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Solar-Driven Hydrogen Generation Catalyzed by g-C;N, with
Poly(platinaynes) as Efficient Electron Donor at Low

Platinum Content

Xuan Zhou, Yurong Liu, Zhengyuan Jin, Meina Huang, Feifan Zhou, Jun Song,* Junle Qu,

Yu-Jia Zeng,* Peng-Cheng Qian,* and Wai-Yeung Wong*

A metal-complex-modified graphitic carbon nitride (g-C;N,) bulk
heterostructure is presented here as a promising alternative to high-cost
noble metals as artificial photocatalysts. Theoretical and experimental studies
of the spectral and physicochemical properties of three structurally similar
molecules Fo-D, Pt-D, and Pt-P confirm that the Pt(Il) acetylide group
effectively expands the electron delocalization and adjusts the molecular
orbital levels to form a relatively narrow bandgap. Using these molecules, the
donor-acceptor assemblies Fo-D@CN, Pt-D@CN, and Pt-P@CN are
formed with g-C;N,. Among these assemblies, the Pt(ll) acetylide-based

and efficient manner.) A photocatalytic
H, generation system should be pho-
toactive, catalytically active, and stable.
Many semiconductor materials such as
zinc oxide,’] titanium dioxide,* organic
dyes,’l and graphitic carbon nitride (g-
C;N,)®1 have suitable energy band edges
and are thus photoactive to perform light-
harvesting function, but the high overpo-
tentials make them kinetically inert for
H, evolution. On the contrary, many met-

composite materials Pt—-D@CN and Pt-P@CN with bulk heterojunction
morphologies and extremely low Pt weight ratios of 0.19% and 0.24%,
respectively, exhibit the fastest charge transfer and best light-harvesting
efficiencies. Among the tested assemblies, 10 mg Pt—-P@CN without any Pt
metal additives exhibits a significantly improved photocatalytic H, generation
rate of 1.38 pmol h~" under simulated sunlight irradiation (AM1.5G, filter),

which is sixfold higher than that of the pristine g-C;N,.

1. Introduction

Artificial photosynthetic fuels have attracted enormous interest
due to their potential in addressing the global energy and cli-
mate crisis.[!! Hydrogen (H,) generation from water splitting
emerged as a renewable process for conversion, storage, and uti-
lization of solar energy in an environmentally clean, economical,

als and metal complexes such as plat-
inum (Pt),”! palladium,® cobalt,l’) man-
ganese dioxide,'%! ruthenium,** and Pt(1I)
complexes!?] are less photoactive but cat-
alytically active and have low overpotentials
for molecular activation. A smart engineer-
ing strategy is the coassembly of a photo-
catalytic material and a catalytically active
material to form a donor—acceptor system
that drives the photocatalytic H, evolution
reaction. In the past decades, noble metals
especially Pt metal have been widely adopted as the most efficient
cocatalysts because they generally own the advantage of lower
overpotential for water-splitting than non-noble metals despite
the cost and rarity problems.[!3]

2D semiconductors could act as accessible z-donors in
composites with noble metals to form bulk heterojunction
(BHJ) systems through cation-r interactions.'*! For instance,
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Figure 1. Chemical structures of Fo-D, Pt-D, Pt-P, and g-C3N, (top) and their total electron density distributions calculated using TD-DFT
(PBE1PBE/GENECP) level (bottom; blue: electron-deficient area; red: electron-rich area).

