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Metalated Graphynes

A Highly Conjugated Nickel(II)-Acetylide Framework for Efficient
Photocatalytic Carbon Dioxide Reduction

Yingying Qin, Yang Wang, Jian Lu, Linli Xu,* and Wai-Yeung Wong*

/Abstract: The incorporation of transition-metal single atoms as molecular functional entities into the skeleton of\
graphdiyne (GDY) to construct novel two-dimensional (2D) metal-acetylide frameworks, known as metalated graphynes
(MGYs), is a promising strategy for developing efficient catalysts, which can combine the tunable charge transfer of
GDY frameworks, the catalytic activity of metal and the precise distribution of single metallic centers. Herein, four
highly conjugated MGY photocatalysts based on Ni", Pd", Pt", and Hg" were synthesized for the first time using the
‘bottom-up’ strategy through the use of M—C bonds (-C=C-M—C=C-). Remarkably, the Ni'-based graphyne (TEPY-
Ni-GY) exhibited the highest CO generation rate of 18.3 mmolg 'h™' and a selectivity of 98.8%. This superior
performance is attributed to the synergistic effects of pyrenyl and —C=C—Ni(PBu;),—~C=C- moieties. The pyrenyl block
functions as an intramolecular m-conjugation channel, facilitating kinetically favorable electron transfer, while the
—C=C—Ni(PBu;),~C=C— moiety serves as the catalytic site that enhances CO, adsorption and activation, thereby
suppressing competitive hydrogen evolution. This study provides a new perspective on MGY-based photocatalysts for

\developing highly active and low-cost catalysts for CO, reduction. )

Introduction

Graphdiyne (GDY), an emerging 2D carbon allotrope, is
composed of sp- and sp’-hybridized carbon atoms with
benzene rings connected by acetylene linkages.'! The
distinct structural advantages of GDY endow it with control-
lable electronic properties and superior electron transfer
capability.*'” Compared to conventional sp*hybridized
carbon allotropes such as fullerene, carbon nanotubes, and
graphene, the unique alkyne-rich structure of GDY makes it
an ideal platform for anchoring zero/low-valent metal atoms
and flexibly adjusting the coordination environment.

To date, a variety of GDY-derived metal atomic
catalysts based on Fe['l Ni[? Cu" pPd/™! Pt and
Au," among others, have been developed, exhibiting
decent physicochemical properties. In these reported cata-
lysts, the metal atoms are only anchored on the surface or
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within the cavities of GDY through organometallic o/n-
coordination,™! resulting in inhomogeneous structures and
unstable active sites. This makes it challenging to understand
the catalytic mechanisms at the molecular or atomic level.
To address these issues, metal single-atoms were precisely
introduced into the GDY skeleton as another molecular
functionality via metal-bis(acetylide) bonds
(-C=C-M—C=C-), creating a novel class of 2D metal-
acetylide framework known as metalated graphyne (MGY).
In recent years, GDY structures incorporating metal ions
such as Ag'® Au' and Hg"" have been realized. The
overlap between the d orbitals of metal and the p orbitals of
the alkynyl units stabilizes the single metal atoms and
redistributes the electron density within the MGY frame-
works, making them potentially good molecular
catalysts.®?l However, MGY-based molecular catalysts are
still in their infancy stages. More types of MGY need to be
designed and developed by varying the types of metal ions
and multi-acetylenic ligands, with a particular focus on using
low-cost and highly catalytically active metal centers.

Recent research in molecular catalysts has focused on
designing efficient electron transport channels from ligands
to the metal active center to ensure that more electrons
participate in the CO, reduction reaction (CO,RR). Effi-
cient electron transfer can increase the charge density of the
metal d orbital, allowing it to combine with the n* orbital of
CO,. This facilitates the C adsorption mode between CO,
and the catalytic sites, leading to CO generation while
inhibiting the competing hydrogen evolution reaction.*!
According to the previous reports, increasing the degree of
intramolecular conjugation to delocalize free electrons is the
most effective way to achieve this goal. For example, Ye
et al. demonstrated that the N-CP-A conjugated polymer
consisting of pyrenyl units and alkynyl groups, exhibited a
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higher charge carrier mobility of 0.35 cm?V~!s™!, compared

to N-CP-D without the alkynyl group (0.25cm?V's™),
resulting in a higher CO, conversion efficiency.””! Cao and
co-workers synthesized a pyrazolyl-based Ni-MOF with a
highly n-conjugated system that enhanced the transfer
efficiency of ligand-to-node electrons, leading to higher CO
and CH, production rates.” Therefore, rational construc-
tion of highly n-conjugated moieties in MGY, along with the
synergistic optimization of the intermediate reaction poten-
tial barriers and electron transfer using the -C=C-M—C=C-
blocks, can ensure high activity and selectivity towards
CO,RR catalysis.

