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Synthesis and Applications of Graphdiyne-Based

Metal-Free Catalysts

Zicheng Zuo, Dan Wang, Jin Zhang, Fushen Lu, and Yuliang Li*

The development of carbon materials offers the hope for obtaining inexpensive
and high-performance alternatives to substitute noble-metal catalysts for their
sustainable application. Graphdiyne, the rising-star carbon allotrope, is a big
family with many members, and first realized the coexistence of sp- and sp?-
hybridized carbon atoms in a 2D planar structure. Different from the prevailing
carbon materials, its nonuniform distribution in the electronic structure and the
wide tunability in bandgap show many possibilities and special inspirations to
construct new-concept metal-free catalysts, and provide many opportunities
for achieving a catalytic activity comparable with that of noble-metal catalysts.
Herein, the recent progress in synthetic methodologies, theoretical predictions,
and experimental investigations of graphdiyne for metal-free catalysts is
systematically summarized. Some new perspectives of the opportunities

and challenges in developing high-performance graphdiyne-based metal-free

catalysts are demonstrated.

1. Introduction

Catalysts are increasingly important cornerstones for the sustain-
able human development, with applications in, for example, the
deep exploitation of solar energy, the efficient transformations of
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H,0 and CO,, the environmental protection
(e.g., consumption of CO, NO,, and SO,),
and the energy-conversion technologies
(e.g., Li—0,, fuel cells).'"> Precious metals
(e.g., Pt, Pd, Au)ll dominate the commercial
fields on account of their high catalytic activ-
ities, especially when applied in promoting
next-generation  energy-conversion
technologies. The huge demand for these
noble-metal catalysts is, however, impacted
by their scarcity and relatively low stability.
Accordingly, the search continues for devel-
oping metalfree and non-noble-metal
catalysts as sustainable alternatives.’-17
Although some remarkable performances
have been reached in the non-noble-metal
catalysts originating from the metal-organic
frameworks (MOFs) and the transition-metal
dichalcogenides, recent observations in the
metal-free carbocatalysts have revealed the obvious advantages of
using carbon materials as the promising substitutes for noble-
metal catalysts in many fields,*!-13] particularly for their robust-
ness, durability, and low cost. Nevertheless, difficulties remain in
terms of understanding their catalytic mechanisms and scaling
up their production,'*-1% because the control over the molecular
structures of carbocatalysts can be challenging, especially with
regard to defects. Significant improvements in the performance
and reproduction must be achieved if carbocatalysts are to realize
practical applications.

The preparation of new carbon allotropes offers new
opportunities for accelerating the development pace of high-
performance carbocatalysts. The periodic connections among
carbon atoms with a sole hybridization state have already
produced diamond (sp?), fullerenes (sp?), carbon nanotubes
(sp?), and graphene (sp?),'”! which have remarkably diverse
mechanical and electronic properties: from soft to hard, and
from insulative to conductive. Each of these carbon allotropes
has contributed significantly to many interdisciplinary fields,
including energy, catalysis, biology, and medicine.l"”~'] Notably,
the properties and achievements of those carbon materials are
primarily originated from carbon atoms having one hybridi-
zation state. The question arises: might a carbon material
comprising two hybridized states (sp and sp?) function as a
promising carbocatalyst?

Less than a decade ago, little was known about the properties
of 2D carbon materials composed of the sp- and sp?-hybridized
carbon atoms with a nonuniform electronic distribution.?%-22
In 2010, graphdiyne (GDY), an atom-thick sp- and sp*
hybridized all-carbon material, was the first all-carbon material
prepared in a solution under mild conditions;?” since then, it
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has received wide attention for its promising applications in
many fields, including solar cells, electrochemical actuators,
radiation protection, solar steam generation, batteries, and
catalysis.[?>2% As a rising-star 2D material, it is inspiring many
traditional and new fields of research,’263%31 due to its porous
nature, nonuniform electronic structure, and controllable all-
carbon framework. In terms of the synthetic methodologies
used to construct all-carbon materials, the homocoupling reac-
tion under mild conditions for the preparation of GDY is the
most readily one, and can be economically scaled up.3>33 As
a result, the GDY is highly controllable in terms of its primary
structures and physical and chemical properties.3** GDY
should, therefore, be a valuable complement to prevailing sp?
hybridized carbon materials; its structure rich in sp-hybridized
carbon atoms offers many new insights into the construction of
new-concept and highly active metal-free catalysts and in
understanding their catalytic mechanisms. Here, we discuss
systematically the superior properties of GDY in precisely
controlling the molecular structures and the bandgap for cata-
lysts, and summarize the recent theoretical and experimental
achievements of GDY-based metal-free catalysts. We also pro-
vide a brief perspective on the challenges and opportunities
while attempting to take full advantage of GDY in constructing
highly efficient metal-free catalysts.

2. Synthesis of GDY Family Members

GDYs are members of a big carbon family. In general, GDYs
are conjugated materials having a periodic array of diacetylene
linkages in a 2D plane. Figure 1a summarizes the expanse of
the GDY family members, and illustrates a universal strategy
for their constructions. Following the synthetic methodology, it
is possible to prepare many well-defined GDY-based materials
through the homogenous coupling reaction, providing carbo-
catalysts many possible options. On account of the confined
environments at solid-liquid or liquid-liquid interfaces, the
resulting as-prepared samples generally possess superior 2D
features and continuity.?”*>*! A high-quality 2D structure is
optimal for realizing the predesigned performance of a GDY-
based material as the carbocatalysts.