graphene-supported Pt and ruthenium have shown improved
performance in the degradation of contaminants.!'>] Moreover,
2D g-C;N,, with periodical pyridinic nitrogen atoms, is a good
candidate for assembly with a metal complex.[**! Abundant unsat-
urated nitrogen with higher electronegativity than carbon makes
g-C;N, a Lewis base acting as a nucleophile to metal ions, which
facilitates the formation of a stable BHJ system with rich pho-
tocatalytic activity. On the other hand, poly(platinaynes), gener-
ated by elaborately inserting Pt(II) bis-acetylide into a polymeric
molecular skeleton, is a highly promising electron donor for solar
cell and molecular optoelectronic applications.['”] Differing from
Pt metal, poly(platinaynes) is characterized by a strong absorp-
tion in the visible spectral region, high charger carrier transport
mobility, tunable energy band edge, and self-assembly ability but
has not been studied yet regarding their photocatalytic function.
Novel composites between poly(platinaynes) and g-C;N, may
form a new photocatalytic system with unprecedented proper-
ties for H, generation. Furthermore, poly(platinaynes) only con-
tains a relatively small amount of Pt element and can be pre-
pared in a large area via low-cost solution-processed technology,
resulting in cocatalysts at lower costs for practical application
with respect to Pt metal on the one hand. On the other hand,
the spectral property, molecular orbital energy levels, bandgap
as well as relative photocatalytic function can be easily tuned by
skeleton modification of poly(platinaynes), and thus it is feasi-
ble to enhance the photocatalytic activity via optimization of the
molecular structure. In our work, three structurally similar and
solution-processible molecules, including the organic acetylide
Fo-D, the Pt(II) acetylide Pt-D, and the poly(platinaynes) Pt-
P (see Figure 1), were synthesized and well characterized. All
these molecules are z-conjugated with g-C;N, but display differ-
ent film morphologies. Among these molecules, the composite of
poly(platinaynes) and g-C;N, with BH] morphology and very low
Pt weight ratio of 0.24% exhibits the most efficient separation of
photogenerated charge carriers and an enhanced light-harvesting
capability, leading to six times improvement of the optimal pho-
tocatalytic H, generation rate with respect to pristine g-C;N, un-
der simulated sunlight irradiation (AM1.5G filter) without the Pt
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metal additive. This performance is outstanding with respect to
g-C;N, cocatalyzed by the loading of a pure Pt metal.l”:1]

2. Results and Discussion

2.1. Molecular and Experimental Design

With the aim to obtain a cocatalyst with good transport capa-
bility for charge carriers and broadband light-harvesting, the
“push-pull” poly(platinaynes) molecule Pt-P has been designed
by the introduction of an electron-accepting fluorenone to the
electron-donating Pt(II) bis-acetylide moiety. To reveal the effects
of the Pt(II) bis-acetylide moiety and the polymeric chain on
the material’s structure and properties, respectively, two other
small molecules, Fo-D and Pt-D, which are structurally sim-
ilar to the Pt-P monomer, were developed for comparison.
Poly(platinaynes) is a well-known electron donor, while g-C;N,
is a versatile z-conjugated electron acceptor.['! Molecular sim-
ulation by density functional theory (DFT) at the PBE1PBE/6-
31G(d) level by using Gaussian 09 Revision D.011%] initially re-
vealed that the organic acetylide Fo-D, Pt(II) acetylide Pt-D, and
poly(platinaynes) Pt-P (Figure 1, top) possess suitable molecu-
lar conformation, molecular orbital (MO) symmetry, and charge
density distribution for composite formation with g-C;N,. The
total electron density distribution is shown in Figure 1 (bottom).
Molecular modeling of g-C;N, revealed a planar conformation
for heptazine with a partially positively charged center and a
negatively charged periphery for electron distribution. On the
contrary, molecular modeling of Fo-D, Pt-D, and Pt-P showed
a planar conformation with a negatively charged center and a
positively charged periphery for the fluorenone group. Further-
more, the metal-molecule—metal structure of Pt(Il)-acetylide -
bridged fluorenone increases the electron delocalization over the
whole molecule, resulting in an electron-rich structure with a nar-
row bandgap (E,) to provide strong electrostatic interactions with
2D electron acceptors in addition to the z—r interactions. We as-
sumed that these molecules form composites with g-C;N, based
on donor—acceptor interactions via the aromatic x systems, which