Based on the aforementioned considerations, we report
four novel MGY catalysts (named TEPY-M-GYs) with
excellent charge transport characteristics, which are as-
sembled using the connecting nodes of four transition-metal
groups (M = Ni"(PBu,),, Pd"(PBu;),, Pt"(PBu,),, and Hg")
and the highly n-conjugated organic ligand 1,3,6,8-tetraethy-
nylpyrene (TEPY). The pyrene group in our design
possesses extensive m-conjugation, which effectively enhan-
ces the photo-generated charge dynamics to the M™"-bis-
(acetylide) moieties, providing sufficient electrons for the
CO,RR. Among the four MGYs, TEPY-Ni-GY exhibited
the highest activity and selectivity for photocatalytic
CO,RR. The —C=C—Ni(PBu;),—C=C— blocks serve as the
most active catalytic sites, optimizing CO, adsorption and
activation energy, and stabilizing key intermediates to
enhance CO, conversion efficiency and product selectivity.
These TEPY-M-GYs offer a unique opportunity to inves-
tigate the mechanism of catalytic active sites at the atomic
level and open up new possibilities for exploring low-cost
and highly active GDY-based catalytic materials.

Results and Discussion

In our previous works, mercurated graphynes have been
reported as efficient 2D photo-functional materials and
catalysts.? Here, four transition metal ions (Ni', Pd", Pt
and Hg") were successfully introduced into GDY frame-
work through base-catalyzed dehydrohalogenation reac-
tions. These reactions involved trans-Ni(PBu;),Cl,, trans-
Pd(PBus;),Cl,, trans-Pt(PBu;),Cl, or HgCl, and the highly
conjugated ligand TEPY, resulting in the formation of
TEPY-M-GYs (M = Ni"(PBu;),, Pd"(PBu;),, Pt"(PBu,),,
and Hg"). While TEPY-Hg-GY was synthesized in a solvent
mixture of methanol (MeOH) and tetrahydrofuran (THF)
with triethylamine (TEA) as the base catalyst only the other
TEPY-M-GYs were synthesized in THF as the solvent, with
both Cul and TEA as the catalysts. The transition-metal
centers (Ni", Pd", Pt", and Hg") were incorporated into the
GDY framework through metal-bis(acetylide) linkages
(—C=C-M—-C=C-) (Scheme 1).

The powder X-ray diffraction (PXRD) experiment was
conducted to elaborate the crystalline nature of these
TEPY-M-GYs. As shown in Figure S1, the experimental
PXRD pattern of TEPY-Ni-GY exhibited two broad
diffraction peaks (black curve): one in the low-angle region
at approximately 26 = 9.1° corresponding to the (110) plane,
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Ni-, Pd-, and Pt-(PBu3);Cl (Cul, Et;N, THF);

HgCl; (Et;N, THF, MeOH).

Scheme 1. |llustration of the synthesis of TEPY-M-GYs (M = Ni"(PBus),,
Pd"(PBus),, Pt"(PBus),, and Hg").

and another peak at approximately 26 = 20.4°corresponding
to the (001) plane, indicating the formation of a 2D layered
material via n—m stacking in the ¢ direction. Notably, no
diffraction peaks corresponding to nickel salts or nickel
nanoparticles were observed, suggesting that the Ni"-com-
plexes existed in the form of a coordination structure within
the 2D framework of GDY. Materials Studio was used to
simulate and optimize the structural models of TEPY-M-
GYs. The TEPY-Ni-GY conformed to a structure with an
aligned AA stacking mode, and the optimized unit cell
parameters were a = 18.21 A, b=1518A,c=371A,a =
90.85°, p = 88.74°, and y = 127.05°. Similarly, the
experimental PXRD patterns of TEPY-Pd-GY, TEPY-Pt-
GY, and TEPY-Hg-GY also matched well with the calcu-
lated results from the aligned AA stacking mode (Figur-
es S2-S4), demonstrating that the introduction of different
metal ions had a negligible effect on their structural packing
mode.