The success polymerization of hexaethynylbenzene (HEB)
on Cu foil, reported by our group in 2010,2% opened the door to
the possibility of preparing GDY-based materials readily. Many
pioneering investigations into the preparation methodologies
were performed to determine suitable catalysts (Figure 1b), tem-
peratures, solution systems (Figure 1c), and substrates.[23:364443]
Adopting these approaches, the morphologies of GDYs
can be highly controllable, with the nanofilms,”) ultrathin
nanosheets,3®! nanowalls,*”) nanotubes,*?l and nanochains!*’!
all readily prepared for on-demand applications. In general,
these interesting morphologies have the necessary features
for applying GDYs as high-performance metal-free catalysts or
catalyst supports. Since these primary studies, many new GDY
family members have been obtained through variations of the
structures of the aromatic units and the number of acetylene
groups (Figure 1a). For example, Huang's group employed
H- and Cl-substituted precursors with three coupling positions
to synthesize GDY films having nanoporous morphologies**4?!
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(Figure 1d). These nanoporous structures, combined with
the original in-plane molecular pores, formed a hierarchical
structure—a promising anode material—that allowed the rapid
migration of Li* and Na* ions. The content of sp-hybridized
carbon atoms determines the reactivities, electronic properties,
in-plane pore sizes, and mechanical properties.*** Using this
synthetic methodology, the content of the sp-hybridized carbon
atoms is readily controlled. The highest content of sp-hybridized
carbon atoms—up to 80%—has been realized in the system of
B-GDYB?3U (Figure 1e), and the lowest content of sp-hybridized
carbon—up to 40%—has been obtained in the system of
triphenylene-cored GDY™) (Figure 1f,g). Furthermore, its low-
temperature synthesis makes GDY the carbon allotrope that
can most easily be doped with heteroatoms, which can thereby
function as catalytic spots. As reported in Shang, Kan, and
Huang’s papers, N and B atoms have been introduced into the
precursors, resulting in well-defined heteroatom-doped GDY
derivatives*152-% (Figure 1h,i). The well-defined configurations
of the heteroatoms in these GDY compounds make it possible
to precisely identify the catalytic mechanisms of such mate-
rials. Meanwhile, the traditional heteroatom-doping processes
performed under high temperatures are also applicable in the
GDY-based materials.’®%7! Similar to the sp?-hybridized carbon
materials, it is, however, difficult to control the configuration
of the heteroatoms in the GDY materials when using these
methods.
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Figure 1. a) Structural engineering of GDY family members; b) SEM image of the large-scale ultrathin GDY nanosheets prepared using Cu nanowires.
a,b) Reproduced with permission.B*¥l Copyright 2018, Wiley-VCH. c) AFM topographic image of hexagonal GDY nanosheets prepared at a gas-liquid
interface. Reproduced with permission.”) Copyright 2017, American Chemical Society. d) SEM image of a hydrogen-substituted GDY. Reproduced with
permission.?® Copyright 2017, Nature Publishing Group. €) AFM image of carbon ene—yne on a Cu foil. Reproduced with permission.¥ Copyright 2017,
Elsevier. f,g) A fused-ring substituted GDY. f,g) Reproduced with permission.[*% Copyright 2018, American Chemical Society. h,i) Precisely N-doped GDY

films. h,i) Reproduced with permission.l!l Copyright 2018, American Chemical Society.

3. Bandgap Engineering

The structures of GDY nanosheets have been characterized
in detail.’#>% Combining data from the high-resolution trans-
mission electron microscopy (HRTEM) and selected-area elec-
tron diffraction (SAED) images with the results of theoretical
simulations, it is demonstrated that the ABC stacking model is
adopted in multilayer GDY!37># (Figure 2a). The progress in the
structure of GDY paves the substantial way for the theoretical
predictions. As a special 2D carbon allotrope, GDY has inter-
esting electronic properties. Theoretical calculations have
suggested that single-layer GDY is a semiconductor with a
bandgap of 0.46 eV, close to the experimental findings,/®! and
the electron mobility is on the order of 10° cm? V™! s7' and
hole mobility approximately an order of magnitude lower®”!
(Figure 2b). Compared with traditional sp?-hybridized carbon
allotropes, the GDY offers many possibilities for tuning the
bandgap and carriers mobilities through the chemistry of its
reactive triple bonds.

