mL) and brine (30 mL), dried over Na:SOs and concentrated to give the desired
product as a colorless solid (1.79 g, 10.46 mmol, 77%).

'H NMR (CDCls, 400 MHz) & 7.62—-7.56 (m, 1H), 7.52 (br s, 1H), 7.11-6.98 (m, 1H), 2.16 (s,
3H).

13C NMR (CDCls, 100 MHz) & 168.6, 150.2 (Jer = 246.0), 147.3 (Jer = 271.0), 134.5 (Jer =
11.8),117.3 (Jer = 18.0), 115.6, 109.9 (Jcr = 21.6).
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N-(4,5-Difluoro-2-nitrophenyl)acetamide [133]

KNOs (1.71 g, 16.97 mmol, 1.2 equiv.) was added into a solution of N-(3,4-
difluorophenyl)acetamide (2.42, 14.14 mmol, 1.0 equiv.) in conc. H2S04(8 mL) on at 0 °C
and the mixture was left to stir at 0 °C. After 3 h, ice was added, the formed precipitate
was collected by filtration and washed with water to give the desired compound as a
light yellow solid (2.43 g, 11.24 mmol, 80%).

'H NMR (CDCls, 400 MHz) & 10.45 (br s, 1H), 8.84 (dd, 1H, J = 12.8, 7.6), 8.12 (dd, 1H,
J=10.1, 8.0), 2.31 (s, 3H).

13C NMR (CDCl3, 100 MHz) 6 169.2, 133.2, 115.0 (Jcr = 25.4), 110.8 (Jer = 25.1), 25.8, two
carbons were not observed.

5-Amino-2-fluoro-4-nitrophenol

A solution of N-(4,5-difluoro-2-nitrophenyl)acetamide (2.43 g, 11.24 mmol, 1.0 equiv) in
10% aq. NaOH (25 mL) was left to stir at 80 °C. After 16 h, it was allowed to cool to RT,
acidified with conc. HC|, filtered, and washed with water to give the desired compound
as a yellow solid (1.90 g, 11.04 mmol, 98%).

'H NMR (DMSO-ds, 400 MHz) 6 11.32 (br's, 1H, OH), 7.71 (d, 1H, J = 11.7), 7.42 (br s, 2H),
6.47 (d, 1H, J=4.9).

13C NMR (CDs0D, 100 MHz) & 155.2, 147.0, 146.1, 143.7, 112.6 (Jer = 23.2), 104.2.

4-Fluoro-5-methoxy-2-nitroaniline

A mixture of Mel (0.72 mL, 11.62 mmol, 2.0 equiv), 5-amino-2-fluoro-4-nitrophenol
(1.00 g, 5.81 mmol, 1.0 equiv) and K2COs (1.20 g, 8.71 mmol, 1.5 equiv) in MeCN (10 mL)
was left to stir at 70 °C. After 16 h, it was filtered, concentrated, redissolved in DCM,
washed with water (3x30 mL), dried over Na2SOs and concentrated to give the desired
compound as a yellow solid (420 mg, 2.26 mmol, 39%).

'H NMR (CDCls, 400 MHz) 6 7.86 (d, 1H, J=11.6), 6.20 (d, 1H,J=7.2), 6.17 (br s, 2H), 3.92
(s, 3H).

13C NMR (CDCl3, 100 MHz) 6 155.3, 149.9, 143.8, 143.0, 112.5 (Jcr = 22.8), 99.9, 56.5.

5-Fluoro-6-methoxy-1H-benzo[d]imidazole

Hydrazine monohydrate (1.3 mL, 25.27 mmol, 10 equiv) was added dropwise to a
solution of 4-fluoro-5-methoxy-2-nitroaniline (420 mg, 2.26 mmol, 1.0 equiv) and Pd/C
(5 wt%, 21 mg) in anhydrous EtOH (20 mL) at 0 °C and the mixture was left to stir at
80 °C. After 90 min, it was filtered through silica gel, concentrated, redissolved in formic
acid (30 mL) and was left to stir at 100 °C. After 16 h, the mixture was concentrated,
redissolved in water (50 mL), basified with K2COs and extracted with DCM (3x10 mL) to
give the desired compound as a light yellow solid (255.8 mg, 1.54 mmol, 68%).

'H NMR (CDsOD, 400 MHz) & 8.07 (s, 1H), 7.32 (d, 1H,/=11.1), 7.24 (d, 1H, J=7.4), 3.91
(s, 3H).

13C NMR (CDsOD, 100 MHz) 6 153.1, 150.7, 147.0, 142.5, 57.1, two carbons were not
observed.

5-Fluoro-1H-benzo[d]imidazole-6-ol

A solution of 5-fluoro-6-methoxy-1H-benzo[d]imidazole (230 mg, 1.38 mmol, 1.0 equiv)
in 48% aq. HBr (10 mL) was left to stir at 120 °C. After 4 h, the mixture was cooled down
to RT, extracted with DCM (3x10 mL) and EtOAc (3x10 mL) to give the desired compound
as a red solid (206.9 mg, 1.36 mmol, quant).
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1H NMR (CDsOD, 400 MHz) 6 9.22 (s, 1H), 7.60 (d, 1H, J=9.9), 7.31 (d, 1H, J = 7.4).
13C NMR (CDsOD, 100 MHz) & 153.4 (Jer = 236.9), 147.6, 140.3, 128.7, 124.6, 102.2
(Jer = 25.6), 101.7 (Jor = 3.4).

2,2’-(1,4-Phenylene)bis(1H-benzo[d]imidazole-5,6-diol) [TLI]

MeO NH, o MeO. N i OMe g,
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HO N N:@(ou
1,4-Bis(5,6-dimethoxy-1H-benzo[d]imidazole-2-yl)benzene
A mixture of terephthalic acid (1.51 g, 9.06 mmol, 1.0 equiv), 4,5-dimethoxybenzene-1,2-
diamine (3.20 g, 19.02 mmol, 2.1 equiv) in titanium isopropoxide (20 mL) was left to stir
at 150 °C. After 16 h, it was filtered, washed with methanol and dried to give the desired
product as a light brown solid (2.02 g, 4.69 mmol, 52%).
'H NMR (DMSO-ds, 400 MHz) 6 12.74 (br s, 2H), 8.22 (s, 4H), 7.23 (s, 2H), 7.03 (s, 2H),
3.83 (s, 12H).

13C NMR (DMSO-ds, 100 MHz, rotamers are observed) & 149.1, 147.2/146.5, 137.6, 130.8,
126.2,101.6/94.3, 55.9.

2,2’-(1,4-Phenylene)bis(1H-benzo[d]imidazole-5,6-diol)

A solution of 1,4-bis(5,6-dimethoxy-1H-benzo[d]imidazole-2-yl)benzene (1.10 g,
2.56 mmol, 1.0 equiv) in 48% aq. HBr (30 mL) and was left to stir at 120 °C. After 48 h,
it was cooled down to 0 °C, filtered, and the precipitate was washed with MeOH
(10x50 mL) give the desired compound as a green solid (0.623 g, 1.66 mmol, 65%).

'H NMR (DMSO-ds, 400 MHz) 6 8.35 (s, 4H), 7.16 (s, 4H).

13C NMR (CDsOD, 100 MHz) & 149.2, 129.4, 129.3, 98.8, one carbon not observed.
HRMS for C20H15N4O4 [M+H]* found 375.1075; calcd. 375.1088.

42



Preparation of TAL MOFs

General procedure A. Metal chloride salt (1.0 equiv) and organic ligand (2.0 equiv) were
dissolved in a mixture of DMF/water (1:1) and mixture was left to stir at 100 °C. After
72 h, the mixture was cooled down to RT, centrifuged, washed with DMF (3x), and dried
to give the desired material.

General procedure B. Metal chloride salt (1.0 equiv) and organic ligand (2.0 equiv) were
dissolved in a mixture 25% aq. NH3/DMF/EtOH/water (4:10:10:15), and the mixture was
left to react at RT. After 24 h, it was washed with EtOH and dried to give the desired
material.

TAL-2. CoCl>6H20 (3.96 g, 16.64 mmol, 1.0 equiv) was added dropwise into a mixture of
1H-benzo[d]imidazole-5,6-diol (5.00 g, 33.30 mmol, 2.0 equiv) in 25% aq.
NHs/DMF/EtOH/water (4:10:10:15), the resulting solution was left to stir at RT. After
24 h, it was filtered, washed with EtOH and dried to give the desired material as a dark
green solid (6.28 g).

TAL-13. A solution of FeCls:6H.0 (1.37 g, 5.07 mmol, 1.0 equiv) and 1H-
benzo[d]imidazole-5,6-diamine (1.50 g, 10.14 mmol, 2.0 equiv) in DMF/water
(5 mL/5 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 black solid (1.36mg).

TAL-23. A solution of FeClz-6H20 (295 mg, 1.09 mmol, 1.0 equiv) and 1,4-bis(5,6-
dimethyl-1H-benzo[d]imidazole-2-yl)benzene (800 mg, 2.18 mmol, 2.0 equiv) in 25% aq.
NHs/DMF/EtOH/water (4:10:10:15) was left to stir at RT. After 24 h, it was filtered,
washed with EtOH and dried to give the desired material as a dark solid (1.03 g).

TAL-24. A solution of FeCls:6H2.0 (178 mg, 0.659 mmol, 1.0 equiv) and 5-fluoro-1H-
benzo[d]imidazole-6-ol (200 g, 1.31 mmol, 2.0 equiv) in DMF/water (2 mL/5 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
black solid (35 mg).

TAL-25. A solution of FeCls:6H2.0 (193 mg, 0.714 mmol, 1.0 equiv) and 2,2’-(1,4-
phenylene)bis(1H-benzo[d]imidazole-5,6-diol) (534 mg, 1.43 mmol, 2.0 equiv) in
DMF/water (4 mL/4 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 brown solid (638 mg).

Preparation of carbonized TAL catalysts

Carbonization was done at 800—1000 °C (N2, rapid heat, 2 h, slow cooling). The carbonized
materials were suspended in a 1:1 mixture of 0.5 M H2SO4 and 0.5 M HNOs (for Fe-based
MOFs) or 0.5 M HNOs (for Co-based MOFs), stirred for 8 h at 50 °C, filtered, and
re-carbonized under N2 at 900 °C for 2 h to give the acid leached materials.
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Oxidations with Fe-based materials

Benzoic acid [134]

From toluene. A mixture of toluene (100 mg, 1.08 mmol, 1.0 equiv), TBHP (70% aq
solution, 892 uL, 6.51 mmol, 6.0 equiv) and TAL—-1-900 (5.4 mg) was left to stir at 80 °C.
After 24 h, it was filtered through a Celite pad using MeOH, concentrated under reduced
pressure, the residue was redissolved in K2COs solution (10 mL), washed with DCM
(2x10 mL), the combined aqueous phase was acidified with HCI, extracted with DCM
(3x10 mL), dried over MgSOa, and concentrated under reduced pressure to give the
desired product as a colorless solid (48.4, 0.396 mmol, 37%).

From benzylalcohol. A mixture of benzyl alcohol (100 mg, 0.925 mmol, 1.0 equiv), TBHP
(70% ag solution, 380 pL, 2.77 mmol, 3.0 equiv) and TAL-1-900 (4.6 mg) was left to stir
at 80 °C. After 24 h, it was filtered through a Celite pad using MeOH, concentrated under
reduced pressure, the residue was redissolved in K2COs solution (10 mL), washed with
DCM (2x10 mL), the combined aqueous phase was acidified with HCI, extracted with
DCM (3x10 mL), dried over MgSOa4 and concentrated under reduced pressure to give the
desired product as a colorless solid (94.5, 0.774 mmol, 84%).

From 2-phenylacetic acid with 3 equiv TBHP. A mixture of 2-phenylacetic acid (100 mg,
0.734 mmol, 1.0 equiv), TBHP (70% aq solution, 301 pL, 2.20 mmol, 3.0 equiv) and
TAL—1-900 (3.7 mg) was left to stir at 80 °C. After 24 h, it was filtered through a Celite
pad using DCM, concentrated under reduced pressure, purified by flash chromatography
(EtOACc/PE 1:20) to give the desired product as a colorless solid (43.6 mg, 0.357 mmol, 49%).
From 2-phenylacetic acid with 6 equiv TBHP. A mixture of 2-phenylacetic acid (100 mg,
0.734 mmol, 1.0 equiv), TBHP (70% aq solution, 602 pL, 4.40 mmol, 6.0 equiv) and
TAL—1-900 (3.7 mg) was left to stir at 80 °C. After 24 h, it was filtered through a Celite
pad using DCM, concentrated under reduced pressure, purified by flash chromatography
((EtOAc/PE 1:20) to give the desired product as a colorless solid (62.8 mg, 0.514 mmol,
70%).

'H NMR (400 MHz, CDCl3) 6 8.13 (d, 2H,J=7.1), 7.63 (t, 1H,J=7.4),7.49 (t, 2H, J = 7.7).
13C NMR (100 MHz, CDCls) 6 172.5, 134.0, 130.4, 129.4, 128.6.

Isophthalic acid [135]

A mixture of m-xylene (100 mg, 0.942 mmol, 1.0 equiv), TBHP (70% aq solution, 1.55 mL,
11.30 mmol, 12.0 equiv) and TAL—1-900 (4.7 mg) was left to stir at 80 °C. After 24 h,
it was filtered through a Celite pad using MeOH, concentrated under reduced pressure
and purified by flash chromatography (EtOAc/PE 1:20—>1:10) to give the desired product
as a colorless solid (50.0 mg, 0.301 mmol, 32%).

'H NMR (400 MHz, DMSO—ds) & 13.2 (s, 2H), 8.48 (s, 1H), 8.17 (d, 1H, J = 1.6), 8.15 (d, 1H,
J=1.6),7.64(t, 1H,J=7.7)

13C NMR (100 MHz, DMSO—-ds) 6 166.6, 133.4, 131.2, 130.0, 129.2.

4-Methylbenzoic acid [136]

A mixture of p-xylene (100 mg, 0.942 mmol, 1.0 equiv), TBHP (70% aq solution, 1.55 mL,
11.30 mmol, 12.0 equiv) and TAL—1-900 (4.7 mg) was left to stir at 80 °C. After 24 h,
it was filtered through a Celite pad using MeOH, concentrated under reduced pressure
and purified by flash chromatography (EtOAc/PE 1:20) to give the desired product as a
colorless solid (43.5 mg, 0.320 mmol, 34%).

'H NMR (400 MHz, CDCls) 6 8.01 (d, 2H, J = 8.1), 7.28 (d, 2H, J = 8.1), 2.43 (s, 3H).

