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are prepared through bottom-to-top synthetic strategy.
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role in the excellent performance of TPM-GDY in hydrogen
evolution reaction.
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Acetylenic bond-driven efficient hydrogen
production of a graphdiyne based catalysty

Ling Bai,? Zhigiang Zheng, (2° Zhonggiang Wang,® Feng He, 2 ° Yurui Xue® and

Ning Wang (=) *®

The presence of acetylenic bonds in graphdiyne (GDY) endow this type of carbon allotrope with high
intrinsic catalytic activity, which is significantly superior to traditional carbon materials. Here, a synthetic
strategy has been developed to study the influence of active acetylenic bond ratio and spatial
distribution on the hydrogen evolution reaction (HER) catalytic performance. Two kinds of GDY, namely
tetraphenylmethane-graphdiyne (TPM-GDY) and triphenylamine-graphdiyne (TPN-GDY), have been
rationally synthesized via a bottom-to-up synthetic strategy. From the structural view, both TPM-GDY
and TPN-GDY possess the 1,4-diphenylbuta-1,3-diyne skeleton composed of electrocatalytic active sp
carbon. TPM-GDY possesses more active sp carbon exposed to the surface than TPN-GDY, which
makes the TPM-GDY electrode exhibit better HER performance. Besides, some other properties of GDY-
based carbon materials such as morphology, surface area, and pore distribution can also be efficiently
adjusted. The above-mentioned results indicate that the distribution of active sites in the carbon
framework plays a critical role in improving the catalytic performances, which offers a new strategy for
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Introduction

Carbon materials have been widely applied in electrochemical
catalytic reactions and have shown bright perspectives due to
the advantages of extensive resources, diverse architectures,
low toxicity, lightness, and excellent chemical durability.'™®
Nevertheless, carbon-based electrocatalysts also suffer from inferior
activity in contrast to expensive noble metal catalysts.”® To solve
this bottleneck, numerous efforts have been made to generate
more number of active sites on carbon materials, including
heteroatom doping, transition metal incorporating, and defect
engineering.'”"® The above-mentioned strategies are mainly
focused on changing the intrinsic structure and conjugation of
the carbon allotropes, which would trigger the charge density
redistribution of carbon. As a result, more active sites for
catalytic reaction could be generated adjacent to the induced
heteroatoms or the contact interface between carbon and hybrid
loading materials. However, the harsh preparation conditions
and the introduction of other heteroatom elements would
inevitably result in undetermined structures and weaken the
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creating highly active and stable electrocatalysts.

advantage of the carbon material. On the other hand, the
catalytic reaction occurs at the interface between the catalyst
surface and the electrolyte solution. The effective number of
active sites that can indeed participate in the electrochemical
catalytic processes is another key factor affecting the catalytic
activity. Therefore, involving more active sites in the catalytic
reaction is another pathway that is worthy of being explored.
Typically, the morphology and size regulation of carbon-based
nanomaterials are important strategies to enlarge the active area,
create more active sites and thus improve electrochemical
catalytic performances.?’

Graphdiyne (GDY) is a single layer of sp- and sp*-hybridized
all carbon network,”*"*® in which each benzene ring (sp” carbon)
is uniformly linked by six butadiyne units (sp carbon), inducing
extremely uneven surface charge distribution and thus imparting
GDY with high intrinsic catalytic activity.>’° Besides, the large
natural pores in GDY guarantees the extra in-plane transfer
tunnels for either ions or even small organic molecules in the
perpendicular direction to the GDY carbon networks.*' The above
unique structural features of GDY make it an excellent candidate
for conventional catalysts. For instance, recent studies indicate
that GDY-supported electrocatalysts such as single metal atom-
anchored GDY,** GDY-supported NiCo0,S,,>* and N-doped GDY
supported MoS, nanosheets® have shown high hydrogen evolu-
tion performance and stability. Another superiority of GDY is that
it can be prepared via a synthetic chemical method under mild
conditions, which provides us a facile way to realize the structural
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modification on the premise of not destroying the intrinsic and
conjugated structure of GDY.*>*° Recently, a series of heteroatom-
doped GDY materials such as fluorine-doped GDY,*” pyrazine type
GDY*® and pyridine nitrogen-doped GDY*° have been prepared
via a bottom-to-up strategy, and have also shown excellent elec-
trocatalytic performance. Moreover, a broad and precise platform
to investigate the structure activity relationship of carbon electro-
chemical catalysts has also been fabricated. All the above-
mentioned studies indicate that the electrochemical active sites
on GDY originate from the existence of quantitative acetylenic
bonds (sp carbon) throughout the whole carbon framework. Thus,
the effective utilization of these acetylenic bonds should be a key
issue to further improve the catalytic performance of GDY-based
materials.