Adv. Mater. 2019, 31, 1803762

1803762 (3 of 13)

For many reactions in the energy- and environment-related
fields, promoting the reduction and oxidation processes are the
fundament assignments for the catalysts. The bandgap deter-
mines the responses of a material to the external stimulus
(light, electric). The conduction band and valence band of the
catalysts, respectively, play significant roles in directly impacting
the reduction and oxidation processes and the catalytic
mechanisms.[® The band energy engineering of materials,
thus, is the pivotal topic for improving the performance and
efficiency of a catalyst.2%-71l Using the Vienna Ab Initio Simu-
lation Package (VASP) and a projector augmented wave (PAW)
method, Lee discovered theoretically that the bandgap of GDY
could be varied efficiently through the addition of different
number of hydrogen or halogen atomsl®! (Figure 2c). These
hydrogen and halogen atoms added preferentially to the sp-
hybridized carbon atoms, rather than the sp*hybridized carbon
atoms, demonstrating theoretically the preferential reactivity of
the triple carbon bonds in GDY. The introduction of these guest
atoms to the triple bonds led to the successive transitions of the
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Figure 2. a) Direct TEM imaging of the crystal structure of a GDY nanosheet, and its stacking mode. Reproduced with permission.>®
Copyright 2018, Springer. b) Band structures and density of states (DOS) of GDY determined at the LDA and GW levels. Reproduced with
permission.l®% Copyright 2011, American Physical Society. c) Bandgaps of GDY after accommodating hydrogen or halogen atoms. Reproduced
with permission.l®"] Copyright 2014, Royal Society of Chemistry. d) Possible interlayer crosslinking in GDY for band structure variation. Reproduced
with permission.l®4 Copyright 2015, Elsevier. €) Comparison of the dielectric function (&, (®)/n) along the x- and y-directions between the vd\W-optPBE
and LDA data for the stacked GDY; inset: total energy surface of bulk GDY with respect to the in-plane shift between the two layers. Reproduced
with permission.[%3 Copyright 2013, American Chemical Society. f) Highest occupied and lowest unoccupied crystal orbitals (HOCO and LUCO,
respectively) for the (5,0) armchair and (3,3) zigzag tube configurations. Reproduced with permission.®l Copyright 2016, American Chemical Society.
g) Potential catalytic applications of the sp-hybridized carbon atoms of GDY.
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sp-hybridized carbon to the sp? and sp? ones, resulting in dra-
matical variations in the conjugation degree. Thus, the bandgap
of the GDY could be impacted greatly, from 0.5 to 5.2 eV. The
in-plane and oblique-plane absorptions of these atoms on the
carbon framework contributed diversely to the bandgap, with
the oblique-plane configuration providing a higher bandgap.
Notably, tailoring the bandgap of graphene remains a challenge
because the introduction of defects shows lower controllability.
Bandgap engineering is an important topic for the development
of any catalyst, as well as for the construction of heterojunctions.
These theoretical results pointed out the pathways for tuning
the bandgap of GDY via the reactivity of its triple bond./”?

Carbon—carbon triple bonds are highly reactive, and the
well-arranged diacetylenes can be crosslinked intermolecularly
under pressure, light, or elevated temperature.’>7¢ GDY has
many well-ordered diyne linkages in its structure, with a short
distance between neighboring planes because of the strong
m—r interactions. Therefore, it is possible that neighboring dia-
cetylenes crosslink together under pressure, or some other
external stimulus, to form a 3D interlinked framework. Xu and
Gao used first-principles methods to calculate the special 3D
carbon networks (so-called “GDY polymers”) that would be origi-
nated from the crosslinking of GDY nanosheets.[>””] Depending
on the approaches, the as-prepared 3D structures were named
Tri-C 18, Hex-C 36, Tri-C 54, and Orth-C 72 (Figure 2d).
These new carbon allotropes were constituted by interlinked
sp>-hybridized carbon pillars and sp?-hybridized graphene-like
nanoribbons. These GDY polymers were predicted to be more
energetically stable than the fullerene and GDY. The band struc-
tures were calculated using the LDA and HSE06 methods, and
it was revealed the semimetallic properties for the polymer Tri-C
18. In contrast, Hex-C 36, Tri-C 54, and Orth-C 72 all had narrow
direct (or quasi-direct) bandgaps, in the range from 1.55 to
1.74 eV. Thus, the bandgap of GDY can be tuned through the
3D crosslinking reactions. The 3D crosslinking would not only
change the bandgap of GDY but also increase its mechanical
strength, hardness, and Young’s modulus (up to =1 TPa) along
the direction perpendicular to the GDY nanosheets.”?!

Lu and Nagase found that the interlayer van der Waals inter-
actions influenced the structural, electronic, and optical proper-
ties of GDY (Figure 2e).1%l These interactions directly impacted
the stacking of GDY nanosheets, dramatically affecting the
bandgap and producing the transition from a semiconductor
to a metal.®¥l The chirality and diameter of GDY nanotubes
would also greatly change the bandgap and conductivity, with
zigzag tubes having wider valence and conduction bands—and,
thereby, presumably higher mobility for electrons and holes
than the armchair tubes(®¥ (Figure 2f). Similar to the prevailing
sp*-hybridized carbon materials, heteroatom-doping strategies
would tailor the bandgap of GDY efficiently. Zhao introduced®!
boron (B) and nitrogen (N) elements as heteroatoms into GDY
nanosheets. Theoretical predictions suggested that substitu-
tions of N and B atoms into GDY would be easier than that
into sp?-hybridized carbons. The bandgap would vary largely,
from 0.53 to 4.39 eV, according to the doping degree and the
heteroatom configurations. Thus, the advantages of graphdiyne
in the molecular and electronic controllability reveal its great
promises for using as the metal-free catalysts in the energy and
environment fields (Figure 2g).
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4. Theoretical Predictions of Catalytic Behaviors

