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Molecular metal-N, centres in porous carbon for
electrocatalytic hydrogen evolution

Hai-Wei Liang', Sebastian Briiller!, Renhao Dong'?, Jian Zhang?, Xinliang Feng? & Klaus Miillen'

Replacement of precious platinum with efficient and low-cost catalysts for electrocatalytic
hydrogen evolution at low overpotentials holds tremendous promise for clean energy devices.
Here we report a novel type of robust cobalt-nitrogen/carbon catalyst for the hydrogen
evolution reaction (HER) that is prepared by the pyrolysis of cobalt-N, macrocycles or
cobalt/o-phenylenediamine composites and using silica colloids as a hard template. We
identify the well-dispersed molecular CoN, sites on the carbon support as the active sites
responsible for the HER. The CoN,/C catalyst exhibits extremely high turnover frequencies
per cobalt site in acids, for example, 0.39 and 6.55 ~Tatan overpotential of 100 and 200 mV,
respectively, which are higher than those reported for other scalable non-precious metal HER
catalysts. Our results suggest the great promise of developing new families of
non-precious metal HER catalysts based on the controlled conversion of homogeneous metal
complexes into solid-state carbon catalysts via economically scalable protocols.
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demand for energy and diminishing sources of fossil fuels,
great efforts have been devoted to exploit alternative and
renewable energy sources and carriers. The clean and efficient
production of hydrogen through electrocatalytic processes, such
as photoelectrochemical water splitting or electrolysis coupled to
renewable energy sources, represents a promising and appealing
solution as a next-generation technology for sustainable energy
conversion' ™3, The development of active hydrogen evolution
reaction (HER) electrocatalysts with low overpotentials is crucial
for the successful implementation of water splitting technologies.
Although platinum-based catalysts have proven as the most
efficient electrocatalysts for HER, the prohibitive cost and scarcity
of platinum significantly hinder its widespread technological use.
It is thus highly desirable to develop low-cost catalyst systems
based on earth-abundant elements that are capable of producin
hydrogen from water with high catalytic activity and stability*~'".
Inspired by the naturally occurring hydrogen evolution and
uptake on hydrogenase enzymes, chemists have made great
breakthroughs in recent years on the development of bioinspired,
synthetic metal complex HER catalysts, including cobaloxime”!!,
cobalt diimine-dioxime'? and nickel phosphane compounds??,
which are molecularly similar to the Fe-Fe and Fe-Ni active
sites of hydrogenases. Unfortunately, most bioinspired catalysts
suffer from instability in aqueous solution and require large
overpotentials to achieve appreciable turnover frequencies
(TOFs).!2715  The practical utilization of these synthetic
molecular catalysts in aqueous electrolytes therefore requires
their careful grafting onto carbon nanotubes by additional and
complex chemical processes'!. In contrast, independent efforts
in solid-state electrocatalysis have led to several efficient inorganic
crystalline catalysts, such as transition metal dichalcogenides'®-24,
phosphides®>~%/, 2831 nitrides®®,  borides®
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carbides” and
metallic nanoparticles embedded in carbon. 33 Despite their
promising performance, it is highly challenging to control the
atomic-scale surface structure of these inorganic materials and to
preferentially expose a greater fraction of their active sites, for
example, the edge sites of transition metal dichalcogenides?"2.

In this study, we demonstrate an up-scalable, solid-state,
carbon-based catalyst for HER with molecular CoN, active sites
that are structurally similar to molecular metal-N,; macrocycle
catalysts. The CoN,/C catalysts are prepared by a straightforward
pyrolysis process at high temperature in which cobalt-N,
macrocycles or cobalt/o-phenylenediamine composites are used
as precursors and silica colloid is used as template. The achieved
catalysts exhibit a high specific surface area (1,074m?g~ ') and
well-dispersed, highly active CoN, active sites. In strong acid
electrolytes (for example, 0.5M H,S0,), the CoN,/C catalyst
shows an overpotential of only 133mV at a current density of
10mA cm ~ 2 Moreover, acid leaching and thiocyanate ion
poisoning experiments identify that the well-dispersed molecular
CoN, centres in carbon are responsible for the outstanding HER
performance of the CoN,/C catalysts. Importantly, the CoN,/C
catalysts exhibit unprecedented TOFs (TOFs per Co atom of 0.39
and 6.55 ! at an overpotential of 100 and 200 mV, respectively),
which are superior to those of the recently reported breakthrough
HER catalysts based on biomimetic molecules'®!®, metal
dichalcogenides'®?! and phosphides® > (TOF<1.0s~! at
200 mV overpotential).