© 2021 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 2. a—c) SEM and d—f) HRTEM patterns of Fo-D@CN, Pt-D@CN, and Pt—-P@CN. (The inset in (d) is the HRTEM image of Pt—P; Scale bar: 5 nm.)

has been confirmed by calculations with Gaussian 09 Revision
D.01 using DFT-D3 at the PBE1PBE/6-31+G(d, p) level®!] (Fig-
ure S7, Supporting Information). Composite formation between
Fo-D, Pt-D, or Pt-P and g-C;N, is an exothermic process with
an enthalpy change (AH) of about —107.97, —96.24, and -113.42
k] mol~!, respectively. Composite formation between Pt-P and
g-C;N, exhibits the highest enthalpy change, implying that Pt—
P is the strongest electron donor among the studied molecules,
which enables the strongest donor—acceptor interactions with g-
C;N,. Afterwards, Fo-D, Pt-D, and Pt-P (1 mg each) were ex-
perimentally added to g-C;N, (100 mg) in chloroform solution to
form BH]J photocatalysts Fo-D@CN, Pt~-D@CN, and Pt-P@CN,
respectively. For comparison on the photocatalytic activity, pris-
tine g-C;N, was used as a benchmark and subjected to the same
procedure. The synthetic details and characterization results are
provided in the Supporting Information.

2.2. Morphological Characterization

The microstructures of the BH] photocatalysts were observed by
scanning electron microscopy (SEM) and high-resolution trans-
mission electron microscopy (HRTEM). Interestingly, Pt-P@CN
showed a petaloid-like morphology (Figure 2a), which could be
ascribed to a relatively loose packing of g-C;N,.[?2] In contrast,
the morphologies of Pt-D@CN (Figure 2b) and Fo-D@CN (Fig-
ure 2c) are similar to that of the bulk g-C;N, (Figure S8a, Sup-
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porting Information), where the multilayers are relatively tightly
stacked.?*] This difference in morphology may originate from the
self-assembly of poly(platinaynes).?*] These observations were
further confirmed by HRTEM. Pt-P exhibited aggregates of con-
tinuous nanowires with diameters of about 2-4 nm (Figure 2d),
which implies a unique bicontinuous phase structure for Pt—
P@CN. From Figure 2e,f, the lattice fringe with spacing of 0.22
and 0.20 nm can be identified from the images of Fo-D@CN
and P~D@CN, respectively. The lattice fringes should be as-
signed to Fo-D and Pt-D, as the reported lattice fringe spacing
of g-C;N, is 0.33 nm, much larger than the observed spacings.
The observations illustrate the successful generation of BHJ com-
posites and both Fo-D and Pt-D were distributed in a scattered
manner on g-C;N, without obvious aggregation. Similarly, Pt-P,
Pt-D, and Fo-D also exhibited distinct self-assembled structures
in pristine solid state (Figure S8b—d, Supporting Information,
and inset of Figure 2d), where Pt-P exhibited nanowires with di-
ameters in 2-6 nm.[?] Afterwards, the miscibility of these het-
erostructured photocatalysts was explored by energy-dispersive
X-ray spectroscopy (EDS) elemental mapping. The obtained map-
ping images demonstrated uniform distributions of Fo-D (char-
acterized by O), Pt-D (characterized by P and Pt), and Pt-P (char-
acterized by P and Pt) on g-C,N, (Figures S10—S12, Supporting
Information).