The oxygen reduction reaction (ORR) is a significant process
in many high-energy-density devices, including fuel cells and
metal-air batteries.”®! Many efforts were being made to boost
the efficiency of the ORR, because the use of noble-metal-based
catalysts is unsustainable for realizing inexpensive energy
sources and, additionally, these noble-metal catalysts exhibit
poor long-term stability. The metal-free carbon catalysts for the
ORR have experienced much progress. Indeed, metal-free
carbon catalysts have great promise as substitutes for noble-
metal catalysts because of their inherent stability, low price,
and sustainability. Although some impressive improvements in
performance have been realized during the last decade, based
on many traditional sp?-hybridized carbon materials, further
efforts will be needed to develop new materials and pursue the
competitive performance. GDY in particular offers many possi-
bilities for realizing highly efficient catalysts for the ORR.
Several theoretical predictions have been made regarding
the properties of heteroatom-doped GDY. In the framework
of GDY, two main types of heteroatom configurations are pos-
sible: they can, respectively, substitute the sp- or sp*-hybridized
carbon atoms. Chattopadhyay and Kang performed”®-8!
systematic calculations of graphyne and GDY materials to
investigate the influence of heteroatoms on the ORR per-
formance (Figure 3a—). The sp-hybridized carbon atoms
appeared to be the most preferable sites for N-doping; indeed,
after doping, the N-containing defects were observed to be
highly oxytropic epicenters for trapping the O, molecules!®
(Figure 3d). Monotonically exothermic reactions with a four-
electron pathway were predicted for catalyzing the ORRs in
the N-doped graphyne and GDY systems. Simulations of the
protonation steps of O, were revealed that the fourth protona-
tion step of O, was the rate-limiting one when using most of
the N-doped graphyne and GDY materials. The intermediates
from these N-doped catalysts exhibited a linear scaling rela-
tion, much like those of the prevailing materials (Figure 3c).
Nitrogen- and boron-doped catalysts occupied the strong and
weak binding legs, respectively, of the activity volcano, with the
N-doped materials believed to have better onset potentials.
Chattopadhyay’s group also investigated the potential per-
formance of B-doped GDY catalysts for the ORR.BU They cal-
culated the formation energies of typical B-doping sites on
these carbon frameworks. From the formation energies, they
observed that B dopants were favored to form at sp>hybridized
carbon atom sites and to be far more stable than those at any
other sites. In the doped structures, the B atoms are positively
charged and their neighboring C atoms negatively charged,
thereby increasing the ionicity of the covalent B—C bonds.
Strong bonding between B and C atoms through such mixed
interactions provides the B atoms with greater affinity toward
sp?-hybridized carbon atoms than toward sp-hybridized counter-
parts. For the O, adsorption, the B dopants act as effective sites
for anchoring O, molecules and facilitating the adsorption pro-
cess. Furthermore, although the O, is adsorbed most strongly
on the B atoms that replace sp-hybridized carbon atoms, these
oxygen atoms would interact so strongly with the substrates
and oxidize them, harmful for the ORR. For the oxygen evo-
lution reaction (OER), the performance of B-doped graphyne
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Figure 3. a) Possible N-doping positions in several sp-hybridized carbon-rich materials; b) adsorption energies of O* and OOH* plotted with respect
to the OH* adsorption energy; c) onset potential plotted with respect to AGgy for these N-doped materials. a—c) Reproduced with permission.l’’!

Copyright 2016, Elsevier. d) Possible ORR process of the N1-Cy with the N replacing one sp-hybridized carbon atom. Reproduced with permission.

[80]

Copyright 2017, Elsevier. e) Steps in the oxygen evolution reaction (OER) on B-graphyne; f) volcano plot of the overpotential with respect to the universal
descriptor AG(*O) — AG(*OH) over various catalysts; g) linear relationship between the free energies of *OOH and *OH on graphyne-based catalysts.

e—g) Reproduced with permission.®? Copyright 2017, Elsevier.

in catalyzing the OER was predicted by Liu’”! (Figure 3e-g).
The influence of B atoms in the local electronic/chemical envi-
ronment of graphyne was calculated. It is suggested that the
B atoms can improve the catalytic performance, especially on
the occasion that the boron doping at edge sites. Thus, it can be
inferred that the B-doped GDY would be efficient electrocata-
lysts for the water splitting and metal-air batteries.