13C NMR (100 MHz, CDCls) 6 171.9, 144.8, 130.4, 129.4, 126.7, 21.9.
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5-Methylisophthalic acid [137]

A mixture of mesitylene (100 mg, 0.832 mmol, 1.0 equiv), TBHP (70% aq solution, 2.05 mL,
14.98 mmol, 18.0 equiv) and TAL—1-900 (4.2 mg) was left to stir at 80 °C. After 24 h,
it was filtered through a Celite pad using MeOH, concentrated under reduced pressure
and purified by flash chromatography (EtOAc/PE 1:20—>1:10) to give the desired product
as a colorless solid (57.2 mg, 0.317 mmol, 38%).

'H NMR (400 MHz, DMSO—ds) 6 13.18 (s, 2H), 8.28 (s, 1H), 7.98 (s, 2H), 2.43 (s, 3H).

13C NMR (100 MHz, DMSO-ds) & 166.7, 138.8, 133.9, 131.2, 127.3, 20.6.

HRMS for CoHsO4 [M+H]* found 181.0496; calcd. 181.0495.

Acetophenone [138]

With 3 equiv TBHP. A mixture of ethylbenzene (100 mg, 0.942 mmol, 1.0 equiv), TBHP
(70% ag solution, 387 pL, 2.83 mmol, 3.0 equiv) and TAL-1-900 (4.7 mg) was left to stir
at 80 °C. After 24 h, it was filtered through a Celite pad using MeOH, concentrated under
reduced pressure and purified by flash chromatography (EtOAc/PE 1:100) to give the
desired compound as a colorless oil (56.9 mg, 0.474 mmol, 50%).

With 6 equiv TBHP. A mixture of ethylbenzene (100 mg, 0.942 mmol, 1.0 equiv), TBHP
(70% aq solution, 774 pL, 5.66 mmol, 6.0 equiv) and TAL-1-900 (4.7 mg) was left to stir
at 80 °C. After 24 h, it was filtered through a Celite pad using MeOH, concentrated under
reduced pressure and purified by flash chromatography (EtOAc/PE 1:100) to give the
desired compound as a colorless oil (61.2 mg, 0.509 mmol, 54%).

'H NMR (400 MHz, CDCl3) 6 7.96-7.93 (m, 2H), 7.57-7.53 (m, 1H), 7.47-7.43 (m, 2H),
2.59 (s, 3H).

13C NMR (100 MHz, CDCls3) 6 198.2, 137.2, 133.2, 128.6, 128.4, 26.7.

Benzophenone [139]

With 3 equiv TBHP. A mixture of diphenylmethane (150 mg, 0.892 mmol, 1.0 equiv),
TBHP (70% aq solution, 366 pL, 2.67 mmol, 3.0 equiv) and TAL-1-900 (4.5 mg) was left
to stir at 80 °C. After 24 h, it was filtered through a Celite pad using DCM, concentrated
under reduced pressure and purified by flash chromatography (EtOAc/PE 1:100) to give
the desire compound as a colorless solid (76.6 mg, 0.420 mmol, 47%).

With 6 equiv TBHP. A mixture of diphenylmethane (150 mg, 0.892 mmol, 1.0 equiv),
TBHP (70% aq solution, 732 pL, 5.34 mmol, 6.0 equiv) and TAL-1-900 (4.5 mg) was left
to stir at 80 °C. After 24 h, it was filtered through a Celite pad using DCM, concentrated
under reduced pressure and purified by flash chromatography (EtOAc/PE 1:100) to give
the desire compound as a colorless solid (152.5 mg, 0.837 mmol, 94%).

'H NMR (400 MHz, CDCl3) 6 7.82—7.79 (m, 4H), 7.61-7.57 (m, 2H), 7.48 (t, 4H, J = 7.6).
13C NMR (100 MHz, CDCls) 6 196.9, 137.7, 132.5, 130.2, 128.4.
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Oxidations with Co-based materials
Recyclability of TAL derived catalysts in oxidation of toluene into benzoic acid.®

TAL-X-900
6 eq TBHP

80°C,16h

Cr

©/coor|

HO N Hooc H
Ly a0
HO N HoOC N

TL1 TL2 TL3
reaction A
TAL-1-900 TAL-6-900 TAL-7-900|TAL-2-800 TAL-2-900 TAL-2-1000| TAL-26-900 TAL-27-900

Fe Fe Fe Co Co Co Co Co

TL1 TL2 TL3 TL1 TL1 TL1 TL2 TL3

1 35% 46% 45% 44% 42% 46% 39% 41%

2 35% 46% 42% 44% 42% 45% 31% 44%

2l 3 32% 45% 43% 31% 44% 41% 40% 27%
o 4 30% 46% 25% 43% 33%
5 46% 28% 41% 32%
6 33% 44% 26%

@ Reaction conditions: toluene (100 mg), TAL—-2-900 (5.4 mg), 6 equiv TBHP (892 pL), 80 °C, 16 h.
2 NMR vyield with 1,3,5-trimethoxybenzene as internal control

Recyclability of TAL derived catalysts in oxidation of diphenylmethane into

benzophenone.®

TAL-X-900
O O __6eqTBHP
Teooc6n

HO N Hooc N
JO B
HO N HoOC N

TL1 TL2 TL3
reaction B
TAL-1-900 TAL-6-900 TAL-7-900|TAL-2-800 TAL-2-900 TAL-2-1000| TAL-26-900 TAL-27-900
Fe Fe Fe Co Co Co Co Co

TL1

cycle

1

2

3

4
[ S5 |

6

TL2

TL3

TL1

TL1

TL1

TL2

TL3

100%

100%

93%

92%

94%

100%

96%

100%

62%

68%

98%

97%

99%

73%

64%

2 Reaction conditions: diphenylmethane (150 mg), TAL-2-900 (4.5 mg), 6 equiv TBHP (732 pL), 80

°C, 16 h.

® NMR yield with 1,3,5-trimethoxybenzene as internal control.
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Effect of additive in the oxidation of toluene to benzoic acid.®

(o)
©/ 5 mg/mmol cat. OH
>
70% aq TBHP, 80 °C,16 h
entry additive equiv yield®
1 — — 42%
2°¢ — — 0
3 TsOH 0.2 20%
4 AcOH 0.1 46%
5 AcOH 0.5 45%
6 AcOH 1.0 56%
7 AcOH 2.0 62%
8 AcOH 3.0 60%
9¢ AcOH 1.0 0%
10 AcOH+ B(OMe)s 1.0 41%
11 B(OMe)s 1.0 43%
129 AcOH 1.0 33%
13 TFA 0.1 25%
14 TFA 0.5 26%
15 TFA 1.0 17%
16 TFA 2.0 11%
17 TFA 3.0 4%
18 TCA 1.0 28%
19 benzoic acid 1.0 46%
20 EtsN 0.1 34%
21 EtsN 0.2 34%
22 EtsN 0.5 34%
23 EtsN 1.0 29%
24 pyridine 1.0 21%

@ Reaction conditions: toluene (100 mg), TAL—2-900 (5.4 mg), 6 equiv TBHP (892 uL), 80 °C, 16 h
> NMR vyield with 1,3,5-trimethoxybenzene as internal control

¢ 6 equiv of H,O, as oxidant

4 MeCN (2 mL) as solvent

Benzoic acid [134]

From toluene. A mixture of toluene (100 mg, 1.08 mmol, 1.0 equiv), 70% TBHP (892 pL,
6.48 mmol, 6.0 equiv) and TAL—2-900 (5.4 mg, 5 mg/mmol) was left to stir at 80 °C. After
24 h, it was filtered through a Celite pad using MeOH, concentrated under reduced
pressure, the residue was redissolved in K2COs solution (10 mL), washed with DCM
(2x10 mL), the combined aqueous phase was acidified with HCI, extracted with DCM
(3x10 mL), dried over MgSO4 and concentrated under reduced pressure to give the
desired product as a colorless solid (59.7, 0.489 mmol, 45%).

From benzylalcohol. A mixture of benzyl alcohol (100 mg, 0.925 mmol, 1.0 equiv), 70%
TBHP (760 pL, 5.54 mmol, 6.0 equiv) and TAL-2—-900 (4.6 mg, 5mg/mmol) was left to stir
at 80 °C. After 24 h, it was filtered through a Celite pad using MeOH, concentrated under
reduced pressure, the residue was redissolved in K2COs solution (10 mL), washed with
DCM (2x10 mL), the combined aqueous phase was acidified with HCI, extracted with
DCM (3x10 mL), dried over MgSOa4 and concentrated under reduced pressure to give the
desired product as a colorless solid (105.2, 0.861 mmol, 93%).
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From phenylacetic acid. A mixture of 2-phenylacetic acid (100 mg, 0.734 mmol, 1.0 equiv),
70% TBHP (602 pL, 4.40 mmol, 6.0 equiv) and TAL-2-900 (3.7 mg, 5mg/mmol) was left
to stir at 80 °C. After 24 h, it was filtered through a Celite pad using MeOH, concentrated
under reduced pressure, purified by flash chromatography (EtOAc/PE 1:20) to give the
desired product as a colorless solid (72.2 mg, 0.591 mmol, 81%).

'H NMR (400 MHz, CDCls) 6 8.13 (d, 2H,J=7.1),7.63 (t, 1H,/=7.4),7.49 (t, 2H, J = 7.7).
13C NMR (100 MHz, CDCl3) 6 172.5, 134.0, 130.4, 129.4, 128.6.

Benzophenone [137]

A mixture of diphenylmethane (150 mg, 0.892 mmol, 1.0 equiv), 70% TBHP (732 uL,
5.34 mmol, 6.0 equiv) and TAL—2-900 (4.5 mg, 5mg/mmol) was left to stir at 80 °C. After
24 h, it was filtered through a Celite pad using DCM, and concentrated under reduced
pressure to give the desire compound as a colorless solid (157.4 mg, 0.864 mmol, 97%).
'H NMR (400 MHz, CDCl3) 6 7.82—7.79 (m, 4H), 7.61-7.57 (m, 2H), 7.48 (t, 4H, J = 7.6).
13C NMR (100 MHz, CDCls) 6 196.9, 137.7, 132.5, 130.2, 128.4.

Acetophenone [138]

A mixture of ethylbenzene (100 mg, 0.942 mmol, 1.0 equiv), 70% TBHP (774 uL, 5.66 mmol,
6.0 equiv) and TAL—2-900 (4.7 mg, 5mg/mmol) was left to stir at 80 °C. After 24 h, it was
filtered through a Celite pad using MeOH, concentrated under reduced pressure and
purified by flash chromatography (EtOAc/PE 1:100) to give the desired compound as a
colorless oil (95.0 mg, 0.791 mmol, 84%).

'H NMR (400 MHz, CDCl3) 6 7.96-7.93 (m, 2H), 7.57-7.53 (m, 1H), 7.47-7.43 (m, 2H),
2.59 (s, 3H).

13C NMR (100 MHz, CDCls3) 6 198.2, 137.2, 133.2, 128.6, 128.4, 26.7.

4-Methylbenzoic acid [136] and Terephthalic acid [139]

A mixture of p-xylene (100 mg, 0.942 mmol, 1.0 equiv), 70% TBHP (1.55 mL, 11.30 mmol,
12.0 equiv) and TAL—2-900 (4.7 mg, 5mg/mmol) was left to stir at 80 °C. After 24 h,
it was concentrated under reduced pressure and the residue was purified by flash
chromatography (EtOAc/PE 1:20 > 1:10) to give the desired products 4-methylbenzoic
acid (53.8 mg, 0.395 mmol, 42%) and terephthalic acid (4.6 mg, 0.028 mmol, 3%), both
as colorless solids.

The reaction was repeated in the presence of acetic acid (107.7 ulL, 1.884 mmol, 2 equiv)
as an additive to give 4-methylbenzoic acid (60.7 mg, 0.446 mmol, 47%) and terephthalic
acid (125 mg, 0.075 mmol, 8%).

4-Methylbenzoic acid [136]:

'H NMR (400 MHz, CDCls) 6 8.01 (d, 2H, J = 8.1), 7.28 (d, 2H, J = 8.1), 2.43 (s, 3H).

13C NMR (100 MHz, CDCl3) 6 171.9, 144.8, 130.4, 129.4, 126.7, 21.9.

Terephthalic acid [139]:

'H NMR (400 MHz, DMSO—ds) 6 13.29 (s, 2H), 8.04 (s, 4H).

13C NMR (100 MHz, DMSO-ds) & 166.7, 134.5, 129.5.
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3-Methylbenzoic acid [139] and Isophthalic acid [135]

A mixture of m-xylene (100 mg, 0.942 mmol, 1.0 equiv), 70% TBHP (1.55 mL, 11.30 mmol,
12.0 equiv) and TAL-2-900 (4.7 mg, 5mg/mmol) was left to stir at 80 °C. After 24 h,
it was concentrated under reduced pressure and the residue was purified by flash
chromatography (EtOAc/PE 1:20 > 1:10) to give the desired products 3-methylbenzoic
acid (40.9 mg, 0.300 mmol, 32%) and isophthalic acid (28.9 mg, 0.174 mmol, 18%) as
colorless solid.

The reaction was repeated in the presence of acetic acid (107.7 ulL, 1.884 mmol, 2 equiv)
as an additive, to give 3-methylbenzoic acid (58.1 mg, 0.427 mmol, 45%) and isophthalic
acid (37.3 mg, 0.224 mmol, 24%).

3-Methylbenzoic acid [139]:

'H NMR (400 MHz, DMSO-ds) & 12.86 (s, 1H), 7.76—7.73 (m, 2H), 7.43—7.35 (m, 2H), 2.35
(s, 3H).

13C NMR (100 MHz, DMSO-de) 6 167.4, 137.9, 133.5, 130.7, 129.8, 128.5, 126.5, 20.8.
Isophthalic acid [135]:

'H NMR (400 MHz, DMSO—ds) 6 13.2 (s, 2H), 8.48 (s, 1H), 8.17 (d, 1H, J = 1.6), 8.15 (d, 1H,
J=1.6),7.64(t, 1H,J=7.7).

13C NMR (100 MHz, DMSO-ds) & 166.6, 133.4, 131.2, 130.0, 129.2.

3,5-Dimethylbenzoic acid [139] and 5-Methylisophthalic acid [137]

A mixture of mesitylene (100 mg, 0.832 mmol, 1.0 equiv), 70% ag TBHP (2.05 mL,
14.98 mmol, 18.0 equiv) and TAL—2-900 (4.2 mg, 5mg/mmol) was left to stir at 80 °C.
After 24 h, it was concentrated under reduced pressure and the residue was purified by
flash chromatography (EtOAc/PE 1:20 - 1:10) to give the desired products
3,5-dimethylbenzoic acid (20.5 mg, 0.137 mmol, 16%) and 5-methylisophthalic acid
(55.6 mg, 0.309 mmol, 37%) as colorless solids.

The reaction was repeated in the presence of acetic acid (142.7 uL, 2.496 mmol, 3 equiv)
as an additive to give 3,5-dimethylbenzoic acid (24.6 mg, 0.164 mmol, 20%) and
5-methylisophthalic acid (70.7 mg, 0.392 mmol, 47%).

3,5-Dimethylbenzoic acid [139]:

'H NMR (400 MHz, CDCl3) & 7.74 (s, 2 H), 7.24 (s, 1H).