Fourier-transform infrared (FT-IR) spectra confirmed
the success of the dehydrohalogenation reaction between
the TEPY monomer and metal complexes (Figure 1a). The
complete disappearance of the —C=CH stretching vibration
peak at 3280 cm™' for TEPY (Figure S5), along with the
appearance of a new characteristic peak corresponding to
the —C=C- stretching vibration band at 2140 cm™" in TEPY-
M-GYs, verified the successful formation of the
—C=C-M—-C=C- unit in the framework. Additionally, the
C—H stretching vibration peak of n-Bu was observed (3200—
3500 cm™') in TEPY-Ni-GY, TEPY-Pd-GY, and TEPY-Pt-
GY, further indicating the successful formation of metal-
acetylide networks.’>” The chemical structure of TEPY-
Ni-GY was further confirmed by the solid-state *C NMR
spectrum (Figure 1b). The peaks at 12.7 and 23.5 ppm
belonged to the signal of n-Bu and the peaks at around 80.6
and 95.3 ppm could be attributed to the carbon atoms of the
acetylene linkage (—C=C-), while the broad peak in the
range of 100-150 ppm was assigned to the sp*-bonded
carbon in the backbone.” The N, sorption isotherm
measurements disclosed the typical type-II isotherm for all
TEPY-M-GYs, revealing their microporous structural fea-
tures (Figure 1c). The corresponding Brunauer-Emmett—
Teller (BET) specific surface areas of TEPY-Ni-GY, TEPY-
Pd-GY, TEPY-Pt-GY, and TEPY-Hg-GY were calculated
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Figure 1. (a) FT-IR spectra of TEPY-M-GYs. (b) Solid-state *C NMR spectrum of TEPY-Ni-GY. The assignments of *C chemical shifts for TEPY-Ni-
GY are indicated in its chemical structure. (c) N, sorption isotherms of TEPY-M-GYs at 77 K. (d) TEM image, (€) AFM image, and (f) the
corresponding height profiles along the marked white line of TEPY-Ni-GY nanosheets. (g) HRTEM image (inset: magnified portion) and (h)
aberration-corrected HAADF-STEM image of TEPY-Ni-GY (Ni centers are marked with green circles). (i) HAADF-STEM and the corresponding EDX
mapping images of TEPY-Ni-GY. EDX mapping of Ni, P and C elements are shown with green, blue, and red colors, respectively.

to be 170.6, 106.9, 167.0 and 162.9 m*g ', respectively. The
pore size distributions confirmed that the real pore sizes of
these TEPY-M-GYs were centered at 1.31-1.33 nm (Fig-
ure S6), which were close to the theoretical values in the
AA stacking model.

The morphologies of TEPY-M-GYs were characterized
by scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) (Figures S7-S13). TEPY-Ni-GY
exhibited an 2D lamellar morphology (Figure 1d). The few-
layer nanosheets of TEPY-Ni-GY on the silicon wafer
presented a planar film with a thickness of approximately
1.7 nm, consisting of four or five monolayers (Figure le-f).
The high-resolution TEM (HRTEM) image of TEPY-Ni-
GY showed distinct lattice fringes with a spacing of ~3.7 A
(Figure 1g), corresponding to its (001) plane. This result was
also confirmed by the PXRD of TEPY-Ni-GY, which
displayed a characteristic peak at 20 = 24° with a d-spacing
of 3.71 A, matching well with the results obtained from the
DFT calculations (Figure S1).*" Besides, the TEM images
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revealed the parallelogram lattice structure in TEPY-Ni-
GY, consistent with the simulation results. The aberration-
corrected high-angle annular dark-field scanning transmis-
sion electron microscopy (AC-HAADF-STEM) of TEPY-
Ni-GY showed many isolated bright dots marked with green
circles, which were identified as atomically dispersed Ni
centers (Figure 1h). Meanwhile, the SEM images and the
corresponding energy dispersive X-ray (EDX) element
mapping of TEPY-Ni-GY demonstrated that Ni, C, and P
elements were homogeneously distributed throughout the
entire TEPY-Ni-GY matrix, indicating that the continuous
Ni-containing framework was successfully established (Fig-
ure 1i). The metal content in TEPY-M-GYs was determined
by inductively coupled plasma mass spectrometry (ICP-MS)
(Table S1), and the loading amounts of metal ions were
consistent with the molecular structures of TEPY-M-GYs.
The uniformly arranged structure, conductive skeleton, and
enriched metallic active sites of TEPY-M-GYs would be
substantially favorable for the high activity of catalysts. The
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chemical structures and morphologies of these novel TEPY-
M-GYs were confirmed by various experimental and
theoretical methods.

Moreover, the thermal stability of TEPY-M-GYs was
investigated by thermogravimetric analysis (TGA), which
showed that the samples remained stable up to approxi-
mately 200°C under a N, atmosphere (Figure S14). Addi-
tionally, TEPY-Ni-GY was dispersed in different solvents
for 24 h, and no significant changes were observed in the
position and intensity of the PXRD characteristic peaks
(Figure S15). These experimental results indicate that
TEPY-Ni-GYs possess excellent thermal and chemical
stability, making them suitable for practical applications.