The methods for the safe storage of H, will be key to its
future applications.®3] Several metal hydrides, including
NaAlH,, LiBH,, and LiAlH,, are believed to be good media for
safely storing H,, due to the large gravimetric hydrogen con-
tent of these materials.®¥ Nevertheless, the controlled release
of H, from these highly stable compounds at low tempera-
ture has remained a challenge for many years.® Some new
destabilization strategies will be necessary for the safe storage
and use of H, in a society running on clean energy.®®! Com-
pared with the behavior of metal-element dopants in these
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compounds, experimental and theoretical investigations have
revealed that carbon nanomaterials with many curvatures
might be potential “true catalysts” because: (i) the structures
of these carbon frameworks are highly retainable for repeated
reactions and (ii) strong interactions between the carbon nano-
materials and the light metals should favor a decrease in the
H-removal energy. The interactions between the light metal
atoms and the sp-hybridized carbon atoms in the GDY mate-
rials are, theoretically, stronger than those of the traditional
sp>-hybridized carbon nanomaterials;®”) exploiting this supe-
riority might be a new way to anchor single metal atom for
a high catalytic activity.?®®#)1 Song used density functional
theory (DFT) methods with long-range van der Waals disper-
sion correction to examine the interactions between sp- and
sp?-hybridized carbon materials and light metal complex
hydrides, including LiAlH,, LiBH,, and NaAlH,®% (Figure 4a—d).
GDY and graphyne had much stronger interactions with the
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Figure 4. Graphyne and GDY catalyzing the release of hydrogen from metal complex hydrides: a,b) charge densities of the isolated graphyne and GDY
on the (001) plane; ¢,d) isosurfaces with a charge density of 0.0025 when the metal complex hydrides of LiAlH,, LiBH,, and NaAlH, (from top down)
were added to graphyne and GDY. a—d) Reproduced with permission.l®® Copyright 2013, American Chemical Society. GDY catalyzing the oxidation
of CO: e,f) configurations and electron density difference maps (from top down) of CO and O, adsorbed on the GDY sheet; g) local density of states
(LDOS) projected onto C—O (top) and O—O (down) on GDY; h,i) configurations of each state and minimum energy profiles in two different steps for
CO oxidation reaction on the GDY sheet. e~i) Reproduced with permission.’!l Copyright 2014, Royal Society of Chemistry.

light metal atoms than did the fullerene, because they naturally
featured many in-plane triangular cavities with the sp-hybrid-
ized carbon edges. Such strong interactions can remarkably
affect the degree of charge donation from the alkali metal atom
to the complexed AlH, or BH,, thereby decreasing the strength
of the AlI-H or B—H bonds. Interestingly, for LiBH, complexes
(x = 1-4), the presence of GDY or graphyne was remarkably
beneficial for lowering the H-removal energy at all stages (as
x decreased from 4 to 1), whereas it increased for LiBH, on the
fullerene in the third stage. This observation suggests that the
presence of sp-hybridized carbons might improve the efficiency
of the dehydrogenation process. Therefore, the application of
GDYs should inspire the revival of this old topic for safely and
reversibly storing H,.

Developing moderate approach for oxidizing the harmful CO
is an important topic for improving the long-term durability
of catalysts in fuel cells and solving environmental problems
caused by CO emissions. The noble-metal-based nanocatalysts
used at present are expensive, unsustainable, and can be easily
poisoned by CO. Cai used DFT methods to theoretically inves-
tigate CO oxidation processes on a metal-free GDY backbonel®!
(Figure 4e-h). Because of the m-conjugated network of sp- and
sp*hybridized carbon atoms, the charge density on GDY is
distributed nonuniformly. Mulliken charge density analysis
revealed that electron transfer occurred from the sp-hybridized
carbon atoms to the sp?-hybridized carbon atoms in the ben-
zene ring, causing the sp?-hybridized carbon atoms in the ring
to be negatively charged and the sp-hybridized carbon atoms in
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the diyne linkages to be positively charged. Thus, because the
sp-hybridized carbon atoms were electron deficient, they might
be the binding sites for O, and CO, facilitating the electron
transfer from the absorbed molecules to the carbon network
and enhancing the absorption. The feasible absorption and
coadsorption of CO and O, on this novel electronic structure
were deeply investigated. Energetically stable configurations of
the adsorbates were formed only on the sp-hybridized carbon
atoms; no absorption was found on the sp?hybridized carbon
atoms. Two of the sp-hybridized carbon atoms in the GDY
interacted with the carbon atom of CO, forming a triangular
intermediate state—remarkably different from the absorp-
tion mechanism of metal-doped graphene, in which only a
carbon-metal bond was formed between CO and a metal atom
embedded in graphene.’?%3 In the intermediate state, =0.05 au
of charge was transferred from GDY to CO, and occupied the
antibonding CO-2m+ orbital. Subsequently, the C—O bond was
elongated from 1.14 to 1.22 A. For the absorption of O,, the
absorbed O, was first aligned parallel to the GDY plane to form
a tetrahedral intermediate structure with two sp-hybridized
carbon atoms of a diyne linkage. During the formation of inter-
mediate, =0.41 au of charge was transferred from the GDY
plane to the O,, and occupied the 2w+ orbital of the O, unit.
This process led to obvious elongation of the O—0O bond from
1.22 to 1.49 A, remarkably decreasing its strength. The absorp-
tion energy of O, on the GDY (-3.27 eV) was much higher than
that of CO on GDY (-1.43 eV), therefore, the O, would mainly
occupy the GDY surface if CO and O, coexisted in a system,
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effective for resisting the CO poisoning.***! The elongation
of the O—O bond of the absorbed O, was =27.9%, implying a
highly active state was achieved for oxidizing CO. Furthermore,
the CO oxidation process catalyzed by GDY might follow the
Eley-Rideal mechanism,/ in which CO directly approaches an
activated O, unit on the GDY and reacts with it. Importantly,
the carbon—carbon bonds in GDY remain sufficiently strong
during the reaction processes. These results demonstrate that
GDY can be an effective, inexpensive, and metal-free catalyst
for low-temperature oxidation of CO in fuel cells and for envi-

ronmental applications.[38:5997]