13C NMR (100 MHz, CDCl3) 6 172.5, 138.3, 135.6, 129.3, 128.0, 21.3.

HRMS for CsHsO2 [M—-H]™ found 149.0609; calcd. 149.0608.

5-Methylisophthalic acid [137]:

'H NMR (400 MHz, DMSO—ds) 6 13.18 (s, 2H), 8.28 (s, 1H), 7.98 (s, 2H), 2.43 (s, 3H).

13C NMR (100 MHz, DMSO-ds) & 166.7, 138.8, 133.9, 131.2, 127.3, 20.6.

HRMS for CoHsO4 [M+H]* found 181.0496; calcd. 181.0495.

49



Benzylic homocoupling with Co-based materials

R A Br 5 mg/mmol cat.
I '
Z 2 eq MeMgBr, THF
RT,16 h

1,2-Diphenylethane [125]

A solution of MeMgBr (3 M in Et20, 876 L, 1.75 mmol, 2.0 equiv) was added dropwise
into a solution of benzyl bromide (150 mg, 0.877 mmol, 1.0 equiv) and TAL-2-900
(4.4 mg, 5mg/mmol) in THF (5 mL) at 0 °C, and the reaction was left to stir at RT. After
16 h, it was quenched with 1 M HCI, extracted with DCM and evaporated under reduced
pressure to give the product as a colorless solid (76.3 mg, 0.419 mmol, 95%).

'H NMR (400 MHz, CDCls) 6 7.34-7.30 (m, 4H), 7.25-7.21 (m, 6H), 2.96 (s, 4H).

13C NMR (100 MHz, CDCls) 6 141.9, 128.6, 128.5, 126.0, 38.1.

1,2-Bis(4-bromophenyl)ethane [125]

A solution of MeMgBr (3 M in Et20, 600 pL, 1.20 mmol, 2.0 equiv) was added dropwise
into a solution of 4-bromobenzyl bromide (150 mg, 0.600 mmol, 1.0 equiv) and TAL—2-900
(3.0 mg, 5mg/mmol) in THF (5 mL) at 0 °C, and the mixture was left to stir at RT. After 16 h,
it was quenched with 1 M HCI, extracted with DCM and evaporated under reduced
pressure to give the product as a colorless solid (92.1 mg, 0.271 mmol, 90%).

'H NMR (400 MHz, CDCls) 6 7.38 (d, 4 H, J=8.3), 7.00 (d, 4H, J = 8.3), 2.85 (s, 4H).

13C NMR (100 MHz, CDCls) 6 140.2, 131.6, 130.4, 120.0, 37.2.

1,2-Bis(4-iodophenyl)ethane

A solution of MeMgBr (3 M in Et20, 337 puL, 1.01 mmol, 2.0 equiv) was added dropwise
into a solution of 4-iodobenzyl bromide (150 mg, 0.505 mmol, 1.0 equiv) and TAL-2-900
(2.5 mg, 5mg/mmol) in THF (5 mL) at 0 °C, and the mixture was left to stir at RT. After
16 h, it was quenched with 1 M HCI, extracted with DCM and evaporated under reduced
pressure to give the product as a colorless solid (101.3 mg, 0.233 mmol, 92%).

'H NMR (400 MHz, CDCls) 6 7.59 (d, 4H, J = 8.3), 6.88 (d, 4H, J = 8.3), 2.83 (s, 4H).

13C NMR (100 MHz, CDCls) 6 140.8, 137.4, 130.6, 91.2, 37.1.

HRMS for Ci4H1sl2 [M+H]* found 434.9058; calcd. 434.9107.

1,2-Di-p-tolylethane [125]

A solution of MeMgBr (3 M in Et20, 540 pL, 1.62 mmol, 2.0 equiv) was added dropwise
into a solution of 4-iodobenzyl bromide (150 mg, 0.811 mmol, 1.0 equiv) and TAL-2-900
(4.1 mg, 5mg/mmol) in THF (5 mL) at 0 °C, and the mixture was left to stir at RT. After
16 h, it was quenched with 1 M HCI, extracted with DCM and evaporated under reduced
pressure to give the product as a colorless solid (79.1 mg, 0.376 mmol, 93%).

'H NMR (400 MHz, CDCls) 6 7.17 (s, 8H), 2.95 (s, 4H), 2.41 (s, 6H).

13C NMR (100 MHz, CDCls) 6 139.0, 135.4, 129.1, 128.4, 27.8, 21.1.

1,2-Bis(2-fluorophenyl)ethane

A solution of MeMgBr (3 M in Et20, 529 pL, 1.59 mmol, 2.0 equiv) was added dropwise
into a solution of 2-fluorobenzyl bromide (150 mg, 0.794 mmol, 1.0 equiv) and TAL—2-900
(4.0 mg, 5mg/mmol) in THF (5 mL) at 0 °C, and the mixture was left to stir at RT. After 16 h,
it was quenched with 1 M HCI, extracted with DCM and evaporated under reduced
pressure to give the product as a colorless solid (65.2 mg, 0.299 mmol, 75%).
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14 NMR (400 MHz, CDCls) & 7.21~7.11 (m, 4H), 7.05-6.99 (m, 4H), 2.95 (s, 4H).

13C NMR (100 MHz, CDCls) 6 161.3 (d, Jcr = 243), 130.9 (d, Jcr = 5), 128.4 (d, Jr = 15), 127.9
(d, Jer = 8), 124.0 (d, Jer = 3), 115.3 (d, Jr = 22), 29.9.

19F NMR (376 MHz, CDCl3) 6 -119.0 —-119.1 (m).

1,2-Bis(3,5-bis(trifluoromethyl)phenyl)ethane:

A solution of MeMgBr (3 M in Et20, 326 pL, 0.977 mmol, 2.0 equiv) was added dropwise
into a solution of 2-fluorobenzyl bromide (150 mg, 0.489 mmol, 1.0 equiv) and TAL—2-900
(2.4 mg, 5mg/mmol) in THF (5 mL) at 0 °C, and the mixture was left to stir at RT. After 16 h,
it was quenched with 1 M HCI, extracted with DCM and evaporated under reduced
pressure to give the product as a colorless solid (101.2 mg, 0.223 mmol, 91%).

'H NMR (400 MHz, CDCl3) 6 7.76 (s, 2H), 7.58 (s, 4H), 3.11 (s, 4H).

13C NMR (100 MHz, CDCls) 6 142.7, 132.1 (q, Jer = 33), 128.8 (d, Jer = 2), 123.4 (q, Jer = 271,
CFs), 120.8 (p, Jer = 4), 37.1.

19F NMR (376 MHz, CDCls) 6 —63.0.

1,2-Bis(perfluorophenyl)ethane [125]

A solution of MeMgBr (3 M in Et20, 383 pL, 1.15 mmol, 2.0 equiv) was added dropwise
into a solution of 2-fluorobenzyl bromide (150 mg, 0.575 mmol, 1.0 equiv) and TAL—2-900
(2.9 mg, 5mg/mmol) in THF (5 mL) at 0 °C, and the mixture was left to stir at RT. After 16 h,
it was quenched with 1 M HCI, extracted with DCM, evaporated under reduced pressure
to give the product as a colorless solid (100.7 mg, 0.278 mmol, 97%).

'H NMR (400 MHz, CDCls) 6 3.02 (s, 4H).

13C NMR (100 MHz, CDCls) 6 146.6-146.4 (m), 141.6-141.4 (m), 136.5-136.2 (m),
113.1-112.7 (m), 22.0.

19F NMR (376 MHz, CDCls) 6 —144.3 to—144.4 (m), —155.9 (t,J = 20.6), —-162.0 to —162.2 (m).
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Conclusions

In my PhD work, | have explored and have shown that the use of well-defined, novel
single MOF precursors-derived materials is essential for their applications in both
heterogeneous and electrocatalysis. Advanced, rationally designed organic linkers do
play a role in determining the efficiency and the recyclability of the underlying catalysts.
Namely,

[1] I have designed, prepared and identified the most cost-effective and readily
accessible benzimidazole-based ligands, which go on to form materials that serve as
efficient bifunctional oxygen catalysts;

[2] 1| have extended the use of TAL-1 (iron) and TAL-2 (cobalt) derived materials in
oxidative transformations, electrochemical transformations and have applied them
to building and testing the solid-state zinc—air batteries;

[3] I'have optimized the cobalt-based TAL-2 derived systems to acts as multifunctional
catalysts in ORR, OER, HER, oxidative and benzylic homocoupling transformations;

[4] By having developed a novel family of benzimidazole-based MOF precursors (nine in
total) with the functional groups modulating their electronic and ligating properties,
| have demonstrated that there is a link between the electronic and ligating properties
of an initial organic ligand and the properties of the final M—N—C catalyst.
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Abstract

Rational design of carbonaceous MOF-based materials for
chemo- and electrocatalytic applications

This thesis focuses on rational design of novel metal-organic framework (MOF) derived
materials, which incorporate non-precious metals. Their catalytic activity and stability
was finetuned by altering the combination of organic ligands, metal sources and
fabrication conditions for applications in heterogeneous and electrocatalysis.

Development of universal catalyst materials is the cornerstone of sustainable
technologies. The lock-and-key relationship between one specific catalyst and one
specific process is widely relied upon; however, well-optimized heterogeneous catalysts
can eventually be used for various applications. In my PhD work, | have developed a
series of novel iron and cobalt-based materials derived from polycrystalline and
amorphous metal-organic frameworks, respectively. | have applied these materials as
universal catalysts (i) in organic transformations, namely, oxidation and benzylic
homocoupling reactions; and (ii) in various electrocatalytic reactions that are directly
linked to energy conversion and storage devices, specifically, oxygen reduction reaction
(ORR), oxygen evolution reaction (OER), and hydrogen evolution reaction (HER).

M-N—C materials, which are based on non-precious metals (Fe, Ni, Co, Mn, Cu), are
gaining popularity in both heterogeneous and electrocatalysis. Their fabrication
strategies are quite similar, albeit acid etching is omitted in the former case. To date, the
choice of ligands that were applied has remained rather limited and relied on the use of
1,10-phenanthroline, porphyrins, phthalocyanines and well-established MOFs (ZIF-8 and
ZIF-67). In the future, it might be more insightful to explore a wider range of ligands and
metal combinations to improve the stability and the overall performance of final
catalysts. This will also be essential for getting more sophisticated computational models
and will eventually result in the uptake of M—N—C materials for the use in large scale
applications. This, however, will require a deeper understanding of deactivation
mechanisms of the catalysts in-hand so as to reduce their loadings, obtain their
environmental toxicity profiles and ensure their sustainability in the long term.

In this work, | go on to prepare and screen a new class of organic ligands used as
precursors for the formation of multifunctional materials. Namely, these include
substitutions and alterations at different positions around the benzimidazole core.
Importantly, | also include formation of symmetrical dimers that were obtained using a
Ti(OPr)s-mediated condensation reaction. By having used simple, albeit substituted
benzimidazoles, | have extended the possibilities of finetuning our materials without
relying on more complex chemical precursors, e.g. porphyrins and phthalocyanines.

Within this work | have also introduced a new carbon support. It is based on shungite,
a raw material, which is carbon-rich and electroconductive. Unlike many other
alternatives, it is inexpensive. | have shown that it can be used as a carbon support for
highly efficient bifunctional electrode materials.

Chapter 1 gives a concise overview on preparation and characterization of novel
M-N—C materials. Chapter 2 (Publications I, Il, and IV) describes fabrication and
applications of novel iron-based materials derived from a set of 5,6-substituted
benzimidazoles in ORR, OER and oxidative transformations of alkylarenes. In Chapter 3
(Publications Ill and IV), the best preforming ligand was used to prepare a series of cobalt
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based materials, which were then used to identify an optimal one that can
simultaneously be used both as chemo- and electrocatalyst. In Chapter 4 (Publication V),
shungite, a carbon-rich raw material is introduced as a new carbon support. Chapter 5
includes experimental details.
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Liihikokkuvote

Susinikurikastel, metall-orgaanilistel vorestikel pdhinevate
materjalide disain ja nende kasutuselevott kemo- ja
elektrokataliiitilistes rakendustes

Antud doktoritod keskendub sisinikrikastel metall-orgaaniliste vorestike baasil
arendatud funktsionaalsete materjalidedisainimisele, mis eisisalda vaarismetalle. Nende
katallGtiline aktiivsus ja stabiilsus on optimeeritud, kasutades erinevaid orgaanilisi ligande,
metalli-allikaid ja valmistamistehnikaid selleks, et leida katallisaatoreid heterogeensete
ja elektrokataltttiliste rakenduste jaoks.

Jatkusuutlikud tehnoloogiad toetuvad universaalsete katallisaatormaterjalide
valjatootamisele. Kuigi tavaliselt on pooratud palju tahelepanu (ihe katallsaatori
materjali valjatootamisele lihe konkreetse rakenduse jaoks, tuleb siiski leida viis
selliste katallsaatorite valjatootamiseks, mida saab kasutada samaaegselt nii
heterogeensete kui elektrokatallittiliste protsesside jaoks. Selles t66s oleme uurinud
raua- ja koobaltipohiseid materjale, mis on saadud polukristallilistest ja amorfsetest
metall-orgaanilistest vOrestikest, mitmesuguste rakenduste jaoks. Oleme keskendunud
orgaanilistele muundumistele, eelkdige alktitilareenide oksudatiivsetele
transformatsioonidele ja bensttlsidumisreaktsioonidele. Lisaks oleme ndidanud, et meie
innovaatilised katallisaatormaterjalid on efektiivsed mitmetes elektrokataltutilistes
protsessides, mis on otseselt seotud energia muundamise ja salvestamise seadmetega,
naiteks hapniku redutseerimise (ORR), hapniku evolutsiooni (OER) ja vesiniku
evolutsiooni (HER) reaktsioonides. Samas oleme uurinud nende ainulaadsete
multifunktsionaalsete materjalide stabiilsust ja ringlussevoetavust.

Antud t66s valmistasin ja sOelusin uut klassi orgaanilisi ligande, mida kasutasin
lahteainetena multifunktsionaalsete materjalide moodustamiseks. Nimelt hGlmavad need
keemilisi asendusi ja muutusi erinevates asendites bensimidasooli imber. Oluline fakt on
see, et seeriasse on lisatud ka siimmeetrilisi dimeere, mis saadi Ti(‘OPr)s-vahendatud
kondensatsioonreaktsiooni abil. Kasutades lihtsaid, ehkki asendatud bensimidasoole,
oleme laiendanud materjalide peenh&élestamise voOimalusi, tuginemata marksa
keerukamatele keemilistele Iahteainetele, nt. porfiriinidele ja ftalotstaniinidele.