X-ray photoelectron spectroscopy (XPS) was conducted
to identify the chemical composition and electronic struc-
tures of the samples (Figures S16-S19). The full survey
spectrum for TEPY-Ni-GY revealed the co-existence of Ni,
C, and P elements, consistent with the EDX mapping
analysis. As shown in Figure 2a, the high-resolution XPS
spectrum of C ls was deconvoluted into seven sub-peaks,
assigned to C(sp)—Ni (283.2 eV), C—C (sp?, 284.2eV), C-C
(sp*, 284.8eV), C—C (sp, 285.4¢eV), C-P (286.1eV), C-O
(287.0eV), and C=0 (288.1eV).'"! The formed C(sp)-Ni
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bonds could stabilize the position of Ni ions and enhance
the stability of catalyst. The presence of C—O and C=0
groups was attributed to the absorbed CO, in the surface of
samples.'”™ The proportion of sp/sp® carbon is approx-
imately 1:2, consistent with the theoretical ratio in TEPY-
Ni-GY. Furthermore, in the high-resolution Ni 2p XPS
spectrum, the two dominant characteristic peaks of Ni 2p,;,
and Ni 2p;, appeared at 873.6 and 856. 0 eV, along with two
adjacent satellite peaks at 879.5 and 861.5 eV, suggesting the
presence of positively charged Ni** species in TEPY-Ni-GY
(Figure 2b).” The P 2p XPS spectrum could be deconvo-
luted into two sub-peaks corresponding to P-Ni at 132.1 eV
and P-C at 132.9eV, respectively (Figure 2c).” X-ray
absorption spectroscopy (XAS) was measured to further
investigate the chemical states and coordination environ-
ments of the Ni ion in TEPY-Ni-GY, using Ni foil and NiO
as reference samples. As presented in Figure 2d, the
adsorption edge position of TEPY-Ni-GY closely resembles
that of NiO, indicating that the Ni center has a valance state
of approximately +2. The Fourier-transformed extended X-
ray absorption fine structure (FT-EXAFS) spectra of the
samples were displayed in Figure 2e. TEPY-Ni-GY had a
main peak at around 1.64 A, attributed to the scattering
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Figure 2. High-resolution XPS spectra of (a) C Ts, (b) Ni 2p and (c) P 2p for TEPY-Ni-GY. XAFS characterization of TEPY-Ni-GY, Ni foil, and NiO. (d)
Ni K-edge XANES spectra and (e) the corresponding k*-weighted FT-EXAFS spectra. Ni K-edge EXAFS (points) and curve-fit (line) for TEPY-Ni-GY
shown in (f) R-space and in (g) k-space. (h—j) Wavelet transform EXAFS spectra of Ni-foil, NiO, and TEPY-Ni-GY, respectively.
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interaction between Ni ions and the first coordination layer
(Ni—C/P). Moreover, the Ni-Ni bond at ~2.17 A (Ni foil)
and Ni—O bond at ~1.71 A (NiO) were not detected in the
spectrum of TEPY-Ni-GY, illustrating that Ni species
existed as single atoms. The fine molecular structure was
verified by fitting the k*-weighted FT-EXAFS spectra
(Figures 2f, S20-S22), and the fitting analysis results of
EXAFS were displayed in Table S2. The coordination
number of the Ni—C/P was about 4.2, indicating that each Ni
ion was bonded to two C atoms and two P atoms with an
average atomic distance of approximately 2.06 A. As shown
in the wavelet transform analysis of TEPY-Ni-GY, there
was only one intensity maximum at around 6.03 A~! in k
space (ascribed to Ni—C/P coordination), further confirming
that Ni sites are atomically dispersed without aggregation in
TEPY-Ni-GY (Figure 2g-i). This may be attributed to the
overlap between the p orbitals of sp-C and the d orbitals of
Ni", which increases the migration barrier of Ni" ions,
thereby effectively achieving the dispersion of single Ni
centers.

According to the above exploration of the structure and
features of TEPY-M-GYs, it could be proposed that the
extensive m-conjugation system and catalytically active
metal-bis(acetylide) sites would be instrumental for photo-
catalytic applications. The photocatalytic CO,RR perform-
ance of these TEPY-M-GYs was systematically tested under
AM 1.5 G simulated illumination in a CO,-saturated atmos-
phere, using a mixture of acetonitrile and water (V/V = 3/1)
as the solvents, triethanolamine (TEOA) as a sacrificial
electron donor and [Ru(bpy);] Cl, as the photosensitizer.
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Experimental factors such as water content and catalyst
quantity were optimized to enhance the photocatalytic CO,
reduction performance (Figures S23 and S24). All TEPY-M-
GYs were capable of reducing CO, to CO and H, as the
primary reaction products under the above reaction con-
ditions, while no other liquid or gaseous products were
detected by 'H nuclear magnetic resonance (‘H NMR)
spectroscopy and gas chromatography-mass spectrometry
(GC-MS) (Figures S25-S28). Encouragingly, TEPY-Ni-GY
exhibited excellent photocatalytic CO,RR performance over
a 5 h illumination period, achieving a CO production rate of
18.3 mmolg 'h™'. The competitive hydrogen evolution reac-
tion (HER) was suppressed, with a maximum output of only
231.9 umolg *h™'. Consequently, TEPY-Ni-GY demon-
strated the highest selectivity of 98.8 % and activity for CO,-
to-CO conversion among the four TEPY-M-GYs (Fig-
ure 3a-b). Comparatively, the performance and selectivity
of TEPY-Ni-GY for CO, photoreduction were superior to
most reported Ni-based organic photocatalytic materials
under similar reaction conditions (Table S3). To investigate
the effect of branched chain length on the photocatalytic
performance, three types of branched chains in the trialkyl-
phosphine (PMes, PEt;, and PBu;) were tested. The photo-
catalytic performance was directly proportional to the
branched chain length (Figure S29), likely due to the
formation of a nano-confined space by more hydrophobic
branched chains, facilitating CO, molecules in contact with
the catalytic sites. The apparent quantum efficiency (AQE)
of the photocatalytic CO,RR over TEPY-Ni-GY was
measured using different monochromatic light sources, with
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Figure 3. (a) Time-dependent production of CO under visible light irradiation (420 nm < A < 760 nm) over a duration of 5 h using TEPY-Ni-GY