Furthermore, the composite surfaces were analyzed by X-ray
photoelectron spectroscopy (XPS). XPS wide-scan spectra (Fig-
ure S14, Supporting Information) confirm that the composites

© 2021 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 3. Narrow-scan XP spectra of a) the Pt 4f core levels of Pt-D, Pt-D@CN, Pt-P, and Pt—-P@CN and b) the N 1s core levels of g-C3N,, Fo-D@CN,

Pt-D@CN, and Pt-P@CN.

contain the elements C, N, O, P, and Pt. The Pt 4f and N 1s
XPS high-resolution spectra of Pt-D, Pt~-D@CN, Pt-P, and Pt—
P@CN are presented in Figure 3a,b. Interactions between the
donor molecules and g-C;N, are indicated by changes in the
binding energy of the Pt 4f and N 1s core levels. Pt-D exhibited
two peaks at 72.74 and 76.04 eV, which were attributed to Pt 4f; ,
and Pt 4f; ,, respectively. After the formation of the D-A hetero-
junction Pt-D@CN, the Pt 4f, , and Pt 4f;, peaks were positively
shifted to 72.91 and 76.28 eV, respectively. Similarly, the Pt 4f;
and Pt 4f;, peaks of Pt-P at 72.50 and 75.80 eV were shifted to
the higher values of 72.79 and 76.10 eV, respectively, upon the
formation of Pt-P@CN. The positive shift of Pt 4f XPS peaks in
the composite systems unveiled the decrease in electron density,
indicating the transfer of electron from Pt-D or Pt-P to g-C;N,.
On the other hand, the g-C;N, exhibited N 1s peak at 398.60 eV.
In contrast, N 1s peak of the Fo-D@CN, Pt-D@CN, and Pt-
P@CN are negatively shifted to 398.40, 398.20, and 398.50 eV,
respectively, showing a slight increase in electron density of N in
g-C;N, after forming the composites. It should be attributed to
the addition of the electron donors Fo-D, Pt-D, and Pt-P. These
findings render the successful modification of the g-C;N, surface
with Pt-D and Pt-P based on the donor—acceptor interactions via
the aromatic 7 system.[2¢]

2.3. Absorption Spectroscopy
The BH]J photocatalysts display different colors (pale yellow for g-

C;N,, vellow for Fo-D@CN, orange for Pt-D@CN, and red for
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Table 1. Spectral and electrochemical data of Fo-D, Pt-D, and Pt-P.

Sample e € % 104 M~T cm™] o

Solution [nm] Solid [nm]  DFT  HOMO [eV] LUMO [eV] E, [eV]
Fo-D 348 (7.23),426 (0.93) 348,451 330,435 -5.73 -3.32 2.41
Pt-D 350 (6.20), 464 (0.66) 350, 466 356,474  —5.62 -3.39 223
PL-P 382 (5.80), 508 (0.47) 382,519 343,499 —551 -350 2,01

?LuMo = —(4.614+E,q); HOMO =—(4.61+E_,). Ferrocene was used as an internal
standard.

Pt-P@CN) (inset of Figure 4a). Their spectral properties were
further studied by UV-vis diffuse reflectance spectroscopy (Fig-
ure 4a), showing good light-harvesting capabilities with an in-
tense absorption in the range of 300-460 nm, characteristic for g-
C;N, and a moderate absorption in the range of 460-600 nm. The
latter absorption range is characteristic for Fo-D, Pt-D, and Pt—
P, which has been confirmed by their individual UV-vis spectra
(Figure 4D, Table 1). Solutions of Fo-D, Pt-D, and Pt-P showed
two absorption peaks at 348, 350, and 382 nm as well as 426,
464, and 508 nm, respectively, with molar extinction coefficients
of 7.23 x 10*, 6.20 x 10*, and 5.80 x 10* m~! cm™' as well
as 0.93 x 10%, 0.66 x 10%, and 0.47 x 10* Mm~' cm™, respec-
tively. Similarly, solids of Fo-D, Pt-D, and Pt-P (Figure S15a,
Supporting Information) also exhibited two absorption peaks at
348, 350, and 382 nm as well as 451, 466, and 519 nm, respec-
tively. The UV-vis absorptions of Fo-D, Pt-D, and Pt-P sup-
ported the visible light-harvesting capabilities of the correspond-