Mittevaarismetallidel (eelkdige raual, niklil, koobaltil, mangaanil ja vasel) péhinevad
niinimetatud metalli ja ldmmastikuga dopeeritud siisinikmaterjalid (M—N—C) koguvad
populaarsust nii heterogeenses kui elektrokataliitsis. Nende valmistamisstrateegiad on
Usna sarnased, ehkki happes6ovitamine on heterogeensete katallisaatorite valjatootamisel
tavaliselt ara jaetud. Siiani kasutatud ligandide valik on jaanud Usna piiratuks ning
tugines 1,10-fenantroliini, porflriinide, ftalotslianiinide ja hasti tuntud MOF-ide (ZIF-8 ja
ZIF-67) kasutamisele. Me naitasime, et tulevikus on mdistlikum uurida laiemat valikut
ligande ja metallikombinatsioone selleks, et parandada I6ppkataliisaatorite stabiilsst ja
joudlust. Seda ldheb vaja nii keerukamate arvutusmudelite véljato6tamiseks kui ka
M-N-C materjalide kasutuselevétuks suuremahulistes rakendustes. See aga nduab
pohjalikumat arusaama kuidas k&desolevad katallisaatorid deaktiveeruvad selleks, et
vahendada nende kogust, saada nende keskkonnatoksilisuse profiile ning tagada nende
jatkusuutlikkust pikemas perspektiivis.

Selle t66 raames olen tutvustanud ka uut siisinikkandjat Selleks on tooraine sungiit,
mis on susinikurikas ja on hea elektrijuht. Erinevalt paljudest muudest alternatiividest
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on see odav. Olen ndidanud, et seda saab kasutada slsinikkandjana (litohusate
bifunktsionaalsete elektroodimaterjalide jaoks.

Esimene peatlikk sisaldab Uldist Glevaadet M—N—C tlilipi materjalide valmistamisest ja
iseloomustamisest. Teises peatlikis (artiklid I, Il ja V) kirjeldatakse asendatud
bensimidasoolide baasil saadud uute rauapdhiste materjalide valmistamist ja kasutamist
hapniku redutseerimise ja oksludeerimise reaktsioonides ning alkuulareenide
okslidatiivsetes muundumistes. Kolmandas peattikis (artiklid Ill ja IV) arendati koobaltil
pohinevaid materjale, mida kasutati multifunktsionaalse materjali tuvastamiseks ja mida
saab samaaegselt kasutada nii heterogeense kui elektrokatallisaatorina. Neljandas
peatiikis (artikkel V) tutvustatakse Sungiiti, stisinikurikast toorainet, kui uut siisinikkandjat.
Viies peattikk sisaldab eksperimentaalseid andmeid.
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ABSTRACT: Preparation of electrocatalysts often relies on the use HO. N HO,C N |l o
of multiple starting materials, with examples arising from a single j@:;) :(j['? . \
precursor being less common. We have surveyed a series of | H lm’c—"
heterobivalent scaffolds to identify an iron/benzimidazole-based MOF formation with [Fe]
metal—organic framework as a uniform starting material. By carbonization + acid leachil
merging the catechol and imidazole units together, we get a direct
entry into a highly efficient bifunctional oxygen electrocatalyst,
which alleviates the need for dopants and modifying conditions. We
demonstrate that by fine-tuning the chemical nature of an organic 5,
linker, one is able to modulate the electrochemical properties of a g
single precursor-derived electrocatalyst material. : ;

A - {

TAL-1-900 TAL-6-900

KEYWORDS: bifunctional electrocatalyst, iron, oxygen reduction reaction, oxygen evolution reaction, renewable energy

etal—organic frameworks (MOFs) are a great platform conductive MOFs such as M,(HITP),”*° and
for designing and building novel materials with a foray M;(HHTP),>*”" may also serve as potential ORR catalysts.

into applications in energy storage and conversion, e.g., water ‘While such systems show low intrinsic activity, they have been
splitting, fuel cells, and metal—air batteries." MOFs incorporate used to demonstrate that organic constituents can participate
both the metal centers and organic ligands, which serve as in the electrochemical O, reduction through complementary
essential building blocks.” Hence, having an intrinsic ability to ligand-centric mechanisms (Figure 1B).”
modify their combinations may lead to more efficient, modular Herein, we introduce a new family of carbon-rich*
electrocatalyst materials. The oxygen reduction reaction benzimidazole-based MOF precursors, which are equipped
(ORR) electrocatalysts have been exemplary with different with additional functional groups to modulate their electronic
MOFs having been traditionally employed as carbon-scaffolds and ligating properties (Figure 1C). We assess them as ORR
and nitrogen-rich sources." However, they often necessitate and oxygen evolution reaction (OER)* catalyst materials to
using dopants to raise the overall performance of the identify that monocatechol/imidazole fused hybrid 1 is the
underlying electrocatalyst." To date, only a few MOF-derived best performing ligand for fabricating effective bifunctional
materials were shown to serve as highly efficient electro- oxygen (ORR/OER, AE = 073 V in 0.1 M KOH)
catalysts for ORR (Figure 1). Among them are iron-based electrocatalyst from an iron MOF-derived single-component
MIL-88B-NH,,* cobalt-based ZIF-67,* and bimetallic systems precursor.
based on MET-6° and hexaiminobenzene.® We envisaged building an Fe—N—C catalyst from a single

In the ORR domain, the use of organic constituents for MOF precursor by using designer ligands. While one would
fabrication of earth-abundant-metal-based electrocatalyst ma- typically rely on multidirectional, symmetric structures based
terials (M—N—C) dates back'®"" to the report of the first M— on porphyrins, phthalocyanines, and hexasubstituted tripheny-
N—C catalyst, cobalt phthalocyanine (Figure 1A)."> Since
then, a number of complementary metal complexes (e.g, Received: October 15, 2019
phthalocyanines,'>™"* porphyrins,'® phenanthrolines,"*™'® and Accepted: December 18, 2019
ferrocene'®) have been examined. Recent work indicated that Published: December 18, 2019
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Figure 1. (A) Organic ligands complexed to a metal (M), widely used to prepare M—N—C cathode electrocatalyst materials for ORR. (B)
Noninnocent ligand participation in the ORR.”~® (C) Metal—organic frameworks used as single precursors for unsupported and nondoped ORR

electrocatalysts.

lenes, we wished to focus on constructing several related but
unique heterobivalent scaffolds. This would have given us
means to see whether and how different organic ligands could
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 $,6-disubstituted 1H-
benzo[d]imidazoles (1, R = OH; 2, R = COOH; 3, R =
OCH;) as ligands (Figure 2A). 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 SS). 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
were examined by powder X-ray diffraction (PXRD), X-ray
photoelectron spectroscopy (XPS), and high-resolution
scanning and transmission electron microscopy (HRSEM
and HRTEM) (Figure 2 and SI). The HRTEM images of
TAL-1-900 and TAL-7-900 show dense a-Fe/Fe;C@C
nanocrystals, which are embedded into the structured, onion-
like shells of carbon (Figure 2B). The characteristic layer
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distance of the iron/iron carbide particles was 0.203 nm, and
the spacing of the carbon shells was 0.371 nm; they remain
constant after acid leaching*~>” The presence of a-Fe in the
Fe;C@C nanocrystals in TAL-1-900 and TAL-7-900 was
confirmed by PXRD (Figure 2C). TAL-6-900 material,
however, incorporated iron oxide nanoparticles with a
characteristic interplanar spacing of 0.29 nm corresponding
to d(220) of Fe;0,”* The XPS survey spectra show the
presence of carbon, oxygen, nitrogen, and iron on the surface
of the catalyst materials (Figure 2D, Figure S1, and Table S2).
The deconvolved N 1s region shows the presence of graphitic
N (nitrogen), pyrrolic N, Fe—N,, and pyridinic N species,
which are all required for the high ORR/OER activity.' > "**
The iron content at the surface of the materials was low (<0.41
at. %). This is consistent with a low total content of iron in the
materials as measured by microwave plasma atomic emission
spectroscopy (MP-AES) (Table S1, <3.6 wt %).

With the optimized materials in hand, we evaluated the
electrochemical behavior 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 (catalyst loading 800
ug cm™%; loading dependences are shown in Figure S6c)

DOI: 10.1021/acsaem.9b02039
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against the state-of-the-art commercial 20 wt % Pt/C catalyst
(E-TEK; loading 20 pgp, cm™).

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 a high
electrochemically accessible surface area. The porosity of
prepared catalysts was examined with the Brunauer—Emmett—
Teller (BET) multipoint theory (Table S4). TAL-1-900 has
slightly larger surface area, while the pore size distribution
indicates that all the materials are mesoporous (Figure S3).

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 (E,, = 1.01V, E;;, =087 Vvs E,, = 101 V, E; ), =
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,,). Notably, when
1 and iron(Ill) chloride were premixed 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. The effect of various
catalyst loadings was explored. RDE measurements confirmed
that increasing the catalyst loading from 0.1 to 0.8 mg cm™

significantly improved the ORR activity (Figure S4c): higher
current densities and more positive half-wave potentials. For
loadings <0.4 mg cm™?, the calculated electron count (1) was
<4.

Koutecky—Levich (K-L) plots (Figure 3C) were con-
structed from the RDE data (Figure 3D) and showed good
linearity and parallelism for TAL-1-900. This behavior is
typical for the first-order reaction kinetics with respect to the
concentration of dissolved dioxygen. The number of electrons
transferred per O, molecule (1) 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 Figure 3C and Figure S11), 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 ji value similar to that of Pt/C (2.0 vs
1.9 mA cm™2).

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 (—S6 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).

DOI: 10.1021/acsaem.9b02039
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Figure 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 5% (C) Koutecky—Levich plots for O, 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 O, reduction on TAL
and Pt/C catalysts. (F) Electrochemical stability test for TAL-1-900
(mid-range: 0.6—1.0 V).

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 behavior in
the ORR tests, we wished to see how it performs in the 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 hi§h activity are different
from the sites required for ORR.'”"** 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; Ejp = 1.60 V @10 mA cm ™) is among the best reported to
date (Table S7), 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™), RuO, (116 mV dec™),
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Figure 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) Chronoampero-
metric 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.

and Pt/C (112 mV dec™), indicating faster OER kinetics. The
durability of the TAL-1-900 catalyst was evaluated by a
chronoamperometry test at an applied potential of 1.6 V
(Figure 4C). The current density of the TAL-1-900 catalyst
shows a slight increase during the testing time, demonstrating
that the catalyst exhibits excellent durability toward OER.
Electrocatalytic OER behavior also remained unchanged after
continuous cycling of the TAL-1-900 electrode 5000 times in
the potential range between 1.0 and 1.8 V vs RHE (Figure
4D).

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—N, sites and pyridinic, pyrrolic, and graphitic
nitrogen;s_11 initiation of the ligand-centered 2e X 2e pathway
similar to the one proposed for HITP and HHTP ligands
(Figure 1B);”?*?! creation of catalytically active M—0O,'* or
mixed Fe—N,O, sites; the control of pore sizes and other
structural aspects of the carbonized molecular meshwork.
Notably, in the case of TAL-6-900, we observed formation of
Fe;0, but not Fe/Fe;C nanocrystals. While the M—N, species
are known to reduce dioxygen in the ORR via a direct
reduction of oxygen to hydroxide (a 4¢ process), the less active
metal-based particles (e.g,, Fe/Fe;C,>*">" Fe;,N*°) do it in a
stepwise 2e X 2¢ 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 observed an improvement in the 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,29 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)-
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chemical contributions (e.g., enhanced carbonization or ligand-
centered 2¢ X 2e 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
electrocatalyst materials. This single simple-precursor strategy
relied on carbonization of benzimidazole derivatives under a
nonmodifying (N,) atmosphere. The active Fe—N-C
materials contained Fe—N, sites, pyridinic nitrogen, and Fe/
Fe;C nanocrystals, except for TAL-6-900, which contained
Fe;0, and was much less active. Our results confirm that there
is a link between the electronic and ligating properties of the
initial organic ligands and the electrocatalytic properties of the
final electrocatalyst materials. Translating this into practice will
require further exploration of structure—activity relationships
of chemically decorated carbon-rich precursors.
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Abstract The use of carbonized materials derived from metal-organic
frameworks (MOFs) in catalytic organic transformations is less well ex-
plored than is the use of MOFs. Here, we survey the oxidative perfor-
mance of heterogeneous catalyst materials derived from the polycrys-
talline iron-organic framework TAL-1.

Key words iron catalysis, oxidation, sustainable chemistry, metal-
organic framework, alkyl arenes, carboxylic acids

Besides their many other noteworthy applications,'-3
metal-organic frameworks (MOFs) are an established plat-
form for chemocatalysis.2> However, much less is known
about the chemical performance of the carbonized materi-
als derived from the corresponding MOFs containing met-
al-ligand and/or purely N-based sites.5® We recently
showed that, by altering the structure of the underlying
fused hybrid carbon-rich organic linkers,® one can achieve
substantial gains in the electrochemical performance of
single-precursor-derived MOF-based electrocatalyst mate-
rials in oxygen reduction reactions (ORRs) and oxygen evo-
lution reactions (OERs).!®!" Here, we assess the best-per-
forming electrocatalyst from the ORR/OER series, TAL-1-
900, and its precursor TAL-1 (Scheme 1) in various catalytic
oxidative transformations.?