(blue line), TEPY-Pd-GY

, TEPY-Pt-GY (red line) and TEPY-Hg-GY

as catalysts. (b) Photocatalytic CO,RR performance and

selectivity for TEPY->M-GYs. (c) Mass spectrum of *CO (m/z = 29) produced during the photocatalytic reduction of *CO, over TEPY-Ni-GY. (d)
Control experiments assessing the photocatalytic CO, reduction performance of TEPY-Ni-GY. (e) CO, absorption isotherms of TEPY-M-GYs at

298 K. (f) Cyclic stability tests of TEPY-Ni-GY for CO, photoreduction.
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a maximum AQE of 1.4% at 450 nm. The AQE values at
different wavelengths followed the characteristic absorption
spectrum of [Ru(bpy);]Cl,, confirming its role as a photo-
sensitizer in facilitating CO,RR under visible light irradi-
ation (Figure S30). A “C isotope tracing experiment using
BCO, as the photocatalytic reaction atmosphere confirmed
the carbon source of the reduction products. A peak at m/z
= 29 detected by GC-MS corresponded to *CO (Figure 3c),
indicating that the CO product was derived from the gaseous
CO, reactant rather than other carbon-containing species in
the photocatalytic system. Control experiments demon-
strated the necessity of TEPY-Ni-GY for CO,RR, as no
significant reduction products were observed in its absence,
in the dark, or under an argon atmosphere, confirming the
importance of the optimized catalytic conditions for CO
evolution (Figure 3d).”*! Additionally, no carbon-based
reduction products were detected under an argon atmos-
phere, further demonstrating that the CO product originated
from CO, rather than the decomposition of organic sub-
stances, consistent with the "C isotope labeling experimental
results. The CO,RR activity of a physical mixture of TEPY-
GDY and Ni(PBu;),Cl, (denoted as mix-TEPY/Ni), as well
as that of TEPY-GDY alone, was also investigated. The
poor photocatalytic activity observed in both mix-TEPY/Ni
and TEPY-GDY underscores the synergistic effects between
the pyrenyl and —C=C—Ni(PBu;),—C=C— moieties in TEPY-
Ni-GY, rather than the statement that free Ni** ion or GDY
acts as the catalytic active sites. The activated TEPY-Ni-GY
exhibited the best CO, uptake ability (16.46cm’g™") at
298 K compared to other samples, indicating that CO, could
easily access the active sites during the photocatalytic
CO,RR process (Figures 3e and S31). The recyclability of
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TEPY-Ni-GY was tested through consecutive 20 h photo-
catalytic cycles with a recycled catalyst (Figure 3f), showing
no noticeable change in CO production rate and selectivity.
Structural integrity was maintained, as confirmed by XRD,
FT-IR, XPS, TEM, and SEM analyses (Figures S32-S36),
demonstrating the excellent stability and reusability of
TEPY-Ni-GY.

The light absorption properties and electronic structures
of the TEPY-M-GYs were evaluated by UV/Vis diffuse
reflectance spectra (UV/Vis DRS) and Mott-Schottky
(M—-S) measurements. As shown in the UV/Vis DRS,
TEPY-Ni-GY displayed broad and high light-harvesting
capacity in the visible light and near-infrared regions
compared to the other samples, demonstrating that the types
of metal ions had a significant impact on the optical
properties of these materials. An obvious absorption red-
shift was observed after the introduction of Ni" ions into the
GDY framework, verifying that Ni" metal ions could
effectively adjust their electronic band structure (Fig-
ure 4a).’"! Calculated from the Tauc plots, the correspond-
ing band gap energies (E,) of TEPY-Ni-GY, TEPY-Pd-GY,
TEPY-Pt-GY and TEPY-Hg-GY were 1.16, 1.37, 1.68 and
2.18 eV, respectively (Figure S37). The reduced E, of
TEPY-Ni-GY had a positive effect on generating charge
carriers during the photocatalytic process. Moreover, M—S
plots performed at different frequencies (0.5 to 1.5 kHz)
revealed that all samples possessed typical n-type semi-
conductor characteristics with positive slopes (Figures 4b
and S38). The flat band potentials of TEPY-Ni-GY, TEPY-
Pd-GY, TEPY-Pt-GY, and TEPY-Hg-GY were determined
to be —0.96, —1.17, —1.04, and —1.21V vs. Ag/AgCl (i.e.,
—0.76, —0.97, —0.84, and —1.01 V vs. NHE), respectively,