5. Experimental Investigations of GDYs
as Metal-Free Catalysts

Developing highly efficient photocatalysts for the water
splitting reaction would be a very sustainable technology for
producing clean fuel (H,, O,) from the infinite supply of sun-
light. Photocatalysts based on the prevailing inorganic semi-
conductors suffered severely from several problems: long-term
instability, low quantum efficiency, and limited tunability of the
bandgap. When compared with these inorganic photocatalysts,
GDY-based materials would appear to be superior in terms of
bandgap engineering and stability of carbon-rich frameworks.
Therefore, the engineering strategies we described earlier for
GDY materials should provide a great possibility for matching
the bandgap energy and the quantum efficiency and, thereby,
allowing the construction of highly efficient photocatalysts.

www.advmat.de

Wu reported two modified GDY materials—PTEPB and
PTEB, obtained through polymerizations of the monomers
1,3,5-tris(4-ethynylphenyl)benzene and 1,3,5-triethynylben-
zene, respectively—that were tested as metal-free photocata-
lysts for water splitting under visible light®® (Figure 5). The
as-obtained samples of PTEPB and PTEB were highly efficient
photocatalysts for splitting neutral water, producing H, and O,
stoichiometrically under visible light. When irradiated by the
light of 420 nm, the apparent quantum efficiencies of PTEPB
and PTEB reached up to 10.3 and 7.6%, respectively. When
using the full solar spectrum, these photocatalysts delivered a
solar-to-hydrogen conversion efficiency as high as 0.6%—about
six times higher than that of photosynthetic plants in converting
solar energy to biomass (global average: =0.10%). In contrast
to the two-electron mechanism found in the C;N,-based cata-
lysts, these GDY-based samples catalyzed the OER through a
four-electron process. Theoretical simulations were performed
using first-principles methods, and revealed the mechanisms
behind the photocatalysis of the OER and the hydrogen evo-
lution reaction (HER). Once these materials were doped with
photogenerated holes, deprotonation processes on the sur-
face were feasible because water molecules could be adsorbed
chemically on the molecular backbones of PTEPB and PTEB,
and a four-electron pathway was evoked for the OER. In con-
trast, the photogenerated electrons drove the HER via two one-
electron transfer processes, corresponding to the formation of
*H intermediates at the active sites. Photogenerated excitons
located over various carbon atoms were calculated for their
abilities to function as active centers for the evolution of H,
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Figure 5. a,b) Proposed photocatalytic cycles of the oxygen evolution reaction (via single- and dual-site processes) and the hydrogen evolution reaction
at the most feasible sites in both PTEPB and PTEB; c—f) Gibbs free energy changes (AG) for each step in the oxygen and hydrogen evolution processes
on PTEPB and PTEB. Reproduced with permission.’®l Copyright 2017, Wiley-VCH.
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and O,. The activity of the sp-hybridized carbon atoms in these
GDY-based catalysts was greater than that of the sp*hybridized
carbon atoms. In a separate study, Zhang used DFT to investi-
gate the active sites responsible for catalyzing the HER.® The
carbon atoms of the benzene rings in PTEB were the dominant
active sites for the photocatalytic H, evolution; sites 1 and 3
were favorable for single-site H, evolution, while sites 1 and 2
were favorable for dual-site H, evolution. After repeated visible-
light photocatalytic tests, these photocatalysts, both based on
GDY frameworks, remained highly stable, implying that their
special structures (carbon-rich frameworks) could minimize
charge build-up on their surfaces, thereby preventing photo-
chemical degradation.

Bojdys and co-workers designed a triazine-containing pre-
cursor presenting three terminal acetylene units and inves-
tigated its growth properties on Cu foil.l'%! Interestingly, the
three terminal alkyne units of three precursors were first linked
together to form benzene rings through copper-mediated
[2 + 2 + 2] cyclotrimerization. The as-prepared polymer (TzF)
exhibited good 2D property, with well-defined patterns observed
using HRTEM, SAED, and scanning force microscopy (SFM),
confirming the existence of a hexagonal unit cell, in agreement
with the 2D hexagonal lattice parameters. TzG was subsequently
constructed on the top of TzF film through the cross-coupling of
the terminal alkyne units. A twinned mechanism was appeared
to be responsible for constructing the TzF/TzG heterostructure.
Through electrochemical testing, the bandgap of the bulk het-
erojunction was =1.84 eV this value was in good agreement
with the optical bandgap determined from the UV-vis absorp-
tion edge and photoluminescence spectroscopy. From compari-
sons with the DFT data, the optical and electronic bandgaps of
the TzF/TzG heterostructure were closer to the bandgap energy
of 3D TzG. This finding was indicative of a type I band align-
ment between TzF and TzG. The TzF/TzG heterostructure was
then used as a metal-free photocatalyst for hydrogen evolution
from water. In a water/acetonitrile mixture (1:1) at room
temperature, this catalyst was irradiated with visible light at
395 nm, with triethanolamine as the sacrificial electron donor.
The rate of hydrogen evolution in the absence of a Pt cocata-
lyst (34 umol h™! g7!) was very close to that in the presence of a
Pt cocatalyst (35 umol h™' g™1). After testing, this photocatalyst
remained stable, with no significant variations in its chemical
behavior. The performance of the neat 2D TzF flakes was also
tested, but no measurable hydrogen evolution was detected,
confirming that the highest occupied molecular orbital (HOMO)
of the GDY-based TzG was better matched with the hydrogen
reduction potential than was the HOMO of 2D TzF.