In 1964, Jasinski reported!® cobalt phthalocyanine as
the first ORR electrocatalyst material not based on a plati-
num-group metal.’4-16 Its performance was originally as-
sessed (along with the Fe, Ni and Cu-based systems) in oxi-
dative organic transformations.”® In the present work, we

Ph” > OH

Fe-Nx sites/
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, ~COOH
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/©/COOH
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+ BuOOH

Pavel Starkov was born in Tallinn, Estonia. He obtained his BSc cum
laude in natural sciences from the University of Tartu, Estonia; his MRes
in biomolecular science from Imperial College, London (research project
with Professor Alan Armstrong and Dr David Mann); and, in 2011, his
Ph.D. in chemistry from University College London, under the guidance
of Professor Tom Sheppard. Before completing his Ph.D., he joined Pro-
fessor Ulrike Eggert at Harvard Medical School and later relocated to
Israel for a research stay with Professor Rafal Klajn at the Weizmann
Institute of Science and Professor Ilan Marek at Technion-Israel Institute
of Technology. Pavel joined Tallinn University of Technology as a senior
research scientist (independent PI) in 2016.

intended to take a reciprocal approach by examining the
performance of the recently developed electrocatalyst TAL-
1-900 and its direct precursor in oxidative reactions.!!
Whereas TAL-1 is a nonporous polycrystalline MOF,
TAL-1-900 is a porous material (Scheme 1b and 1c) ob-
tained from TAL-1 by carbonization at 900 °C and subse-
quent acid leaching. The latter procedure removes iron ox-
ides from the surface of the material and decreases the
amount of a-Fe in the carbon onion-shell-embedded o-
Fe/Fe;C nanocrystals. This results in a final catalyst materi-
al, TAL-1-900, that has a significantly higher porosity than

© 2019. Thieme. All rights reserved. — Synlett 2019, 30, 1536-1540
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TAL-1. Moreover, TAL-1-900 can be utilized in metal-cata- dant.?! Given the fact that our bifunctional ORR/OER elec-
lyzed transformations in a ligand-free manner, as the Fe-N,  trocatalyst TAL-1-900 and its MOF precursor TAL-1 incor-

and other sites with potential catalytic activity (e.g., pyri- porated ligated iron centers,!’ we wished to investigate
dinic, pyrrolic, or graphitic nitrogens) are preassembled their performance in similar transformations.
during the carbonization step (Scheme 1d) and subsequent- We have screened the iron-based TAL-1 and TAL-1-900
ly made accessible by acid etching.!! For instance, the pres- systems in two classical transformations in order to deter-
ence and precise distribution of these active sites is known mine which of the two is the more robust catalyst (Table
to be essential for the overall performance of the bifunc- 1).22 We used a 70% aqueous solution of TBHP as the termi-
tional electrocatalyst materials in electrochemical OER/ORR  nal oxidant. In our hands, TAL-1 caused rapid decomposi-
reactions.!5-18 tion of TBHP and should be handled with extreme care.
One challenge that we wished to address by using our ~ With regard to the oxidation of toluene, TAL-1 showed low
newly developed materials was the practical, laboratory- activity (up to a 14% isolated yield of benzoic acid), whereas

bench conversion of alkylarenes'® into the corresponding  TAL-1 exhibited much greater activity in the oxidation of
arylcarboxylic acids or ketones. To this end, the classical ap- ethylbenzene to acetophenone. Gratifyingly, TAL-1-900
proach relies on the stoichiometric use of a strong oxidant, showed a more-consistent performance in converting tolu-
typically, KMnO,.2° In 2007, Nakanishi and Bolm introduced ene into benzoic acid (Reaction A) and ethylbenzene into
an iron chloride-catalyzed oxidation conducted in pyridine acetophenone (Reaction B) (entries 4-7).

with tert-butyl hydroperoxide (TBHP) as the terminal oxi-
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Scheme 1 (a) Preparation of TAL-1 and TAL-1-900. (b) Pore sizes in TAL-1 and TAL-1-900 catalysts. (c) Dinitrogen adsorption/desorption by TAL-1 and
TAL-1-900. (d) Diversity of the potential nitrogen (N) catalytic sites in carbonized TAL-1-900 catalyst, in addition to the matrix-embedded metal carbide
nanocrystals.
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Table 1 Optimization of the Reaction Conditions for the Oxidation of
Toluene (Reaction A) and Ethylbenzene (Reaction B)?

Reaction A Reaction B o
©/ catalyst ©/ coon ©/\ catalyst ©)J\
TBHP, neat TBHP, neat
80°C,16h 80°C,16h
Entry Catalyst® TBHP (equiv)  Isolated yield (%)
Reaction A Reaction B
1 TAL-1 3 11 9
2 TAL-1 6 11 34
3 TAL-1 10 14 50
4 TAL-1-900 3 28 24
5 TAL-1-900 6 34 44
6 TAL-1-900¢ 6 34 67
7 TAL-1-900 10 35 45

2 Reaction conditions: 70% aq. TBHP, neat, 80 °C, 16 h.
b Catalyst loading: 5 mg/mmol of substrate, except entry 6.
< Catalyst loading: 10 mg/mmol of substrate.

The robust performance of TAL-1-900 was enhanced by
its stability and by its potential to serve as a recoverable
and recyclable catalyst. The surface of porous TAL-1-900 is
covered with catalytically active Fe-N; sites (pyridinic, pyr-
rolic, and graphitic nitrogen), as shown by X-ray photoelec-
tron spectroscopy.'! The use of highly organized materials
as catalysts can often reduce the need for complimentary li-
gands and bases, and can ensure that low levels of metal
leaching occur, potentially rendering the heterogeneous
catalyst material recyclable.

Next, we wished to investigate the catalytic perfor-
mance of TAL-1-900 in converting various alkylarenes into
the corresponding carboxylic acids or ketones (Table 2).1922
Toluene, benzyl alcohol, and phenylacetic acid were con-
verted into benzoic acid (entries 1-3). It is likely that phe-
nylacetic acid is initially oxidized to phenylglyoxylic acid,
which then undergoes decarboxylation by the TBHP radi-
cal.22?4 In the case of polymethylated arenes, the major iso-
lated products are shown in Table 2 (entries 4-6). m-Xylene
gave isophthalic acid (entry 4), p-xylene gave p-toluic acid
(entry 5), and mesitylene was converted into 5-methyl-
isophthalic acid in 38% yield (entry 6). Ethylbenzene (en-
tries 8 and 9) and diphenylmethane (entries 10 and 11)

Reaction A

©/ TAL-7-900 (cat)

TBHP (6 equiv)
80 °C, neat, 16 h

©/coou

38%

Table 2 TAL-1-900-Catalyzed Oxidations®

Entry  Substrate Major product TBHP Isolated

(equiv) yield (%)
1 toluene benzoic acid 6 37
2 BnOH benzoic acid 3 84
3 PhCH,CO,H benzoic acid 3 49
4 6 70
5 m-xylene isophthalic acid 12 32
6 p-xylene 4-MeCgH,CO,H 12 34
7 mesitylene uritic acid 18 38
8 PhEt PhCOMe 3 50
9 6 54
10 Ph,CH, Ph,CO 3 47
m 6 94

2 Reaction conditions: TAL-1-900 (5 mg/mmol of substrate), 70% aq TBHP,
neat, 80 °C, 24 h.

were converted into the corresponding ketones; increasing
the number of equivalents of TBHP from three to six in-
creased the isolated yield of benzophenone (entry 11).

Finally, we showed that the TAL-1-900 catalyst could be
reused several times (Table 3).

Table 3 Recycling Experiments?

Reaction A Reaction B
COOH COOH
©/ catalyst ©/\OH catalyst
THBP, neat THBP, neat
80°C,16 h 80°C,16h
Cycle Yield® (%)
Reaction A Reaction B
1 35 89
2 35 90
3 40 91

2 Reaction conditions: 70% aq. TBHP, neat, 80 °C, 16 h; catalyst loading: 5
mg/mmol of substrate.
b Determined by NMR with 1,3,5-trimethoxybenzene as internal standard.

We then tested a related catalyst material obtained from
TAL-7. This was prepared from 5,6-dimethoxy-1H-ben-
zo[d]imidazole, a methyl-protected version of the TAL-1 or-
ganic precursor 1H-benzo[d]imidazole-5,6-diol.'® Interest-

Reaction B

cr

(o]

o

28%

TAL-7-900 (cat.)
—_—

TBHP (6 equiv)
80°C,neat, 16 h

Scheme 2 TAL-7-900-catalyzed oxidations (catalyst loading: 5 mg/mmol of substrate).
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ingly, catalyst TAL-7-900 performed similarly to TAL-1-900
in the oxidation of toluene (Scheme 2; isolated yield 38% vs.
34%); however, the yield from the oxidation of ethylben-
zene was significantly less (28% vs. 44%).

We have previously shown by microwave plasma atom-
ic-emission spectroscopy that the total amount of iron in
TAL-1-900 (0.896 + 0.006 wt%) differs from that in TAL-7-
900 (3.603 + 0.035 wt%).!" Despite the fact that TAL-7-900
contains about four times as much iron as TAL-1-900, we
found that TAL-1-900 performed as well as or slightly better
than TAL-7-900 in oxidative transformations (Reactions A
and B; Table 1 and Scheme 2). Notably, whereas the two
benzimidazole-based organic linkers used to prepare TAL-
1- and TAL-7-derived catalysts both contain electron-do-
nating groups (OH and OMe, respectively), only the unpro-
tected catechol had the propensity to form bis- and triscat-
echolato complexes with iron.2> Hence, the precise nature
of the iron complexes formed at the surface of the catalyst
material following carbonization might contribute to the
overall catalytic performance of our heterogeneous cata-
lysts. In practice, one would seek to employ additional po-
rous carbon supports,?® which might increase the accessible
specific surface area of the final catalyst material.

In summary, we have shown that iron-based TAL-1-900
is a reliable catalyst for the oxidation of alkylarenes to the
corresponding carboxylic acids or ketones. Because the to-
tal iron content in this heterogeneous catalyst is very low
(21%), its performance as a catalyst is promising. The long-
term advantages of using metal-doped carbonized materi-
als as catalysts for organic transformations include their re-
cyclability, low metal leaching, and no requirement for ad-
ditional ligands.
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Sustainable technologies rely on the development of universal catalyst materials. While a lot of the attention has been given
to improving the performance of one single catalyst material for one specific application, there is still a need to find ways to
develop catalysts that can simultaneously be utilized for several chemo- and electrocatalytic processes. In this work, we
have surveyed a series of novel, cobalt-based catalyst materials derived from an amorphous MOF in an array of diverged
applications. Specifically, we have focused on organic transformations such as oxidative of alkylarenes and benzylic
homocoupling reactions as well as several electrocatalytic processes, which directly relate to energy conversion and storage
devices, such as oxygen reduction (ORR), oxygen evolution (OER) and hydrogen evolution (HER) reactions. We have observed
that only one material, TAL-2-900, delivered the optimal solution. The stability and recyclability of this unique
multifunctional material has been examined.

1. Introduction

The notion of M—N-C catalysts, where M is typically Fe, Co, Mn
or Ni, is often reserved for the catalysts developed for
applications in energy conversion and storage devices.'3
However, recent reports have also emphasized the role of this
type of materials in facilitating heterogeneous organic
transformations.4-¢

There is an accountable divergence in the ways that the M—
N—-C materials are prepared, and they depend on the ultimate
application prerogative.’10 When used in the electrochemical
settings, the underlying materials are typically acid-etched to
make sure that the additional influence of related nanoparticles
(metal and/or that of metal oxides, carbides, nitrides, sulfides
and phosphides) deposited directly at the surface of the catalyst
is eliminated. In heterogeneous catalysis applications, however,
the contribution of these species to the overall chemical
reactivity — while being well acknowledged and often relied
upon — is not readily distinguished from the instances of single-
atom catalysis®1? and the role that nanocrystals protected by
graphitic carbon layers might play.

Metal-organic frameworks (MOF) are one of the most
attractive building blocks for the formation of active M—N-C
materials.'* Whereas only a handful of crystalline MOFs can
directly be used as electrocatalysts,'>4 the vast majority of

MOFs still require an additional step of carbonization to allow
for increased stability and conductivity as well as to introduce a
variety of catalytically active species (M—Ny).'* During this
process, additional doping with heteroatoms and metals”.2 or
the use of alternative supports?>16 is often advantageous.

While crystalline MOFs are widely used for carbonization,”-8
their innate crystallinity may not always be a critical factor to
achieve high catalytic activities (aside from contributing to the
topology of the composite). During pyrolysis, MOFs undergo
drastic molecular rearrangements, while structural features of
obtained materials do pertain the shape and dimensions of the
original MOFs. Hence, amorphous MOFs can be used as the
precursors.’7.18 To this end, we have assessed iron-based
catalysts derived from polycrystalline metal—organic framework
(MOF) precursors,'20 which were based on carbon-rich?
organic linkers. Even the slightest variations around the
benzimidazole core have led to alterations in the performance
of the materials as bifunctional oxygen electrocatalysts!® and in
heterogeneous catalysis.?® Herein, we report a unique cobalt-
based single precursor-derived multifunctional material,22.23
which acts as an efficient trifunctional electrocatalyst and as a
robust heterogeneous catalyst.
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Fig. 1 (A) Preparation of TAL-2 derived catalysts materials. HRTEM micrographs of (B) TAL-2—-800, (C) TAL-2-900 and (D) TAL-2-1000 catalysts. Physical characterization
of the materials by (E) N, uptake, and (F) pore size distribution and (G) PXRD patterns.

2. Results and discussion
2.1 Morphological and physical characterizations

We prepared a series of catalysts from an amorphous metal—
organic framework precursor TAL-2 by carbonizing it at
different temperatures (Fig. 1). Importantly, we have treated
these carbonized materials with 0.5 M HNO3s to remove the
traces of cobalt(0) and cobalt oxides from the surface of the
materials. Regardless of this treatment, the final porous M—N—
C materials still contained cobalt(0) nanoparticles, which were
protected by the graphitic layers as is evident from the high
resolution transmission electron microscopy (HRTEM; Fig. 1B-
1D, S1 and S2) micrographs. Increasing the temperature of

carbonization did not lead to a substantial change in the N,
adsorption/desorption isotherms or the distribution of pore
sizes, which effectively remained in the 3—4 nm range (Fig. 1E
and 1F). However, as is seen in the powder X-ray diffraction
(PXRD; Fig. 1G) patterns and the microwave plasma—atomic
emission spectroscopy (MP—AES; Table S1) datasets, the
graphitic carbon and cobalt(0) content was significantly higher
in the samples that have been treated at 900 and 1000 °C. The
X-ray photoelectron spectroscopy (XPS) data indicated that
carbonization at higher temperatures both lowered the
nitrogen content and altered the distribution of nitrogen
species at the surface (Fig. S3; Tables S1-S5).
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Fig. 2. Use of TAL-derived catalysts in oxidative transformations. (A) Catalyst recyclability during oxidation of toluene into benzoic acid. (B) Catalyst recyclability during
oxidation of diphenylmethane into benzophenone (conversion were determined by NMR using 1,3,5-trimethoxybenzene as internal standard). (C) Substrate scope for

TAL—2-900-catalyzed oxidations (isolated yields).

2.2 Oxidative organic transformations

The de novo Co—N-C catalysts were screened against oxidative
transformations with tert-butyl peroxide (TBHP) as terminal
oxidant at a considerably low catalyst loadings, namely, that of
5 mg/mmol. While TBHP-driven oxidations of arylmethanes
have been reported to be catalyzed by Fe—N-C materials
effectively,20. 24-26 the cobalt corresponding Co—N—C catalysts
were not.?” Typically, Co—N—C catalysts are used for reduction
reactions (nitroarenes,2829 N-heterocycles,3° and
hydrocarbons3?), reductive aminations32 and alkylations,33:34
while the oxidative esterification of benzyl alcohols were done
under dioxygen.35-37

Overall, the cobalt materials outperformed the three
previously reported related Fe—N—C systems (TAL—-1-900, TAL—
6-900, TAL-7-900),192° and importantly, they sustained their
activity over a larger number of cycles (Fig. 2A and 2B; Tables S6
and S7). TAL-2-900 and TAL-2—1000 were more active because
they contained metallic Co nanoparticles, which were protected
by graphitic carbon layers, as confirmed by PXRD and HRTEM.

Interestingly, TAL-2-900 was a more robust catalyst for
converting toluene to benzoic acid, while TAL-2-1000 was
better at oxidizing diphenylmethane to benzophenone. This

indicates that small differences in the active sites (e.g. the total
content of pyridinic nitrogen) at the surface of the catalyst play
an important role in catalyst stability. A further set of substrates
was subjected to oxidation (Fig. 2C). Addition of acetic acid
slightly improved the yields in the cases where polymethylated
arenes were converted to the corresponding carboxylic acids.