© 2021 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 4. a) UV-vis diffuse reflectance spectra of solids (inset: images of g-C3N,, Fo-D@CN, Pt—-D@CN, and Pt-P@CN);

of solutions of Fo-D, Pt-D, and Pt-P (10 x 107%m);

Wavelength (nm)

b) UV-vis absorption spectra

c) absorbance spectra of Fo-D, Pt-D, and Pt-P calculated by DFT at the B3LYP/GENECP level;

d) main molecular orbitals involved in the electron transitions of the visible absorption peaks of Fo-D, Pt-D, and Pt-P; e) fluorescence spectra of
BH) photocatalysts, g-C;N,, Fo-D, Pt-D, and Pt-P solids (excitation wavelength: 370 nm); f) excitation spectra of Fo-D, Pt-D, and Pt-P solids with
scanning wavelength of 562, 544, and 602 nm, respectively. g) Lifetime decay curves of g-C3N,, Fo-D@CN, Pt-D@CN, and Pt-P@CN solids (excitation

wavelength: 370 nm).

ing composite-based photocatalysts. Excitation and absorption
peaks of Fo-D@CN, Pt-D@C, and Pt-P@CN were further sim-
ulated by time-dependent density functional theory (TD-DFT) us-
ing Gaussian program at the PBE1PBE/GENECP level /¥l and
the obtained computational absorption spectra are plotted in Fig-
ure 4c. Fo-D, Pt-D, and Pt-P exhibited UV absorptions at 332,
354, and 344 nm and visible light absorptions at 434, 475, and
507 nm, respectively, matching with the experimental spectral
data. The main contribution to the first excitation peaks, oscil-
lator strengths, and wavelengths relative to the UV-vis absorp-
tions are provided in Figure 4d and Figure S15b (Supporting
Information), respectively, and the data are summarized in Ta-
bles S3-S5 (Supporting Information). The absorptions of Fo-D
(332nm, 3.73 eV) and Pt-D (354 nm, 3.50 eV) in the near-UV re-
gion mainly result from the HOMO—LUMO+2 transitions with
contributions of 85% for Fo-D and 84% for Pt-D. In contrast,
the absorption of Pt-P (344 nm, 3.60 eV) is mainly originated
from the HOMO—-4—LUMO transitions with a contribution of
~46%. The visible absorptions of Fo-D (434 nm, 2.86 eV) and
Pt-D (475 nm, 2.62 eV) can be attributed to the HOMO—LUMO
transitions with contributions of 92% and 88%, respectively. For
comparison, the absorption of Pt-P (507 nm, 2.45 eV) is mainly

Adv. Sci. 2021, 8, 2002465
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ascribed to the HOMO—LUMO+1 transition with a contribution
0f93%. All orbitals involved in these transitions for Pt-D and Pt—
P include contributions of the Pt(II) acetylide moiety. At the same
time, Fo-D, Pt-D, and Pt-P have increased dipole moments of
6.12, 6.25, and 6.51 a.u., respectively. These results indicate that
the enhanced visible-light absorptions of the BHJs result from
the electron-transfer characteristics of the donor molecules.

The solid-state fluorescence spectra of the pristine g-C;N,, Fo—
D, Pt-D, Pt-P, and the BHJ photocatalysts were obtained, as
shown in Figure 4e. All the BH]J photocatalysts Fo-D@CN, Pt-
D@CN, and Pt-P@CN exhibited emissions at around 450 nm,
which should arise from g-C;N, It is noteworthy that the emis-
sions, especially for P~P@CN, are noticeably weakened rela-
tive to pristine g-C;N,. Meanwhile, the emissions from the cor-
responding donor molecules Fo-D (562 nm), Pt-D (544 nm),
and Pt-P (602 nm) are negligible. These observations give an
obvious evidence of fluorescence quenching due to the forma-
tion of the heterojunctions, resulting from the hole and electron
transfers between the donor and acceptor units.[??] The life-
times of the sample solids were tested by time-resolved photolu-
minescence (TRPL) (Figure 4g, Table 2). The afforded curves of
the g-C;N,, Fo-D@CN, Pt~-D@CN, and Pt-P@CN were fitted