Results

Electrocatalyst preparation. A schematic diagram describing the
catalyst preparation is shown in Fig. 1. Three different precursors
were examined in this work for the construction of the CoN,/C
catalysts, including metal-N, macrocycles, that is, cobalt tetra-
methoxyphenylporphyrin (CoTMPP) and vitamin V12 (VBI12),
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as well as the cobalt/o-phenylenediamine composites (Co-0PD).
To improve the porosity of the carbon-based catalysts, silica
nanoparticles were used as hard template during the synth-
esis’®37. Typically, a mixture of C/N/Co precursors and silica
colloids (HS40, 12 nm) was first subjected to pyrolysis at different
temperatures in the range of 600-1,000 °C under N, atmosphere.
The pyrolyzed product was then etched in a 2.0 M NaOH solution
to remove the silica template. The NaOH-treated sample was next
treated in 0.5M H,SO, at 90°C for 4h to leach out unstable,
metallic cobalt nanoparticles. Two additional heat treatments at
the same temperature as for the pyrolysis step were carried out
after the NaOH and H,SO, etching. During the pyrolysis of the
metal complex, the precursors decomposed and formed carbon-
based materials integrated with active CoN, moieties. The
pyrolysis temperature was optimized for each precursor
according to its HER activity (Supplementary Fig. 1). We found
that the Co-oPD catalyst pyrolyzed at 900 °C yielded the highest
HER  activity  (Supplementary  Fig.  2).  Therefore,
the CoN,/C catalysts discussed below were all produced from
Co-0PD at 900°C unless otherwise specified. For comparison,
metal-free N/C, nitrogen-free Co/C and pure carbon catalysts
were also prepared (details of the fabrication process for all
materials are given in the Methods section).

Electrocatalytic performance for HER. The HER performance of
the CoN,/C catalysts and reference samples, including N/C, Co/C
and a commercially available Pt/C (20 wt% Pt, BASF), was first
evaluated using the rotating disk electrode (RDE) technique
in an Ar-saturated 0.5M H,SO, solution. As shown in Fig. 2a,
metal-free nitrogen-doped carbon (N/C) can act as a HER
catalyst, although the overpotential is quite high (460mV at
10mA cm ~ ). According to previous reports, nitrogen doping
could reduce the Gibbs free energy of hydrogen adsorption and
result in an improved HER activity compared with pure carbon
materials®®, The Co/C catalyst exhibited higher HER activity than
the metal-free N/C catalyst and the pure carbon material
(Supplementary Fig. 3); it had an overpotential of 310mV at a
current density of 10mA cm ~ 2%, which is comparable to those
of the Fe/Co nanoparticle-based catalysts that were recently
reported®*3>. The simultaneous incorporation of nitrogen and
cobalt into carbon led to a profound enhancement of the HER
activity, as reflected by the large shift of the polarization curve of
the CoN,/C catalyst to a lower overpotential compared with the
N/C and Co/C catalysts (Fig. 2a). In particular, the CoN,/C
catalyst showed an overpotential of only 133 and 156 mV at a
current density of 10 and 20mAcm 2 (after chmic and
capacitive corrections, see Supplementary Fig. 4 for details),
respectively, which are only ~ 100 mV lower than the benchmark
Pt/C catalyst (overpotential of 32mV at 10 mA cm ~ 2). Moreover,
the overpotential of the CoN,/C catalyst is much lower than the
values reported for most acid-stable, earth-abundant, molecular
and inorganic HER electrocatalysts (Supplementary Table 1),
including CNTs-supported nickel bisdiphosphine complexes
(300mV overpotential at 4mAcm =)' and cobalt diimine-
dioxime complexes (590mV overpotential at 1 mAcm ~ %)%,
electrodeposited H,-CoCat catalysts (385mV overpotential at
2mAcm %)%, ordered double-gyroid MoS, bicontinuous
networks, and chemically exfoliated WS, nanosheets (~240 mV
overpotential at 10mAcm 2 for the latter two cases)?!'3.
In addition, the overpotential reached by the CoN,/C catalysts
is comparable to those of highly active metal phosphide
and carbide nan(;particle catalysts (70-130mV overpotential at
10 mA cm ~ 2)2327,

The electrochemical impedance spectroscopy (EIS) analysis
also confirmed a faster HER kinetic process on CoN,/C than on
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