Inspired by such outstanding and unique properties of GDY,
herein, we construct a platform to investigate the structure-
activity relationships while the amount of active acetylenic
groups in GDY can be adjusted. Tetraphenylmethane-based
GDY (TPM-GDY) is prepared through the bottom-to-up synthetic
strategy. As shown in Fig. 1a, TPM-GDY owns a three-dimensional
(3D) carbon framework composed of homogeneously-distributed
sp®> hybridized carbon and adjacent 1,4-diphenylbuta-1,3-diyne
linkers. Compared to the reference triphenylamine-based GDY
(TPN-GDY) with a two-dimensional (2D) structure (Fig. 1b), TPM-
GDY owns more amount of alkynyl groups exposed on the surface,
which can take part in the electrochemical process occurring at
the interface between the GDY based electrode and electrolyte.
Moreover, TPM-GDY grown on the carbon cloth (CC) shows an
ordered aggregation structure with high surface area and multi-
scale pore size distribution, which effectively increases the contact
area of the TPM-GDY based electrode. The electrochemical test
confirms that the 3D acetylenic growth strategy can efficiently
maximize the electrochemical active sites of the catalyst, which
induces the excellent performance of the TPM-GDY-based elec-
trode in hydrogen evolution reaction (HER).

Results and discussion
Design and synthesis

The TPM-GDY and TPN-GDY films grown on CC were prepared
via the modified Glaser-Hay coupling reaction.*® The copper foils
were put in the reaction solvent to act as the copper-ion-catalyst
supplier (Fig. 1a and 1b). Tetrakis(4-ethynylphenyl)methane and
tris(4-ethynylphenyl)amine were used as precursors, which were
synthesized via a typical Sonogashira reaction starting from
tetrakis(4-bromophenyl)methane and tris(4-bromophenyl)amine,
respectively (Scheme S1, ESIT).*! The structures of the precursors
were fully characterized with '"H NMR and >C NMR spectra
(Fig. S2, ESIY). During the coupling process, the precursors were
added to the reaction solvent slowly and transferred to the surface
of the CC substrate together with copper ions exfoliated from
copper substrates. Notably, the different orientations of alkynyl
groups in the two precursors determine the different configura-
tions of corresponding GDY analogues. In detail, the as-prepared
TPM-GDY possessed a 3D GDY such as a carbon framework,
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Fig. 1 Schematic for the cross-coupling process of TPM-GDY (a) and
TPN-GDY (b) on CC substrates. The yellow and blue balls represent the
carbon and nitrogen atoms, respectively. The calculated free energy (AGH)
on different carbon atoms of (c) TPM-GDY and (d) TPN-GDY. C2 and C3
represent the carbon atoms in the acetyl groups adjacent and away from
the benzene ring, respectively. The inset images show the selected
repeating units. C1, C4, C5, and C6 represent the carbon atoms on the
benzene ring. C represents the sp® carbon in TPM-GDY; N represents the
nitrogen atoms in TPN-GDY. Illustration of the acetylenic active bonds
distributing on the surface layer of TPM-GDY/CC (e) and TPN-GDY/CC
(f) based working electrodes, which can effectively interact with H,O
molecules. (g) The photographs of blank CC (i), TPN-GDY/CC (ii), and
TPM/CC (iii). (h) The photograph of a three-electrode electrolysis cell for
HER, in which WE, RE, and CE represent the working, reference, and
counter electrodes, respectively.

in which sp® hybridized central carbon atoms and four 1,4-
diphenylbuta-1,3-diyne linkers composed of sp-hybridized carbons
were evenly distributed. The tetrakis(4-ethynylphenyl)methane pre-
cursors can continuously couple to the reactive sites of acetylene
groups to form the TPM-GDY framework (Fig. S1, ESIt). This 3D
acetylene constructing strategy is suitable for fabricating GDY
analogues with a stereoscopic configuration. On the other hand,
TPN-GDY is a 2D carbon framework composed of central nitrogen
heteroatoms and three 1,4-diphenylbuta-1,3-diyne linkers (Fig. 1b).
We examine the numerous possible active sites in TPM-GDY
(Fig. 1c) and TPN-GDY (Fig. 1d) for catalyzing hydrogen evolution
in an acidic condition based on DFT calculations.*” The corres-
ponding H adsorption configurations are shown in Fig. S3 (ESIt).
By utilizing the computational hydrogen electrode (CHE) model, it
is found that the hydrogen adsorption free energy on the C2 site in
both TPM-GDY and TPN-GDY are 0.79 and 0.81 eV, respectively.