2.3 Benzylic homocoupling

Knowing that radical pathways were involved in oxidative
transformation reactions, has encouraged us to extend the use
of TAL-2-900 as a heterogeneous catalyst for carbon—carbon
bond forming reactions via activation at the benzylic positions.
While M—=N—-C materials are widely explored in oxidative and
reductive processes,*® there is only a handful of examples of
their use in other organic transformations. For instance, Zhang
et al. developed an oxidative coupling between primary and
secondary alcohols.3® This reaction was shown to proceed via
formation of intermediary aldehydes and ketones, respectively,
which undergo aldol condensation. A reductive C—H alkylation
of quinolines by aldehydes using cobalt-based catalysts was also
demonstrated.39:40
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We were interested to see whether the M—N-C catalysts
could be compatible with organometallic reagents; hence, we
explored C(sp3)-C(sp3) homocoupling reaction of benzyl
bromides in the presence of a Grignard reagent. This reaction
traditionally requires stoichiometric metallic lithium,4!
magnesium,*2 copper®® or nickel.** Recently, a rhodium-
catalyzed version employing dimethylzinc was demonstrated,**
and several photocatalyzed conditions were developed.*647
Gratifyingly, we observed the desired homocoupling products
with cobalt based catalyst TAL-2—900 but not the iron version
(TAL-1-900) (Scheme 1). The reactions were carried out using
methylmagnesium bromide at ambient temperature to give
corresponding bibenzyls in good to excellent yields, while
aryliodides and bromides were also well tolerated. After
standard aqueous workup, the spent catalyst had a significantly
reduced activity. Specifically, on the next cycle, the isolated
yield of homocoupled product has dropped from 93% to 38%.
Alternatively, the THF solution containing the product was
removed by syringe under anhydrous conditions and the
reaction vessel was recharged with THF, benzyl bromide and
MeMgBr. This modification gave the desired product with an
improved yield on the second run (93%).

2.4 Electrocatalytic transformations

After having identified the most promising catalyst for the
organic transformations, we wished to screen the TAL-2
catalyst series as trifunctional electrocatalyst materials across
oxygen reduction (ORR), oxygen evolution (OER) and hydrogen
evolution (HER) reactions (Fig. 3). Potentially, these datasets
should give insights into whether there is a link between the
performance of the individual catalysts across electrocatalytic
and chemocatalytic interconversions.*84° Out of the three
catalysts, TAL-2—-900, once again, showed a superior activity
profiles in all of the electrocatalytic reactions.

To learn the effect of different carbonization temperatures
on electrocatalytic ORR performance, TAL-2 based catalysts
were tested by rotating disc electrode (RDE) and rotating ring-
disc electrode (RRDE) techniques in 0.1 M KOH electrolyte.
Oxygen reduction polarization curves (Fig. 3A) confirmed that

TAL-2 based catalyst carbonized at 900 °C had the highest ORR
electrocatalytic activity with an onset potential (E,,) of 1.00V, a
half-wave potential (E12) of 0.85 V and a diffusion-limiting
current density of —5.78 mA cm=2. The kinetic parameters of
TAL-2-900 were on par with the ones obtained for commercial
Pt/C catalyst (Eon = 1.01 V; E1/; = 0.86; jg = —6.16 mA cm=2) and
other promising non-noble metal ORR catalysts (Table S9).
Despite the fact that BET surface area of TAL-2—-900 (421 m? g~
1) is lower than that obtained for TAL-2—-800 (589 m2 g1) (Table
S11), the superior ORR performance of TAL-2-900 indicates
higher density of electrochemically accessible active sites for
ORR.

To shed light on the enhancement of the ORR activity,
electrochemically active surface area (ECSA) of TAL-2 derived
catalysts was estimated by collecting the electrochemical
double-layer capacitance (Ca) from CV curves (Table $S10). The
ECSA values have decreased for the samples that were obtained
by increasing the carbonization temperatures. Hence, the
superior electrocatalytic activity of the TAL-2—900 sample may
be explained by a higher amount of ORR active sites, specifically
in the form of cobalt(0) nanoparticles.

The Koutecky—-Levich (K-L) plots were constructed using
data derived from RDE (Fig. S4) and the calculated number of
electrons transferred per oxygen molecule n was in all the cases
approximately four. RRDE studies confirmed that oxygen
reduction proceeds via a two-step 2x2 H,0, mechanism (Fig.
S5B and S5C). The Tafel plot analysis demonstrated that the
TAL-2-900 material had the highest slope value (-76 mV
decade!) against all the other samples that were surveyed in
this study (Fig. 3B). Similarly to Pt/C, this means that the rate
determining step for ORR is the first electron transfer step,
whereby Ojags) is reduced to Oz(ags). A continuous potential
cycling in the range between 0.6 and 1.0 V was used to assess
the long-term stability of TAL—-2-900, with E;/, shifting only by
20 mV after 5,000 cycles (Fig. 3C). The RDE studies have
confirmed that TAL-2-900 was a highly stable active ORR
electrocatalyst in 0.1 M KOH.

The electrocatalytic activity towards ORR of the TAL-2-900
material has also been tested under acidic conditions (0.5 M
H,S04; Fig. S7). As in the case of alkaline media, TAL-2-900 has
shown higher onset and half-wave potentials (0.82 Vand 0.73 V
vs. RHE) than those for TAL-2-800 and TAL-2—-1000. Notably,
TAL-2-900 remained stable after 5,000 cycles with Ey/; having
decreased only by 20 mV (Fig. S7D).

The OER performance of the TAL-2 derived catalysts was
assessed and iR-corrected OER polarization curves are shown in
Fig. 3D. The benchmark current density of 10 mA cm~2 was
achieved at 1.60 V for TAL-2—-900 material, which is superior to
that of ruthenium oxide (1.69 V). The Tafel slopes obtained for
the OER electrocatalytic activity among the series, confirm that
TAL-2-900 functions similarly to the RuO> systems. Under the
long-term OER operation, this catalyst material is stable (Fig.
3F). The overall oxygen bifunctional electroactivity (AE) value
for TAL-2-900 is 0.75 V, which makes it much lower than the
rest of the M—N-C samples, whilst haven been screened at the
similar loadings (Table S10).
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Fig. 3. Electrochemical characterization of TAL-2 derived catalyst materials. (A) ORR polarization curves for TAL and Pt/C-modified GC electrodes at 1600
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of one battery for 8 h.




The electrocatalytic HER activity of the best performing
catalyst was compared with the commercial Pt/C in 1 M KOH
(Fig. 3G and 3H) at the current density of =10 mA cm~2. Under
these conditions, the overpotential with TAL-2-900 as a
catalyst was achieved at —264 mV vs. RHE with a low Tafel slope
value of 115 mV dec’. The HER overpotential values n for TAL—
2-800 and TAL-2-1000 were 417 and 411 mV, respectively,
indicating that the carbonization step at 900 °C was the optimal
path to improve the electroactivity toward HER. In acidic media,
the overpotential (n) was the smallest for TAL—2-900, while its
overpotential was comparable to the values obtained for other
Pt-free HER catalysts (Fig. 31, Table S9).

Finally, the performance of TAL-2-900 as catalyst material
was evaluated in alkaline electrolyte membrane fuel cell and
zinc—air battery. Alkaline membrane fuel cell test yielded
current density up to 1100 mA cm~2 (Fig. 3J). Loading of the
catalyst was kept at 2 mg cm=2 on GDL membrane modified with
direct suspension pipetting. HMT—PMBI (hydroxide conducting
membrane) was used as polymer electrolyte in both tests for
Pt/C and TAL-2-900. Under similar conditions, TAL-2-900
showed 20% better activity than Pt/C. The value of power
density for TAL—2—-900 is > 400 mW cm~2 leaving behind Pt/C
350 mW cm~2. Similar results were recently reported using the
same anion exchange membrane and an alternative Co—N-C
material as a cathode catalyst.>® Durability tests of poly(vinyl
alcohol)-based solid-state zinc—air battery assembled using
TAL-2-900 as an electrode material were performed by cycling
at constant current density of 5.0 mA cm~2 (Fig. 3K). As expected
from the ORR/OER data, TAL-2-900 catalyst-driven Zn-air
battery delivered long cycle life over 8 h (Fig. 3L).

3. Conclusions

In conclusion, by using a combination of cobalt and
dihydroxybenzimidazole as a carbonaceous linker, we have
prepared an amorphous metal-organic framework. Upon
carbonization, it delivered a unique Co—N-C material, which
simultaneously served as a heterogeneous catalyst for several
organic transformations (incl. oxidation and homocoupling
reactions) as well as an electrocatalyst material for ORR, OER
and HER processes. This is the first example of an M—N-C
catalyst being used for C(sp3)-C(sp3) carbon—carbon bond
formation, and it was carried out in the presence of an
organometallic reagent.
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Metal-air batteries (MABs) and regenerative fuel cells (RFCs) technologies rely on a combination of effi-
cient electrochemical oxygen evolution and oxygen reduction reactions (OER and ORR, respectively).
However, such bifunctional oxygen electrocatalysts also rely on the use of readily accessible carbon sup-
ports. Herein, we show that shungite, a natural mineral, can serve as an efficient support for development
of bifunctional electrocatalysts. Namely, we purify the mineral to remove additional metals and screen
various combinations of cobalt, iron and nitrogen sources to identify electrochemically most suitable sys-
tem to serve as an active bifunctional oxygen electrocatalyst material.

© 2021 Elsevier Inc. All rights reserved.

1. Introduction

Rechargeable metal-air batteries (MABs), fuel cells (FCs), and
electrolysers are the next-generation clean power devices. These
technologies are essential for sustainable energy production, stor-
age and conversion and they rely on the oxygen reduction reaction
(ORR) and oxygen evolution reaction (OER) [1-3]. To overcome
their sluggish kinetics, platinum-group metal catalysts with high
mass loadings are required, but due to the scarcity and the cost,
noble-metal-based catalysts are less attractive [4-6]. Carbon-
based materials, often co-doped with transition metals and het-
eroatoms, typically, nitrogen, (the M—N-C catalysts) are the most
promising alternatives [7,8]. The design of advanced bifunctional
oxygen electrocatalysts requires installment of electrochemically
active sites that catalyze several processes. Additionally, by varying
physicochemical parameters of the catalyst material in hand, for
instance, its morphology, chemical composition, surface area and

* Corresponding authors.
E-mail addresses: pavel.starkov@taltech.ee (P. Starkov), nadezda kongi@ut.ee (N.
Kongi), nadezda.kongi@ut.ee (N. Kongi).

https://doi.org/10.1016/j.jcat.2021.01.004
0021-9517/© 2021 Elsevier Inc. All rights reserved.

conductivity, one can potentially increase the density of or alter
the chemical nature of electrocatalytically active sites; hence, the
materials’ electrocatalytic activity [9-12]. In this domain, various
carbon materials are used as the general frameworks that get mod-
ified with heteroatoms (nitrogen-, sulfur-, boron- or phosphorus-
doping) [13]. The majority of these materials are based on electro-
conductive carbon. While graphene and reduced graphene oxide
are typically used as carbon support, there are many other poten-
tial sources of carbon. Recent examples include the use of carbides
[14], metal-organic frameworks [10,15], MXenes [16], carbon nan-
otubes [17], graphitic carbon nitrides (g-C3N4) [18] and other nat-
urally derived materials (primarily, from food, wood and cotton)
[19-21]. Often, they serve as hosts for a variety of metal species,
including metal nanoparticles (reduced metals, metal nitrides, oxi-
des, sulfides and phosphides), bimetallic species and ligated metal
complexes (M—Ny sites), referred to as single active species [22].
The combination thereof boosts the overall electrochemical prop-
erties of the underlying materials [23,24].

Shungite is a natural carbon-rich and inexpensive mineraloid
deposited mainly in the Karelia region (Russia) and its total reserve
is estimated to be more than 250 gigatons [25,26]. The graphene-
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like structure of shungite makes it a good alternative to the syn-
thetic graphene. Shungite has a heterogeneous structure, in which
carbon exists in irregularly distributed nanosized globules made of
curved graphene layers [27,28]. Shungite has high electrical con-
ductivity and a relatively high specific surface area [29-31]. In
addition to carbonaceous material, the raw shungite also contains
pyrite, quartz, mica, carbonates, zirconium, and other minerals
[32,33]. Application wise, Gusmado et al. tested the electrocatalytic
activity of raw shungite powder toward OER and ORR in 1.0 M KOH
solution [28]. Due to different impurities present in their particular
sample of shungite, it outperformed other tested carbon materials
such as carbon black, carbon nanotubes, Cg fullerene, and glassy
carbon. Chou et al. recently introduced shungite as a carbon-rich
electrode material for the lithium-ion batteries [25].

Herein, we developed a series of shungite-derived carbon mate-
rials by doping shungite with nitrogen, cobalt, and iron. Their per-
formance was tested in 0.1 M KOH solution toward oxygen
reduction and oxygen evolution reactions, and chronoamperome-
try was used to assess the stability of the prepared electrocatalysts.

2. Experimental section
2.1. Preparation of shungite-based catalysts

Raw shungite powder (Sh-raw) was etched (acid-treated) with
a mixture of concentrated hydrofluoric and nitric acids (HF/HNO3
1:1) for 12 h at room temperature, filtered and washed with water
and isopropanol to give acid-etched shungite (Sh) [30]. It was
doped with nitrogen, cobalt, iron or a combination thereof. Mela-
mine (mel) and dicyandiamide (DCDA) were used as nitrogen
sources. For doping, 100 mg of shungite powder, 2 g of nitrogen
source and a certain amount of metal precursors (4 mg of Fe
(OAc); or 10 mg of CoCl,-6H,0) were suspended in isopropanol
and 10 mg of polyvinylpyrrolidone (PVP) was added to each sus-
pension as dipersing agent. They were sonicated for 2 h at room
temperature and dried overnight at 60 °C. After solvent evapora-
tion, the materials were transferred into ceramic boats and pyro-
lyzed in a quartz tube furnace at 800 °C for 2 h under N, gas
flow. Six shungite-based catalysts were prepared and were labeled
according to the compounds they were doped with: Sh-DCDA-Co,
Sh-DCDA-Fe, Sh-DCDA-CoFe, Sh-mel-Co, Sh-mel-Fe, Sh-mel-CoFe.