Graphitic carbon nitride (g-C3;N,) has received much atten-
tion for photocatalytic water splitting because it is a metal-free
semiconductor possessing a suitable bandgap.'?-1% Nev-
ertheless, the poor mobility of photoinduced holes severely
restricts its photocatalytic performance. GDY was predicted to
have a high hole mobility,'! and its excellent hole mobility
had been exploited to improve the performance of inorganic
CdSe quantum dots and BiVO, photocathodes for hydrogen
production.'%! Accordingly, Lu's group employed GDY to
enhance the hole mobility of g-C3N,. In this concept, GDY
nanowalls were used as an all-carbon framework upon which
g-C3N, was assembled in situ, thereby affording a metal-free

Adv. Mater. 2019, 31, 1803762

1803762 (9 of 13)

www.advmat.de

2D/2D g-C3N,/GDY heterojunction. This structure took full
advantages of the high surface area, thinness, and 2D continu-
ousness of the GDY component. Indeed, the uniform metal-free
2D/2D g-C3N,/GDY heterojunction was an efficient photoelec-
trocatalyst for water splitting; it improved the photocarrier sepa-
ration due to the excellent hole transfer characteristics of GDY.
Furthermore, in neutral aqueous solution, the special structure
of the 2D/2D heterojunction increased the electron lifetime and
the photocurrent density substantially, by sevenfold (to 610 ps)
and threefold (to —98 WA cm™?), respectively, at 0 V versus a
normal hydrogen electrode (NHE). These improved characteris-
tics were helpful in catalyzing hydrogen evolution. In addition,
when this novel 2D heterojunction was loaded with Pt catalyst
(Pt@g-C3N,/GDY), the performance was further enhanced,
with the photocurrent reaching —133 uA cm™ at a potential of
0 V versus NHE in a neutral aqueous solution.

GDY differs from prevailing carbon materials because
it contains both sp- and sp?-hybridized carbon atoms and
features a nonuniform distribution of charge density at each
carbon atom. The state-of-the-art thermal treatments for
doping prevailing carbon materials are suitable for preparing
heteroatom-doped GDY, potentially producing new heteroatom
configurations for catalysis. When Zhang thermally treated
GDY in the presence of NHj at temperatures from 400 to
600 °C,55] the resulting N dopants had two different configura-
tions, corresponding to imino (substitution of the sp-hybridized
carbon atoms) and pyridyl N atoms (substitution of the sp?
hybridized carbon atoms) (Figure 6a—c). Experimental analysis
and first-principles calculations both concluded that the imino
N atoms were formed primarily, because the sp-hybridized
carbon atoms have higher activity and can be easily substituted
by the N atom. The N-doped GDY had catalytic performance
higher than that of the untreated sample. The sample treated
at 550 °C had the best performance, with superior values for its
onset potential, current density, and electron transfer number.
Although, the catalytic activities of these samples were lower
than that of a commercial Pt/C catalyst, this approach hinted
that it might be possible to develop GDY-based metal-free
catalysts with performance comparable to that of metal-based
catalysts. Subsequently, Huang doped GDY with N-containing
donors (pyridine, NH;) at even higher temperatures!!?’]
(Figure 6d—f). First, the porous GDY was immersed in pyridine
for 3 d; the pyridine-saturated GDY was then washed and dried.
The as-dried GDY was treated thermally at 700, 800, 900, or
1000 °C for 1 h, resulting in the GDY samples doped with small
amounts of N atoms derived from adsorbed pyridine (named
N-GDY-700 °C, N-GDY-800 °C, N-GDY-900 °C, and N-GDY-
1000 °C, respectively). To increase the N-content in the GDY,
the as-prepared GDY-900 °C sample was further calcined at
800 °C under an NHj atmosphere, providing a sample named
N’N-GDY. The N atoms in the samples had some novel modes
of substituting sp-hybridized carbon atoms. This N-doping
strategy, which resulted in the novel configurations of imine
N-2, imine N-2,2, and pyridinic N, was helpful for booming the
catalytic activity of ORR in the alkaline condition. Impressively,
the higher contents of N dopants in the sample of N'N-GDY
led to the catalytic performance comparable to that of a com-
mercial Pt/C catalyst (20%), and better than those of most other
reported metal-free catalysts. Furthermore, when compared to
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Society. g) The explosion method for preparation of N-doped GDY with a precise N-configuration, h) the electrochemical performance of these samples
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Pt-based catalysts, N-doped GDY would have better long-term
stability, similar to that of other metal-free carbon catalysts.
Controlling the molecular structure of metal-free catalysts
based on the prevailing sp*hybridized carbon materials
remains a challenge.l'%1%] Therefore, determining the precise
mechanisms of a metal-free catalysts can be controversial,
and the development of high-performance metal-free cata-
lysts continues to be based on trial-and-error approaches. The
appearance of GDY-based metal-free catalysts makes it possible
to solve the controversies and, thereby, develop precise struc-
tural engineering strategies for the formation of highly active
epicenters. Li's group developed an explosion method in air
for constructing N-doped GDY nanochains with well-defined
N-configurations®®  (Figure 6g—j). Using this bottom-up
method, the N-configuration (pyridyl N atoms or triazine-like
N clusters), N-contents (from 0 to 16.55%), and porous structures
could be controlled precisely by varying the precursors, dem-
onstrating the outstanding controllability of GDY. This method
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allows the efficient fabrication of useful GDY-based materials
under simple conditions. Remarkably, this bottom-up approach
for constructing N-doped GDY successfully avoids one major
problem: producing well-defined N configurations without any
metal impurities—a situation that has perplexed researchers of
metal-free catalysts for many years. The as-prepared nanochain-
like N-doped GDY could be dispersed well in solution, benefi-
cial for the electrode fabrication. Measurements confirmed the
influence of the N-dopant on the onset potential of the ORR:
the pyridyl N atoms improved the onset potential to 0.87 V
(vs RHE), 0.05 V higher than that for NO-GDY (0.82 V). The
N-content was not the more the better, and the heavy doping by
triazine-like N cluster slacked the ORR with the onset potential
of 0.8 V, presumably because of decreased conductivity
resulting from the lower degree of conjugation. The bare GDY
functioned through a four-electron-dominated ORR pathway,
and its electrocatalytic efficiency was superior to that of the
N-doped sample. The introduction of the N atoms impaired the
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electron transfer number. The presence of pyridyl N dopants in
GDY led mainly to a two-electron-transfer ORR process, prob-
ably because of the single N active center in each unit. Because
the triazine-like N clusters featured three active N atoms in
each unit, they partially overcame this drawback; indeed, the
electron transfer number was higher than that of N1-GDY over
the whole potential range.