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2021
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This result indicates that the C2 atom in the acetylenic bond is the
most favourable active site in TPM and TPN. It should be noted
that the hydrogen adsorption free energy on the sp® carbon in
TPM-GDY and heteroatom nitrogen in TPN-GDY are calculated to
be 1.32 and 2.50 eV, respectively. This result confirms that the
function of the sp® carbon and heteroatom nitrogen is to only act
as a linker for the 1,4-diphenylbuta-1,3-diyne skeleton. Moreover,
no catalytic activity is exhibited in these two linker atoms, which
made the butadiyne groups in TPM-GDY and TPN-GDY show
similar catalytic activity. Besides, the intrinsic activity of the
structure and the performance of the TPM-GDY- and TPN-GDY-
based electrodes in HER is highly related to the effective active
sites that can be exposed to the electrochemical catalytic reaction
interface. Based on the theoretically optimized configurations, the
3D carbon framework maximizes the number of active acetylenic
bonds on the surface of TPM-GDY films (Fig. 1e and f).>” There-
fore, TPM-GDY/CC is supposed to show higher catalytic activity
towards HER. The photograph of the TPM-GDY and TPN-GDY
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films on the CC substrate (Fig. 1g) reveals that the surface of the
bendable electrodes is uniform and continuous. The colour of CC
changed from grey to black compared to the pristine one, which
can be directly used as working electrodes in HER (Fig. 1h).

Morphology

The morphology of the GDY film grown on CC is an important
factor affecting its HER performance.”® As shown in Fig. 2a and f,
the scanning electron microscopy (SEM) images of TPM and
TPN films on CC exhibit a uniform morphology. In the case of
TPM-GDY, the surface of the film is composed of abundant
nanoparticles (Fig. 2b). In the presence of four 1,4-diphenylbuta-
1,3-diyne linkages between repeating patterns of sp’ centre
carbon atoms, TPM-GDY features a 3D conjunction, and tends
to form nanoparticles (Fig. 2c). Elemental mapping reveals the
uniform distribution of the carbon in TPM-GDY (Fig. 2d and e).
For TPN-GDY, an aggregation structure morphology is observed in
the SEM images (Fig. 2g). The interactions among the adjacent
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Fig. 2 SEM images of the as-prepared TPM-GDY in large (a) and small (b) scale. (c) The illustration for the aggregation structure of TPM-GDY. SEM image
of TPM-GDY film grown on carbon cloth (d) and the corresponding element mapping for carbon (e). SEM images of the as-prepared TPN-GDY in large
(f) and small (g) scale. (h) The illustration for the aggregation structure of TPN-GDY. SEM image of TPN-GDY film grown on carbon cloth (i) and the
corresponding element mapping for carbon (j) and nitrogen (k). TEM images of TPM film exfoliated from the CC substrate in large (1) and small (m) scale.
(n) HRTEM images of TPM-GDY on ultra-thin carbon film. (o) The size distribution of the TPM-GDY aggregation structure. TEM images of TPN film
exfoliated from the CC substrate on a large (p) and small (g) scale. (r) HRTEM images of TPN-GDY on ultra-thin carbon film. (s) The size distribution of the
TPN-GDY aggregation structure.
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layers induces the aggregation of TPN-GDY (Fig. 2h). Elemental
mappings indicate the uniform distribution of carbon and nitro-
gen in TPN-GDY (Fig. 2i-k). Transmission electron microscopy
(TEM) images further confirm that the aggregation structure of
TPM-GDY is formed by the accumulation of some nanoparticles
(Fig. 21 and m), which is consistent with the SEM results. High
resolution TEM (HRTEM) images reveal some relative multiple
lattice fringes (Fig. 2n). The size distribution of the TPM-GDY
aggregation structure is in a range of 120-240 nm (Fig. 20 and
Fig. S4, ESIT). In the case of TPN-GDY, the aggregation structure
with multiple lattice fringes can be observed in the TEM pictures
(Fig. 2p-1). The 3D orientation of acetylenic bonds might provide
some connection spots for the growth of the upper layer so that
the subsequent precursors can cross-couple to these connection
spots continuously and form an ordered adjacent layer in a certain
range. Thus, the formation of the regular 3D structure of TPM-
GDY can be ascribed to be the 3D orientation of acetylenic bonds

View Article Online
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in its precursors.**** The size distribution of the TPN-GDY aggrega-
tion structure is in a range of 55-95 nm (Fig. 2s and Fig. S5,
ESIf). The uniform surface morphology of TPM-GDY/CC and
TPN-GDY/CC might be beneficial to involve a more active surface
to participate in the HER.*®