2.2. Materials characterization

The morphologies and microstructure were investigated by
high-resolution transmission electron microscopy (HR-TEM, JEOL
2200FS FEG at 80 kV) and scanning electron microscopy (HeliosTM
NanoLab 600, FEI) equipped with an energy-dispersive X-ray spec-
troscope (INCA Energy 350, Oxford Instruments). Low-temperature
nitrogen adsorption was measured at 77 K by using the NOVA-
touch LX2 (Quantachrome Instruments). Specific surface area (Sggr)
of carbon samples was calculated according to the Brunauer-
Emmett-Teller theory in the P/P, interval of 0.02-0.2, and the total
pore volume (Vi) was calculated at P[P, of 0.97. The calculations
of pore size distribution (PSD), specific surface area (Sas) and vol-
ume of micropores (V) were done by using a quenched solid den-
sity functional theory (QSDFT) equilibria model for slit type pores.
Prior to measurements, all samples were degassed for 12 h at
300 °C. Crystallinity and phase purity of the samples was examined
by powder X-ray diffraction (XRD) analysis (SmartLab, Rigaku).
Raman spectra were recorded on Horiba’'s LabRam HR800 spec-
trometer with a laser line of 532 nm, which was focused on the
sample with a spot size of 5 pm. The surface composition of sam-
ples was studied using X-ray photoelectron spectroscopy (XPS) in a
Kratos Analytical AXIS ULTRA DLD spectrometer equipped with a
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monochromatic Al Ko X-rays source and an achromatic Mg Ko /
Al Ko dual anode X-ray source. Microwave plasma atomic emission
spectroscopy (MP-AES) was used to determine content of cobalt
and iron metals in prepared samples. 10 mg of Sh-based sample
material was dissolved with Anton Paar Multiwave PRO micro-
wave digestion device in NXF100 vessels (PTFE/TFM liner), where
a mixture of 4 mL of HNOs and 2 mL of H,0, was used. All samples
were digested one by one at temperature of 230 °C and pressures
between 45 and 50 bar. Diluted samples were then mixed with
2% HNOs3 solution in order to obtain transition metal concentra-
tions of around 5 mg/L. Agilent4210 MP-AES at analytical wave-
lengths of Fe 371.993 nm and Co 350.228 nm were used for
analysis.

2.3. Electrochemical measurements

The rotating-disk electrode (RDE) method was used to investi-
gate the performance of prepared electrocatalysts toward ORR/
OER. Major performance indicators of reaction kinetics were
recorded using cyclic voltammetry (CV) by loading electrocatalyst
onto the working electrode (Teflon-embedded glassy carbon (GC)
disc with a geometric area of 0.126 cm?). The RDE measurements
were performed by EDI101 rotating disk electrode system and
CTV101 speed control unit (Radiometer) in a typical electrochem-
ical 3-electrode cell connected to an electrochemical workstation
Autolab potentiostat/galvanostat PGSTAT30 (Eco Chemie B.V.).
The counter electrode was GC rod and all potentials were mea-
sured against a reversible hydrogen electrode (RHE) connected to
the cell via a Luggin capillary.

Prior to modification, GC disks of the working electrodes were
polished to a mirror finish with 1 and 0.3 pm alumina slurries
(Buehler) and sonicated in isopropanol and Milli-Q water for
5 min to remove polishing residues. The catalyst ink was prepared
by dispersing the mixture of 5 mg of catalyst in 1 mL of 0.05 wt%
Nafion solution in isopropanol with the aid of sonication. 4 pL of
the catalyst suspension was pipetted onto the GC electrode and
the catalyst loading was 153 pg cm~2. Comparison experiments
were performed with commercial 20 wt% Pt/C (loading 23 pgp
cm~2 or ~ 120 pgpyc cm~2) and 99.9% RuO; (loading 120 pg cm—2).

The main kinetic parameters of ORR, such as onset potential
(Eonset), half-wave potential (E;;), diffusion-limiting current den-
sity (jq), the number of transferred electrons (n), kinetic-limiting
current density (jx) and Tafel slopes were extracted from the mea-
sured polarization curves. The electrocatalytic properties of the
prepared materials were evaluated using the Koutecky-Levich
(K-L) equation [34]. All the OER polarization curves in this work
were iR corrected during experiment by eliminating iR drop with
respect to the ohmic resistance of the solution.

The chronoamperometry measurements were conducted by
holding the rotating electrodes at a constant potential of 0.75
(for ORR) and 1.6 V vs. RHE (for OER) and lasted for 10,000 s in
total. All electrochemical experiments were performed at room
temperature (23 £ 1 °C) in 0.1 M KOH. The overall oxygen electrode
bifunctional activity was evaluated by the potential difference (4E)
atan ORR current density of — 3 mA cm~2 (E; ;) and an OER current
density of 10 mA cm—2 (E]g)Z AE = E]g—E1/2.

3. Results and discussion
3.1. Acid-etching of shungite

Due to its geological nature, unprocessed shungite powder (Sh-
raw) typically contains different phases including amorphous car-
bon, silica, iron pyrite, and other minerals. Impurities, specifically,
transition metals, even if found in trace amounts, can have a strong



N. Kazimova, K. Ping, M. Alam et al.

effect on the electrocatalytic activity of the carbon material
[23,24,35]. Therefore, in order to evaluate the electrocatalytic
behavior of the shungite-derived carbon as a support material it
was necessary to purify it. Shungite powder was etched with a
1:1 mixture of concentrated HF/HNO; so as to remove trace
elements.

Surface morphology of the commercial (Sh-raw) and acid-
etched (Sh) shungite samples was analyzed by scanning electron
microscopy. Both shungite samples compose of microclusters,
which contain multilayered structures (Fig. 1a, d). All the samples
exhibited hierarchical porous structure with a high amount of
interconnected graphene-like sheets. The Sh-raw sample exhibited
high inhomogeneity due to the presence of a high amount of differ-
ent phases.

TEM micrographs of shungite before and after purification
(Fig. 1b, e) show that pristine shungite material forms an amor-
phous structure with the presence of additional phases. As con-
firmed by TEM-EDX analysis (Fig. 1c) non-processed shungite
contained a high amount of amorphous carbon, silica, iron, alu-
mina, and sulfur impurities. After acid-treatment, an ordered
stacking of graphitic layers has remained (Fig. 1e) and the majority
of the metal impurities was removed (Fig. 1f), yielding graphene-
like sheets with higher purity. By XPS, we observed that we also
removed aluminum and decreased the silicon content at surface
of the material (Table 1). The BET surface area (Sggr) of raw shun-
gite powder was 101 m? g~! and it slightly descreased upon purifi-
cation (94 m? g!) (Table 2). Both materials had similar pore
diameter distribution with a typical pore size of 3-5 nm
(Fig. 1h). Raman spectra demonstrate that Ip/Ig ratio remain in
the same region (2.24 for Sh-raw vs 2.37 for Sh), meaning that
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1400 1600
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the general structure of carbon has not been altered during the
acid-etching process (Fig. 1g). In all, we obtained the purified car-
bon support without changing its structure and morphology.

3.2. Characterization of Sh-based catalysts

With the purified shungite in hand, we prepared and assessed a
series of electrocatalysts. We used two different nitrogen sources -
melamine (mel) and dicyandiamide (DCDA) - and two different
metals (cobalt and iron) [36-40]. In addition to monometallic com-
binations, we also have prepared the bimetallic catalyst materials.
Six shungite-based catalysts were prepared and were labeled
according to the compounds they were doped with: Sh-DCDA-Co,
Sh-DCDA-Fe, Sh-DCDA-CoFe, Sh-mel-Co, Sh-mel-Fe, Sh-mel-CoFe.

The elemental composition of the catalyst surface was exam-
ined by XPS analysis (Table 1 and 2). The metal(s) and nitrogen
were effectively incorporated. The carbon content was increased
alongside a slight reduction in the oxygen and silicon content.
The highest amount of nitrogen was observed in Sh-mel-Co and
Sh-mel-CoFe. The amount of cobalt in the bimetallic catalysts
was lower than in the only-cobalt samples, while the amount of
iron remained at the same level. The relative concentration of pyri-
dinic nitrogen, often associated with highly active materials [3],
was comparable in all the catalysts (43-53%).

Since XPS method allows to study the elemental composition of
the catalyst surface, the bulk cobalt and iron content was deter-
mined by MP-AES. The MP-AES analysis revealed that after acid
etching, there is still tiny amount of transition metals remained
in shungite powder (0.02 wt% Co and 0.07 wt% Fe). If metallic iron
and cobalt and their oxides are expected to be dissolved after acid

Counts
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dV (d) cm3nm™ g1
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Pore width (nm)
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Fig. 1. SEM, TEM micrographs and EDX spectra of as-received Sh-raw (a,b,c) and processed Sh (d,e,f) samples. Raman spectra (g) and pore size distributions (h) of Sh-raw and

Sh.
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Table 1

Journal of Catalysis 395 (2021) 178-187

Surface elemental composition data of Sh-based catalysts obtained from XPS analysis (at.%) and bulk composition of transition metals determined by MP-AES (wt.%).

Catalyst Surface elemental composition (at.%) Bulk metal composition (wt.%)
Co Fe o] N C Si Al Fe Co
Sh-raw - - 25.45 - 65.34 7.06 2.16 - -
Sh - - 16.33 - 78.2 5.49 - - -
Sh-DCDA-Fe - 035 13.68 2,01 79.45 4.24 - 1.081 +0.007 0.026 + 0.001
Sh-mel-Fe - 041 13.79 247 78.21 494 - 0.753 + 0.004 0.025 + 0.001
Sh-DCDA-Co 2.1 - 9.84 385 79.61 4.48 - 0.074 + 0.002 2.479 £0.012
Sh-mel-Co 3.44 - 7.91 795 77.63 3.07 - 0.078 + 0.002 3.299 +0.019
Sh-DCDA-CoFe 0.71 0.52 9.99 267 81.87 411 - 1.085 + 0.004 2.72 £ 0.012
Sh-mel-CoFe 1.15 0.63 7.75 643 81.34 2.65 - 0921 +0.014 3.388 £ 0.01
Table 2
Total nitrogen content and relative concentration of nitrogen species in doped catalyst materials.
Catalyst N total (at%) N-oxide N-graphitic N-pyrrolic N-pyridinic
(%) (%) (%) (%)
Sh-DCDA-Fe 2.01 124 229 20.9 438
Sh-mel-Fe 247 891 227 21.5 47.0
Sh-DCDA-Co 3.85 4.16 203 22.6 53.0
Sh-mel-Co 7.95 3.52 194 26.2 50.9
Sh-DCDA-CoFe 2.67 9.74 19.1 26.2 449
Sh-mel-CoFe 6.43 6.69 21.7 26.9 4438

treatment, the remaining part should be in the form of atomically
dispersed metal centers within the carbon structure. According to
MP-AES results, the iron content was from 0.8 to 1.1 wt% in all Fe-
doped samples and bulk Co content was in the range of 2.5-3.4 wt
% in all Co-doped catalysts. The average transition metal content at
the surface determined by XPS is very close to bulk content
obtained by MP-AES.

Throughout the series, the shungite-supported catalyst materi-
als have maintained similar porosity (Table 3), with the pore sizes
between three and five nm (Fig. 1h, S5), and the Ip/Ig ratios (in the
range of 2.23-2.73, slightly higher for the melamine-derived sam-
ples, Fig. S6). The shape of the N, adsorption-desorption isotherms
corresponds to type III according to IUPAC [44], which indicates
non-microporous materials.

After doping of shungite with only iron or cobalt, some
unevenly distributed metal particles of iron carbide, and cobalt
(0) respectively, were observed by HRTEM (Fig. S7). In contrast,
the bimetallic iron/cobalt systems exhibited more homogeneous
distribution of nanoparticles with a mean diameter of 29 + 9 nm
(Fig. 2a). HRTEM micrographs of Sh-DCDA-CoFe show typical par-
ticles present in the structure of the catalyst (Fig. 2d,e). It is also
visible that the catalyst particles are surrounded by several graphi-
tic carbon layers. The EDX elemental mapping of Sh-DCDA-CoFe
indicates a homogeneous distribution of carbon and nitrogen,
while iron and cobalt colocalize in the nanoparticles (see Fig. 2c).
Elemental mapping indicated that iron atoms were also present
within nitrogen-doped carbon support as Fe-Ny sites. Cobalt is pre-

Table 3

sent in the form of metal nanoparticles with diameters ranging
from 10 to 50 nm. According to EDX spectrum, the cobalt/iron ratio
in these carbon-protected CoFe nanoparticles [41-43]is 80:20 at%.
Catalyst materials consisting of multiple elements generally exhi-
bit synergistic effects, with some centers being active toward
ORR, while the others are more beneficial for OER; hence, lowering
the overall overpotential.

3.3. Electrochemical comparisons of doped shungite materials

All the catalysts were measured in oxygen reduction and evolu-
tion reactions to identify the optimal doping strategy. The main
kinetic parameters obtained in this study are summarized in
Table 4.

The electrochemical behavior of all materials in this work was
first examined by cyclic voltammetry (CV) measurements in
argon-saturated 0.1 M KOH solution. CV curves were recorded for
as-received and purified shungite (Fig. 3a) and compared to the CV
curves obtained for doped shungite samples (Fig. 3b). Raw shun-
gite had a surface oxidation peak at about 0.3 V vs RHE, while after
the acid-treatment, no obvious redox peaks are observed.

RDE measurements in O,-saturated electrolyte solution were
further used to investigate the ORR kinetics of the prepared
shungite-based catalysts. The background current was measured
in O,-free electrolyte at identical scan rate and was subtracted
from the RDE data. The ORR polarization curves recorded at a sin-
gle rotation rate of 1600 rpm are compared in Fig. 3c. Each catalyst

Specific surface area and pore volumes of shungite-based materials determined from dinitrogen physisorption analysis (Sger is specific surface area calculated from the isotherms
by applying Brunauer, Emmett and Teller equation, Spr is specific surface area calculated by using the density functional theory model, Vi, and V,, are total and microporous

volume determined using the DFT calculation).

Catalyst Sger (m* g71) Sprr (m? g77) Vior (cm® g7') V, (em® g™!)
Sh-raw 101 70 0.17 0

Sh 94 70 0.15 0
Sh-DCDA-Fe 52 32 0.06 0.01
Sh-mel-Fe 127 84 0.18 0.01
Sh-DCDA-Co 47 25 0.08 0
Sh-mel-Co 69 44 0.11 0.01
Sh-DCDA-CoFe 97 66 0.13 0.02
Sh-mel-CoFe 83 55 0.13 0.01
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Fig. 2. (a) TEM micrographs of Sh-DCDA-CoFe catalyst material; (b) STEM micrographs and (c) the the corresponding element mappings. (d and e) Representative TEM

micrographs of the FeCo nanoparticles.

Table 4

Summary of the electrocatalytic performance of shungite-based catalysts (catalyst loading: 153 pg cm~2; E;, is the potential at ORR current density of — 3 mA cm™2, Egngec is the
ORR onset potential, n is the number of electrons transferred per O molecule, E1o is the potential at OER current density of 10 mA cm 2, 7 is OER overpotential () = E1o - Eeq,
where E,, is OER thermodynamic potential of 1.23 V vs. RHE), AE is the potential gap between E;, and Ej).