6. Conclusions and Perspectives

GDY-based carbon materials are becoming rising stars among 2D
materials, with their impact growing gradually in many research
fields. The ready preparation of these new sp- and sp*hybridized
carbon materials is opening new windows for researchers, who
seek for new structures with on-demand properties—a situation
that does not exist for the prevailing carbon systems.[26:27,30110-112]
The uneven distribution of electrons in GDY is dramatically
different from that in other well-studied sp*hybridized carbon
materials, potentially resulting in the realizations of new proper-
ties and new-concept carbocatalysts. Indeed, many new opportu-
nities and challenges are arising.

We have summarized the recent progress related to
GDY-based metal-free catalysts in terms of the material
synthesis, theoretical investigation, and electrochemical
performance. GDY exhibits many superior aspects when
compared with other carbon-based materials, including
outstanding controllability in its molecular structure, bandgap,
and processability. Both theoretical and experimental obser-
vations have suggested that huge new developments will
occur from this new carbon family, particularly in developing
high-performance metal-free catalysts and intrinsically under-
standing their catalytic mechanisms. Nevertheless, more efforts
will be needed to fully comprehend the behaviors of GDY-based
metal-free catalysts, from both the theories and experiments.

First, the synthetic methodologies for preparing GDYs
should be systematically expanded. Unlike the sp2-hybridized
carbon materials, GDYs are members of a big carbon family.
Thus, the synthesis of GDYs can encompass a wider range
of techniques. A deep understanding of the synthesis of each
member, in terms of thermodynamics and kinetics, will be
necessary for preparing high-quality GDY materials in large
scale. To date, only a few methods have been developed for syn-
thesizing GDYs,7#7:113-115] and the mechanisms behind their
growth processes have yet to be clearly revealed.

In addition, more investigations will be needed to under-
stand the chemical, electrochemical, and physical behaviors of
the sp-hybridized carbon atoms in GDYs.''® A structure rich
in sp-hybridized carbon atoms is one of the most important
features of a GDY. The responses of the sp-hybridized carbon
atoms to external stimuli are fundamental to the materials’ cat-
alytic activities and stabilities. Such investigations should draw
on the expertise gained from studying acetylene chemistry in
organic synthesis.3%74117]

Furthermore, only limited efforts have been devoted to
developing GDY-based metal-free catalysts, compared with the
larger experimental undertakings related to the prevailing sp?-
hybridized carbon materials.*118-1221 The latter has paved the
way for the construction of more highly active carbocatalysts
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based on GDYs.'22124 Specially, more interesting research
will be focused on the catalytic kinetic and thermodynamics,
performance stability, and antitoxic mechanism of the GDY-
based metal-free catalysts, because GDY has a novel electronic
structure and can be customizable. The achievements in this
area would be applicable for other catalysts based on the noble-
metal and non-noble-metal materials. Additionally, similar to
the studies of sp?-hybridized carbon materials, more powerful
and effective characterization will be necessary if we are to
precisely identify their molecular structures and catalytic sites,
and understand their intrinsic mechanisms. The development
of computational technologies will also be an important guide
toward realizing high-performance GDY-based catalysts.
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