Structural characterization

The bonding environment of carbon atoms with different hybri-
dized types in TPM-GDY is characterized by X-ray photoelectron
spectroscopy (XPS) (Fig. S6, ESIt). In detail, the C1s peaks in TPM-
GDY can be mainly deconvoluted into five sub-peaks of C-C (sp?)
at 284.4 eV, C-C (sp) at 285.2 eV, C-C (sp’) at 285.0 €V, C-O at
287.8 eV, and C—0O0 at 289.0 eV, respectively (Fig. 3a). Furthermore,
the area ratio of the sp, sp? and sp® carbon atoms is close to
8:24:1, consistent with the structure of TPM-GDY. For TPN-GDY,
the Cl1s peaks can also be deconvoluted into five sub-peaks,
consisting of C-C (sp’) at 284.5 eV, C-C (sp) at 285.1 eV, C-N
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Fig. 3 High-resolution XPS scan for the element carbon in TPM-GDY (a) and TPN-GDY (b). (c) XPS scan for the element nitrogen in TPN-GDY. (d) FTIR
spectrum of TPM-GDY and TPN-GDY on CC. (e) Raman spectra of TPM-GDY and TPN-GDY. (f) The calculated electronic distribution on a repeat unit of
TPN-GDY. Nitrogen adsorption—desorption isotherm (g) and the corresponding DFT incremental pore size distribution curve (h) for TPM-GDY and TPN-
GDY. The inset schematic shows three kinds of pores located at different regions of the 3D TPM-GDY framework. (i) The calculated electronic
distribution on a repeat unit of TPM-GDY. The red and blue lines in d, e, g and h represent TPM-GDY and TPN-GDY, respectively.
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(sp”) at 285.7 eV, C-O at 287.8 eV, and C=O at 289.0 eV,
respectively (Fig. 3b). The prominent N1s peak at 399.7 eV
(Fig. 3c) is assigned to the nitrogen heteroatom linked with three
1,4-diphenylbuta-1,3-diyne groups, indicating the homogeneous
bonding environment for the heteroatom nitrogen in the 2D
carbon-rich framework. The existence of C—0O and C-O groups
in the fitting peaks of carbon may be due to the oxygenation of the
acetylene group in the margin of the carbon frameworks.*” The
typical functional groups in TPM-GDY and TPN-GDY are charac-
terized via Fourier transform infrared spectroscopy (FT-IR)
(Fig. 3d). The peaks located in the region i (2140-2240 cm ™)
can be assigned to the acetylenic bond in TPM-GDY and TPN-
GDY.***° The characteristic peaks at 1261 and 1317 em™* of vg
can be found in the spectrum of TPN-GDY, which indicates the
existence of the triphenylamine group.”® The Raman spectra
(Fig. 3e) of both TPM-GDY and TPN-GDY samples exhibit four
main peaks. Two peaks at 2210 and 1921 cm™ " are ascribed to
acetylenic bonds. The peaks at 1599 and 1348 cm ™" are assigned to
the G and D peak of carbon frameworks.>

In order to further investigate the surface areas and pore
structures of the samples, nitrogen adsorption-desorption studies
are performed. As shown in Fig. 3g, the quantity of nitrogen gas
adsorbed in the TPM-GDY powder quickly increases while the
value of pressure (P/P,) is lower than 0.1, indicating the existence of
micropores in the adsorption process of nitrogen.>*>® The contin-
uous adsorption curve of nitrogen shows an H3-type hysteresis
loop, which can be attributed to the multi-scale adsorption in
mesopores.”” In the case of TPN-GDY, the increasing amount of
the nitrogen gas adsorption in the low pressure region is much
lower than that of TPM-GDY, which means a lack of micropores in
TPN-GDY. Accordingly, the Brunauer-Emmett-Teller (BET) surface
area for TPM-GDY is 562 m* ¢ ', which is higher than that of TPN-
GDY (131.4 m” g~ ). The pore size distributions of TPM-GDY and
TPN-GDY samples calculated from the corresponding nitrogen
adsorption-desorption isotherms using the density functional
theory (DFT) method are shown in Fig. 3h. The main pore size
distribution for TPM-GDY is located in the following three regions
0.47-0.54 nm, 0.64-0.86 nm, and 1.09-1.48 nm, which can be
assigned to the pores in the 3D stereoscopic structure (L3), near the
edge (L2), and at the edge (L1), respectively. As for TPN-GDY, the
main pores are distributed in the region of 1.09-1.48 nm. This
value is smaller than the calculated size of large pores located at
the 2D framework of TPN-GDY (Fig. S7, ESIf), which can be
attributed to the mixed, stacked configuration of the 2D TPN-GDY
framework.”® " Generated from the molecular electronic wave-
function, we further obtain the molecular electrostatic potential
(ESP) of TPN-GDY (Fig. 3f) and TPM-GDY (Fig. 3i). It is observed
that the sp-hybridized carbon atoms in acetylenic bonds (-C=C-)
are rich in electrons, which should be beneficial for the reduction
of protons, thus accelerating the HER catalysis.®"