asz b
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Figure 4. (a) UV-Vis DRS and (b) M-S plot for TEPY-Ni-GY. (c) EPR spectra of TEPY-Ni-GY within 30 min under visible light. (d) 2D fs-TA spectra of
TEPY-Ni-GY after excitation with a 400 nm pump pulse. (e) Time slices of the transient absorption spectra for TEPY-Ni-GY excited at 400 nm. (f) fs-
TA decay kinetics of TEPY-Ni-GY. The solid lines are the fittings obtained from a kinetic analysis of the transient absorption data.
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which were approximately regarded as the bottom conduc-
tion band (CB) potentials. Based on the calculated band gap
values and the measured CB positions, the schematic
diagrams of the energy band structures of TEPY-M-GYs are
depicted in Figures S39 and S40, demonstrating that all
catalysts are thermodynamically feasible for the photo-
catalytic reduction of CO, to CO (CO,/CO, theoretically at
—0.53 V vs. NHE) under visible-light irradiation.”**"

Photoelectrochemical measurements were conducted to
explore the electron transfer efficiency of the photocatalysts.
As expected, among all samples, TEPY-Ni-GY exhibited
the largest photocurrent density of 14 uA cm 2, indicative of
a greater electron accumulation due to the enhanced charge
transfer. This finding was further corroborated by electro-
chemical impedance spectroscopy (EIS). The significantly
reduced arc radius of TEPY-Ni-GY indicated a smaller
charge-transfer resistance, which was more favorable for
electron transport in the photocatalytic CO,RR process.[*!]
(Figures S41 and S42). Furthermore, the electron para-
magnetic resonance (EPR) spectra of TEPY-Ni-GY showed
a Lorentzian line derived from the unpaired electrons in a
highly electron-delocalized system under visible light excita-
tion (Figure 4c). With extended illumination time, the EPR
signal was enhanced, and the g value shifted from 2.0027 to
2.0015. In particular, a decrease in the g-factor is often used
to illustrate an increase in spin-orbit coupling, indicating
that the spin density migrated from the conjugated organic
ligand to the Ni" ion. This suggested that the separation and
transfer of photo-generated charge carriers could be accel-
erated through the d-p orbital overlap between metal
centers and adjacent alkynyl carbon.**! Photoluminescence
(PL) lifetime measurements also confirmed that TEPY-Ni-
GY had longer excited-state lifetimes within its extended
conjugated skeleton (Figure S43 and Table S4).[*/

To gain a deeper insight into the photocatalytic process,
ultrafast femtosecond time-resolved transient absorption (fs-
TA) measurements were performed to track the excited-
state dynamics of TEPY-M-GYs in real-time. Figure 4d—f
showed the fs-TA spectra for TEPY-Ni-GY following
400 nm excitation, which was dominated by a ground state
bleach (GSB) signal at around 480 nm, corresponding to the
band-edge transitions.” Over time, as the GSB signal
attenuated, the band-edge bleach signal red-shifted from 480
to 530 nm, reflecting the transfer of the band-edge excited
state to the metal-centered population (corresponding to the
bulge at around 530 nm in the steady-state absorption
spectrum, typically the absorption signal of the charge
transfer transition). The kinetics at 486 nm were extracted
and fitted with a tri-exponential decay function, yielding a
decay lifetime of t; up to about 4 ns. While the bleach at
530 nm was re-established after the initial attenuation, no
further attenuation was observed. This process, with a very
long lifetime of the excited state electrons, even exceeded
the detection window of 8ns, likely due to the final
relaxation of the organic ligand-metal charge transfer
(LMCT) state. The long-excited state lifetime was also
confirmed by the non-decaying excited state absorption
signal at 790 nm. The transient absorption spectrum of
TEPY-Pd-GY showed a decrease in the absorption of the
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LMCT after excitation, with the corresponding GSB signal
at around 610 nm being dominant. The kinetics of TEPY-
Pd-GY probed at 600 nm were calculated by multi-exponen-
tial decays, yielding decay time constants of 1, = 0.56+
0.01ps, 1, = 153£1.6 ps, and 13 > 8ns. The value of t;
beyond the time detection window also reflects its long-
excited state lifetime (Figure S44). Regarding TEPY-Pt-GY,
the characteristic peaks were mainly located at approx-
imately 70, 520, and 567 nm, consistent with the absorption
of the band-to-band transition in the steady-state absorption
and the transition from the ligand to the metal center. The
fitted kinetics at 520 and 567 nm yielded lifetimes of about 1
and 2 ns, respectively (Figure S45). The transient spectrum
of TEPY-Hg-GY was dominated by the band edges and the
bleach signal corresponding to the transition of the ligand to
the metal center. The fitting kinetics revealed an extremely
short lifetime of only tens of ps (1, = 0.43+0.03 ps, 1, =
0.53+09ps, 13 = 1241 ps) compared with those of the
other samples (Figure $46).**"! These results suggested that
ultrafast electrons are transferred from the pyrenyl ring to
the Ni" catalytic center, resulting in an improved CO,
photo-reduction efficiency. Meanwhile, these findings indi-
cated that the type of metal ions had a significant influence
on the excited-state dynamics of TEPY-M-GYs. Based on
the above analysis, the appropriate introduction of metallic
active sites into the GDY structure could improve the light-
harvesting capabilities, expedite charge transfer kinetics,
and facilitate electron accumulation at the catalytic centers
for efficient CO, reduction.