Catalyst Eqj2 Eonset n ECSA Epo n AE
V) V) (m*g™") V) V) V)
Sh-raw - 0.77 + 0.00 32+01 - - - -
Sh - 0.78 + 0.03 25+01 - - - -
Sh-DCDA-Fe 0.60 + 0.03 0.87 + 0.04 4.0+00 83 - - -
Sh-mel-Fe 0.62 + 0.02 0.87 +0.02 42+01 69 - - -
Sh-DCDA-Co 0.76 + 0.01 0.87 +0.02 3.6+02 90 - - -
Sh-mel-Co 0.80 + 0.02 0.93 +0.01 4.0+00 100 1.69 + 0.01 0.46 0.89
Sh-DCDA-CoFe 0.78 + 0.01 0.92 +0.01 38+01 106 1.62 + 0.00 0.39 0.84
Sh-mel-CoFe 0.80 + 0.02 0.95 + 0.01 4.0+01 131 1.65 + 0.01 042 0.85
Pt/C 0.86 + 0.01 1.02 + 0.02 39+01 - - - -
RuO, - - - - 1.68 + 0.02 045 -

was tested at least three times to warrant good reproducibility. The
ORR activity of raw and treated shungite alone is also presented.
The obtained diffusion-limiting current density for Sh-mel-CoFe
was higher than that obtained for commercial Pt/C (-6.34 vs. -
6.17 mA cm~2). The highest onset potential (Eqpser) of 0.95 V and
half-wave potential (E;;;) of 0.80 V were also observed for Sh-
mel-CoFe, which was very close to the commercial Pt/C (1.00 and
0.85 V vs. RHE, respectively). These results suggest that oxygen is
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more easily reduced on the Sh-mel-CoFe catalyst. The detailed
RDE characterizations of all the samples are presented in Supple-
mentary material (Fig. S1, S2, S3, S4). Due to its unique hierarchi-
cally porous structure, shungite acts not only as a support but
also as a facilitator of ORR promoting the transport of O, molecules
to the catalytic sites [28].

The average number of electrons transferred per O, molecule
(n) during the ORR was calculated using the Koutecky-Levich (K-



N. Kazimova, K. Ping, M. Alam et al.

Journal of Catalysis 395 (2021) 178-187

a oo™ .Sh. anssssinanr | s~ ]
- ——Sh-mel-Co
. Sh-raw ——Sh-mel-CoFe
0250 ] LOf——sh-DCDAFe y
N N ——Sh-DCDA-Co
' 'E (5| —Sh-DCDA-CoFe i
] o
< 0.00} 1<
E E o0of .
- =
= =
-0.25f 1 st ]
0.50F {4 0 1
PP S S A R S I A R S P A
02 00 02 04 06 08 1.0 12 14 02 00 02 04 06 08 10 12 14
Evs.RHE/V Evs.RHE/V
—— T : . . r T
C o} —shraw 1d 251 Sh-mel-Fe 1
s —— Sh-mel-Co
g il —— Sh-mel-CoF
:: me: Ze 20 ShDCDAFe 1
s2|[ RN DRERD 1 —— Sh-DCDA-Co
% — Sh-mel-CoFe e 15| — Sh-DCDA-CoFe i
o -3 10 — Ru0y
< <
E -t 1E 10} 1
e -
< ol ¢ 1=
" $h-DCDA-Fe st !
Y I ot sttt ——Sh-DCDA-Co |
—— Sh-DCDA-CoFe{
28 e PUC E [
PP S PR . 2 ’ ' .
02 00 02 04 06 08 1.0 1.2 1.0 12 14 16 18
Evs.RHE/V E-iRvs.RHE/V

Fig. 3. Cyclic voltammetry curves for (a) undoped shungite and (b) all the doped shungite-based powders modified GC electrodes in Ar-saturated 0.1 M KOH, scan rate
50 mV s ~'. (c) Comparison of ORR polarization curves at 1600 rpm, scan rate v = 10 mV s~. (d) iR-corrected OER polarization curves in argon-saturated 0.1 M KOH at

10mV s,

L) equation in the potential range between 0.1 and 0.6 V vs. RHE
(insets in Fig. S1, S2, S3, S4). Obtained values were close to 4 for
almost all the doped shungite materials (Table 4). The lowest n
value of 3.6 and 3.8 were found for Sh-DCDA-Co and Sh-DCDA-
CoFe, respectively. These values indicate that shungite-supported
catalysts are favorable for a 4-electron ORR pathway and the n val-
ues are very similar to those obtained for the commercial Pt/C cat-
alyst. The formation of hydrogen peroxide during the 2-electron
ORR process is detrimental to the catalyst materials and the 4-
electron pathway is desired in fuel cell applications. The linear K-
L plots indicated the first-order reaction kinetics toward oxygen.

The electrochemically active surface area (ECSA) of all Sh-based
catalysts was determined using a CV method by calculating the
double-layer capacitance (Cq4;) values based on the scan rate depen-
dence of CV curves. Linear slope was observed after plotting the
current density difference between anodic and cathodic sweeps
at a fixed potential against the scan rate (Figure S9). The fitting
slope is twice of the Cg4;, which is linearly proportional to the ECSA,
as follows:

ECSA = Cy4/Cs

where Cs is double layer capacitance of glassy carbon (0.040 mF
cm~2). The ECSA values derived from the CV curves are summa-
rized in Table 4.

As can be seen from the trend in Table 2, total N content is
higher for samples prepared using melamine. Bimetallic catalysts
have similar distribution of nitrogen species, but as can be seen
from Table 2 and survey spectra in Figure S11, doping with mela-
mine results in higher total content of nitrogen at the catalyst sur-
face, increasing number of electroactive species at the surface of
Sh-mel-CoFe. In addition to the high contents of pyridinic-N in
Sh-mel-CoFe catalyst, we found that the surface elemental compo-

183

sition of Co/Fe is slightly higher than that of Sh-DCDA-CoFe
(Table 1), which leads to the higher concentration of Co-N/Fe-
Ny active sites in comparison with other catalysts. Therefore,
higher content of Co-N,/Fe-N, active sites ensures the improved
ORR electrocatalytic performance. Differences in specific surface
areas of the same bimetallic electrocatalytic system might arise
from slightly different thermal decomposition behavior of mela-
mine and DCDA in the presence of shungite and transition metals.
Apparently, this should lead to different nitrogen doping amount
and the M—N, moieties.

The performance of shungite-based catalysts was also exam-
ined toward OER in the Ar-saturated 0.1 M KOH electrolyte. To
obtain OER data, the RDE polarization curves were measured from
1.0 to 1.8 V vs. RHE at a scan rate of 10 mV s~'. The electrode was
rotated at 1600 rpm in order to avoid the detachment of the cata-
lyst evolved by O, adhesion. Apart from the exceptional ORR activ-
ity, the bimetallic shungite-based catalysts also exhibited very
good OER activity (Fig. 3d). Clearly, the bimetallic Sh-mel-CoFe
and Sh-DCDA-CoFe catalysts exhibited much lower overpotential
and a higher current density in the specified potential range com-
pared to the commercial RuO, benchmark. The overpotential val-
ues for Sh-DCDA-CoFe, Sh-mel-CoFe, and commercial RuO, at a
current density of 10 mA cm~2 were 0.39, 0.42, and 0.45 V, respec-
tively (Table 4). The overpotential values obtained for bimetallic
catalyst materials are outperforming the state-of-the-art RuO, cat-
alyst (120 pug cm2). These results indicate that shungite-based
bimetallic systems possess superior OER electrocatalytic activity.
Both single-metal Fe-based catalysts showed poor OER response,
indicating that Fe alone is not able to work as an active catalytic
site for the OER. These results are in agreement with previous stud-
ies in the field of iron-based OER electrocatalysts [45]. It is well
established that under OER conditions, the surface of the most
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Fe-based catalysts is altered by generation of a hydrous iron oxide
(HOF) layer which increases the conductivity of electrocatalyst.
Compared to cobalt, monometallic iron-based catalysts have sig-
nificantly lower catalytic activity, however, deliberate co-doping
of Fe into Co-based catalysts dramatically enhances the OER elec-
troactivity. Earlier studies by incorporating X-ray absorption
near-edge structure (XANES) and extended X-ray absorption fine
structure (EXAFS) [46,47] spectroscopy techniques indicate that
in these Co-Fe-containing bimetallic catalysts iron is the main
active center.

The Tafel slopes derived from the ORR and OER polarization
curves at 1600 rpm at a scan rate of 10 mV s~! are shown in
Fig. 4a,b. The Tafel plots for OER on Sh-DCDA-CoFe exhibit a slope
of 53 mVdec!, lower than that of the Sh-mel-CoFe (71 mVdec™ '),
Sh-DCDA-Fe (82 mVdec™'), and RuO, (108 mV dec™') catalysts. Sh-
DCDA-CoFe had the lowest Tafel slope value, which makes this
material as most active OER electrocatalyst in this study.

The contribution of each metal in multimetallic catalysts to the
OER and ORR activity and their synergistic effects are as of yet
unclear. Although, it is generally accepted that the OER catalytic
activity is largely influenced by the OOH* adsorption energy [48].
Fe-Ny sites adsorb the OER intermediates too strong resulting in
a high activation barrier for the formation of O, and thus a compar-
atively higher overpotential of the OER [49]. The metallic bonding
between Fe and Co can redistribute the charge on bimetallic active
sites that results in a weaker interaction between the adsorbates
and Fe-Co-Nj, sites accelerating the OER process [50].

In the XPS survey spectrum of the bimetallic samples, the pres-
ence of Co, Fe and O peaks gave solid information that the particles
in the catalyst constituted by metal oxide (Figure S11). To study
the valence state of Fe and Co, the corresponding Fe2p and Co2p
core-level spectra were acquired (Figure S12). The Co2p spectrum
(Figure S13a and c) has two main peaks at 779.2 eV and 795.1 eV,
both with a satellite at 795.1 eV and 779.2 eV, which correspond to
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Co2p;; and Co2ps),, respectively, and indicate the presence of the
Co?* valence state [51]. In deconvoluted Fe2p spectra (Figure S13b
and d), the peaks at 710.2 eV and 724.2 eV indicate the presence of
iron valence state of Fe** [52]. The existence of both CoO and Fe;0,4
species in the bimetallic samples influences each other. As can be
seen from Fig. 3d, iron-based catalyst materials do not have
remarkable OER electrocatalytic activity, therefore, Fe-based spe-
cies present in bimetallic samples serve as a synergist [52]. OER
results indicate, that Sh-DCDA-CoFe has a better Fe/Co ratio and
thus the best OER performance. The synergistic effect between Fe
and Co species induces enhanced OER catalytic activity. On the
other hand, XPS shows only surface valence state of metal species.
According to HRTEM results, metallic species are present in the
form of CoFe alloy. STEM elemental mapping also showed Fe/Co
particles or species were colocalized/merged together (experimen-
tal proof of the synergy between Fe and Co), which enhances oxy-
gen electroreduction reaction.

The bifunctional oxygen electroactivity of prepared bimetallic
Sh-based catalysts could be ascribed to several factors, which were
evidenced by spectroscopic and morphological investigations.
First, high ORR activity can be attributed to the presence of high
amount of pyridinic nitrogen and Fe-Ny sites as confirmed by
XPS and HRTEM techniques, respectively. Furthermore, the pres-
ence of high amount of defects and disorder in the graphitic sp?
carbon structure, as confirmed by Raman spectroscopy, has
strongly positive effect on ORR electroactivity. Second, enhanced
OER electroactivity is mainly attributed to synergistic effect
between Co and Fe centers. Additionally, bimetallic Sh-based com-
posites prepared in this work had slightly higher BET surface area
values, which also results in higher amount of electrochemically
active sites and enhanced overall oxygen electroactivity.

Results obtained in this manuscript show that the use of mixed
metals contributes to synergetic effects of iron and cobalt centers
that improve the performance of electrocatalysts toward both
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Fig. 4. (a,b) ORR and OER Tafel plots of the catalysts. Current-time chronoamperometry response for (c) ORR at 0.75 V and (d) OER at 1.60 V vs. RHE.
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OER and ORR. This synergistic interaction may occur between the
Fe and Co phases within metal nanoparticles and exhibit excep-
tional catalytic activity in comparison to single-metal Sh-based
catalysts. Similar synergetic effect between Co and Fe was reported
recently by Yuvakkumar and co-workers, where the unique struc-
ture of Co and Fe containing catalyst provided a large surface area
and ample interlinked channels for O, release and mass transport
[53]. Moreover, Zhang et al. introduced a CoFeP multi-void nano-
cages, where both Co and Fe acted as active sites in the catalyst,
and the synergy induced between them improved the electronic
structure and reduced charge transfer distance [54]. DFT studies
revealed that addition of iron to Co-based structure provides a
metallic identity with Co(OH),, assisting in electron transfer [55].
Zhou et al. reported that Fe-doped Co(OH), nanosheets had sub-
stantial grain boundaries, rougher surface, better hydrophilicity,
and enhanced electronic properties [56]. Enhanced electrocatalytic
activity for ORR of bimetallic iron- and cobalt-based catalysts can
be also attributed to the synergistic effect of nitrogen-
coordinated metal (M—Ny) centers as active sites [57].

The stability of Sh-DCDA-CoFe and Sh-mel-CoFe as bifunctional
catalysts were examined using the chronoamperometric method
(Fig. 4c, 4d). The stability measurement for OER and ORR was con-
ducted in Ar-saturated and O,-saturated 0.1 M KOH solution,
respectively. For ORR stability, the electrode was held at 0.75 V
vs. RHE, while for OER stability, the potential was held at 1.6 V
vs RHE during 10,000 s. As a result, Sh-DCDA-CoFe showed better
electrocatalytic stability during both the ORR and OER than com-
mercial Pt/C and RuO; catalysts after 10,000 s.

Chronoamperometry curve obtained for Sh-mel-CoFe, has
increase in current density during the initial period and later it is
slightly depleted, nevertheless negligible drop in current density
was observed during 10000 s. In case of Sh-mel-CoFe, a small
enhancement in the current density was observed during first
2 h of OER, implying an increase in electrocatalytic activity of the
Sh-mel-CoFe material during long-term stability testing. Such
behavior has been previously observed for Co-containing catalysts
and it can be associated with the formation of cobalt hydroxide,
which is considered to be active for the OER [58,59]. A high amount
of Co?* in Sh-mel-CoFe facilitates the formation of Co(OH), on the
catalyst surface during the OER in alkaline electrolyte, resulting in
an increased number of active sites [60]. Morphology of both
spent Sh-based bimetallic catalysts was investigated by HRTEM
(Figure S10). No obvious structural changes were detected after
the durability studies, most likely, due to the presence of protective
carbon layers wrapped around metal nanoparticles [61].

4. Conclusions

In this work, low-cost, highly active shungite-based oxygen
electrocatalyst materials were developed. The synergistic integra-
tion of cobalt and iron along with nitrogen doping gave rise to
shungite-based materials with superior bifunctional electrocat-
alytic performance. Purification of shungite was done with HF/
HNO; acid mixture. Specifically, Sh-mel-CoFe and Sh-DCDA-CoFe
demonstrated highest electrochemical performance as bifunctional
catalysts toward OER and ORR.
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