HER performance

According to our design strategy, the numbers of active acetylenic
bonds on the surface of TPM-GDY/CC are more than those on
TPN-GDY/CC. Thus, TPM-GDY/CC should show better perfor-
mance than TPN-GDY/CC in the HER process. To verify this

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2021
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Fig. 4 (a) Polarization curves of TPM-GDY and TPN-GDY for HER in 0.5 M
H,SO4. (b) Tafel slope for TPM-GDY, TPN-GDY, and CC. (c) Comparison of
the initial polarization curves of TPM-GDY after 4500 cycles. (d) Comparison
of the initial polarization curves of TPN-GDY after 4000 cycles. Long-term
stability tests of TPM-GDY/CC (e) and TPN-GDY/CC (f) in 0.5 M H,SO4
during the HER process. (g) Corresponding capacitive current densities as a
function of scan rates for CC, TPM-GDY, and TPN-GDY. (h) Comparison of
the overpotential for TPM-GDY, TPN-GDY, and reported carbon-based
catalysts.

statement, the HER performance of TPM-GDY and TPN-GDY are
measured under acidic conditions (0.5 M H,SO,). As shown in
Fig. 4a, the pure CC shows a negligible catalytic activity. TPM-
GDY/CC gives a much smaller overpotential of 105 mV at the
current density of 10 mA em~? than that of TPN-GDY (211 mV)
and most of the reported metal-free electrocatalysts (Fig. 4h
and Table S1, ESIt). Besides, TPM-GDY/CC exhibits a small
Tafel slope of 45.1 mV dec™ ' compared to that of TPN-GDY/CC
(167.4 mV dec™ ') (Fig. 4b). These results reveal the higher HER
catalytic activity of TPM-GDY than the TPN-GDY sample. Long-
term stability is another important parameter for evaluating the
performance of the catalyst. TPM-GDY shows no change in
current density after 4500 cycles (Fig. 4c), while TPN-GDY
exhibits some decrease in the current density only after 4000
cycles (Fig. 4d). This indicates the better stability of TPM-GDY
than TPN-GDY. Moreover, there is no decrease in current after
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10 h of electrolysis at an applied potential of 120 mV, indicating
the good stability of the TPM-GDY/CC- and TPN-GDY/CC-based
electrode in HER under strongly acidic conditions (Fig. 4e and f).
The active sites on the surface of TPM-GDY and TPN-GDY can
also be compared through the experimental measurement of the
electrochemical active surface area (ECSA) through the double-
layer capacitance method (Cq;). As shown in Fig. 4g, TPM-GDY/
CC shows a large Cg value (85.4 mF cm™ %) compared to that of
2D TPN-GDY film (6.3 mF ¢cm~?) and CC (4.5 mF em™?). This
indicates that 3D acetylene construction in TPM-GDY networks
can effectively increase the active surface area and the number of
active sites and thus enhance catalytic activity.*>

Conclusions

In summary, we prepared TPM-GDY and TPN-GDY and com-
pared their performance in HER. TPM-GDY had a high 3D
porous structure with repeated units of sp® carbon connecting
through four 1,4-diphenylbuta-1,3-diyne skeletons. The theore-
tical calculation result indicates that the HER active sites on
both TPM-GDY and TPN-GDY are located at the sp carbon
adjacent to the benzene ring. The dense distribution of acet-
ylenic bonds in the TPM-GDY framework makes more active sp
carbons participate in the HER process, which occurs on the
surface of electrodes. As a result, TPM-GDY shows a low over-
potential of 105 mV, which is much lower than that of the
reference TPN-GDY under the same condition. Our results
indicate that the strategy of adjusting the distribution of
acetylenic bonds is a useful method to improve the perfor-
mance of the carbon-based catalyst. More active sites can be
exposed to the reaction surface and participate in the catalytic
process. The as-prepared flexible TPM-GDY film has shown
good potential for applications in the field of electrocatalyst
devices, which inspires us to develop a general approach in
the field of fabricating GDY-based electrocatalysts with high
activity.
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