Emission quenching experiments and fluorescence ex-
cited-state lifetimes were conducted to further elucidate the
electron transfer characteristics of TEPY-Ni-GY and inves-
tigate its quenching mechanism in detail. The emission
quenching experiments were performed during the photo-
catalytic CO,RR without TEOA. An emission peak at
608 nm was detected with the excitation at 400 nm. As the
catalyst concentration gradually increased, the fluorescence
intensity significantly decreased, following a linear Stern-
Volmer behavior. This indicated that the electrons gener-
ated by the excited photosensitizer [Ru(bpy);]Cl, could be
efficiently transferred to TEPY-Ni-GY, resulting in a
superior photocatalytic performance. Nevertheless, the
fluorescence intensity showed almost no change when
various amounts of TEOA were added to the photocatalytic
system. Based on these experimental results, it could be
concluded that the excited [Ru(bpy);]Cl, was quenched by
TEPY-Ni-GY through an oxidation quenching mechanism
(Figures S47-S50).1¢1

In situ diffuse reflectance infrared Fourier-transform
spectroscopy (DRIFTS) was performed to identify the
possible intermediates generated during photocatalytic
CO,RR. The strong peaks at 2306-2381 cm ™' were assigned
to the asymmetric stretching of CO, (Figure S51).! As
displayed in Figure 5a, the characteristic peaks of various
carbonate groups appeared, including absorption peaks at
around 1348 and 1539 cm™ assigned to monodentate
carbonate (m-CO5>"), and peaks near 1306 and 1603 cm™
attributed to the bidentate carbonate (b-CO5*"). Addition-
ally, the characteristic peak at 1240 cm™' was due to active
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Figure 5. (a) In situ DRIFTS spectra of TEPY-Ni-GY for the simulated solar-driven CO, reduction process. (b) The calculated CO, adsorption
structure. Isosurfaces (0.005) of charge density differences on the TEPY-Ni-GY with CO, molecules. E,q4: adsorption energy, Aq: difference of Bader

charge.
(AG, eV) profiles for CO, photoreduction on TEPY-M-GYs.

*CO,  intermediates, and the absorption peaks of bicarbon-
ate *HCO;~ were located at 1426 and 1717 cm™.P>* As the
primary intermediate of CO,-to-CO conversion on the
surface of TEPY-Ni-GY, *COOH originated from CO,
hydrogenation, leading to characteristic peaks at 1518 and
1570 cm™!, which was intensified with increasing irradiation
time.” The generation of *CO, at 1695 cm™! with prolonged
irradiation time signified that CO, was activated through the
reaction CO,+e —*CO,. Furthermore, a noteworthy peak
at 2171 cm™ indicated the formation of the *CQ.
Notably, the peak intensity of the *CO intermediate greatly
increased as the reaction proceeded, indicating that CO was
continuously generated over time.

The CO, adsorption behaviors and electron distribution
on the TEPY-M-GYs were investigated using density func-
tional theory (DFT) calculations. The corresponding adsorp-
tion energies and electron transfer numbers were shown in
Figures S52 and S53. The calculation results indicated that
CO, adsorption was thermodynamically favorable on
TEPY-Ni-GY, TEPY-Pd-GY, and TEPY-Pt-GY, but not on
TEPY-Hg-GY, due to its weak chemical interaction with
CO,. The adsorption energy of TEPY-Ni-GY (E,=
—0.56 eV) was more negative than those of TEPY-Pd-GY
and TEPY-Pt-GY (Figure S54), suggesting a stronger inter-
action between CO, and TEPY-Ni-GY. As illustrated in
Figure 5b, the —C=C—Ni(PBu;),—~C=C— moiety could adsorb
CO, molecules through the Ni—C-O—C=C- adsorption
mode due to the synergy effect of unsaturated Ni ions
(16 electrons in d orbital) and the n-coordination of —C=C—
blocks. Electrons are transferred to the antibonding 2,
orbitals of CO,, resulting in the bending of the O—C-O
bond angle to 158.7° and the elongation of both C—O bonds
to 1.55 A. The C—O bond length after CO, adsorption on
the catalyst surface was longer than the C—-O bond length
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and cyan iso-surfaces represent electron accumulation and electron depletion, respectively. (c) DFT-calculated Gibbs free energy

(1.16 A) in a free CO, molecule, indicating that the bond
order of the C=0O bonds in the activated CO, was
reduced.”*® According to the Bader method, the significant
charge accumulation around the CO, molecule indicated a
charge transfer of approximately 0.106 electron from TEPY-
Ni-GY to CO,, confirming a stronger electrostatic inter-
action between the CO, molecule and TEPY-Ni-GY .7l

To gain a theoretical understanding of the superior
photocatalytic CO,RR performance of TEPY-Ni-GY and to
clarify the active site characteristics of the catalysts, DFT
calculations were performed using MGY frameworks as
models. The Gibbs free energy diagrams for CO, reduction
on the optimized building blocks of TEPY-M-GYs are
shown in Figures 5c and S55. Generally, the photoreduction
of CO, involves the following four steps: (i) CO, molecules
are adsorbed on the catalyst surface to form *CQO,. (ii) The
*CO, combines with surface protons and electrons to
generate *COOH intermediate. (iii) A second proton-
coupled electron transfers to *COOH and generates *CO
and H,O. (iv) The *CO desorbs from the catalysts to release
CO. According to the DFT calculations, the CO, adsorption
energy on the -C=C—Ni(PBu;),~C=C- sites was calculated
to be —0.56 eV, significantly lower than those for other
samples, indicating that —C=C—Ni(PBu;),~C=C— sites have
a strong affinity for CO,. The formation of *COOH was
identified as the rate-determining step for all reactions
(*CO,+H" +e —*COOH). For TEPY-Ni-GY, the energy
barrier for converting *CO, to *COOH was 1.68 eV, which
was notably lower than those of the other samples
(Table S5). This could be attributed to a more stable binding
configuration between the —C=C-Ni(PBu;),—C=C— sites
and COOH* intermediates.”” Therefore, TEPY-Ni-GY
effectively stabilized the *COOH intermediates, resulting in
high activity and selectivity for CO, reduction to CO,
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consistent with the aforementioned in situ DRIFTS findings.
The downhill free energy of *COOH to *CO indicated that
this was a spontaneous transformation process, followed by
the liberation of CO from the dissociation of the weakly
bonded *CO intermediate as the final product. Moreover,
the free energy of the adsorbed *H intermediate on TEPY-
Ni-GY presented the highest energy barrier compared to
other catalysts, demonstrating the efficient suppression of
the competitive hydrogen evolution reaction following the
introduction of Ni" ions (Figure S56). These observations
fully demonstrated that the introduction of suitable metal-
bis(acetylide) moiety in the framework played a crucial role
in reducing the energy barrier for CO, reduction and
inhibiting photocatalytic hydrogen evolution, thereby en-
hancing the activity and selectivity of photocatalytic
CO,RR.

Based on the results from in situ DRIFTS and DFT
calculations, a plausible photocatalytic mechanism for CO,
reduction over TEPY-Ni-GY could be proposed (Figure 6).
In this mechansm, the pyrenyl ring with its large n-
conjugation structure acted as an electron transfer channel,
expediting the separation and transfer of charge carriers.
The —C=C—Ni(PBu;),~C=C- sites served as the functional
catalytic active centers for the adsorption and activation of
CO,. Upon visible light excitation, the Ru(bpy);Cl, photo-
sensitizer was promoted to an excited state. This excited
state was then oxidatively quenched by TEPY-Ni-GY,
leading to the formation of [Ru(bpy);]**. During this
process, electrons were transferred from the excited [Ru-
(bpy);]*" to the catalytic active sites. When CO, molecules
interacted with the —C=C—Ni(PBu;),~C=C- sites, electrons
were transferred to the CO,, resulting in the release of CO
as a product. The residual [Ru(bpy);]’* species from the
oxidative quenching pathway could be reduced back to the
initial [Ru(bpy);]*" with the help of TEOA, thereby
completing the photocatalytic cycle.

~
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Figure 6. Proposed reaction mechanism for photocatalytic CO,-to-CO
conversion over TEPY-Ni-GY using [Ru(bpy)]Cl, as a photosensitizer
(the two PBuj units in TEPY-> Ni-GY are omitted for clarity).
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Conclusions

In summary, the 2D carbon-rich frameworks of TEPY-M-
GYs, combining organic frameworks and transition-metal
single ions, were successfully synthesized via a base-
catalyzed dehydrohalogenation reaction. These frameworks
were constructed from an extended n-conjugated carbon
skeleton that immobilizes transition-metal ions through
diacetylene moieties. The easily accessible catalytic centers
and n-conjugated structures endowed these materials with
superior charge transport dynamics and catalytic perform-
ance. Additionally, the photocatalytic CO, reduction effi-
ciency could be modulated by incorporating different
transition-metal centers. As a result, TEPY-Ni-GY exhibited
a superior CO generation rate of 18.3 mmolg 'h™!, selectiv-
ity of 98.8%, and stability for 20h under visible light
irradiation. Both experimental and theoretical studies
revealed that the high catalytic activity and selectivity were
attributed to the synergy effects of the pyrenyl ring and Ni"-
bis(acetylide) moiety (—C=C—Ni(PBu;),—~C=C-). Therefore,
this work contributes to expanding the diversity of GDY
structures and illustrated that low-cost Ni'-based graphyne
functional materials are promising candidates in the catalytic
field.
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