© 2021 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 5. a) Cyclic voltammograms of the donor molecules (oxidative/reductive potentials of Fo-D, Pt-D, and Pt-P are 1.12/—1.29, 1.00/—1.22, and
0.90/—1.11 eV, respectively); b) optimal ground-state geometries of the donor molecules, as calculated by DFT at the PBETPBE/GENECP level using
Gaussian Revision D.01 (the molecular model of polymer Pt—P was defined as Pt—P¥); c) frontier orbital distributions and energy levels of donor molecules
calculated at the same level; d) typical alignment of the frontier energy levels of donor molecules and g-C5N,.

Table 2. Lifetime parameters of excitons of g-C3N,4, Fo-D, Pt-D, and Pt-P.

Sample Awa) twa) [ns] Aza) tza) [ns] ™ [ns]
CN 1.37 121.15 3655.97 9.97 10.47
Fo-D@CN 1.83 111.09 3365.15 6.89 7.80
Pt-D@CN 1.41 105.43 3365.53 6.87 7.50
Pt-P@CN 1.08 51.02 3358.49 6.13 6.25

i
¥ The fitted parameters of dual-exponential model I (t) = A, e’
lifetime.

t b)
+A, e’2 " Average

with dual-exponential model I () = A, e+ A, ¢ and yielded
an average lifetime (T) of 10.47, 7.80, 7.50, and 6.25 nm, respec-
tively. The shortened average lifetime suggests that Fo-D@CN,
Pt-D@CN, and Pt~-P@CN have more convenient charge separa-
tion and transfer with respect to pristine g-C;N,. Further analy-
sis of the excitation spectra of Fo-D, Pt-D, and Pt-P solids (Fig-
ure 4f) revealed that Fo-D can be excited in both UV (<400 nm)
and visible (400—520 nm) spectral regions, while Pt-D and Pt
P are excited in broader visible spectral regions of 400-550 and
400-600 nm, respectively. The effective excitations of these three
electron donors in the broad visible spectral region endow the
BH]J photocatalysts with good visible light-harvesting capability.

2.4. Electrochemical Characterization
The electrochemical properties of Fo-D, Pt-D, and Pt-P were

examined by cyclic voltammetry (Figure 5a), revealing HO-
MOs/LUMOs of —5.73/—3.32, =5.62/—3.39, and —5.51/—3.50 €V,
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respectively, with E, of 2.41, 2.23, and 2.01 eV. The electrochem-
ical properties were further confirmed by DFT calculations us-
ing Gaussian 09 Revision D01 at the PBE1PBE/GENECP level.
The DFT calculations at the PBE1PBE/GENECP level have been
widely adopted to study the spectral and electronic properties of
conjugating molecules.?"! As depicted in Figure 5b, Fo-D has
a highly planar and rigid backbone. In contrast, Pt-D and Pt-P
have relatively twisted conformations around the Pt(II) acetylide
unit with dihedral angles of 16° and 76°, respectively. Further
analysis of the molecular orbital distributions (Figure 5c) showed
that the frontier orbitals of Pt—D and Pt-P are delocalized over the
Pt(II) acetylide units. Therefore, the Eg of Fo-D, Pt-D, and Pt—
P decreased to 3.52, 3.22, and 3.04 eV, respectively. In addition,
cyclic voltammetry (Figure S17, Supporting Information) reveals
that the LUMO and HOMO of g-C;N, are located at —3.58 and
—6.28 eV, respectively,[*! which supports the notion that the fron-
tier orbital energy levels of the electron donor Fo-D, Pt-D, or Pt—
P and the electron acceptor g-C;N, are well aligned in the BHJs
(Figure 5d).

2.5. Photocurrent and Impedance Tests

Transient photocurrent responses were recorded for several on—
off cycles under intermittent irradiation using Fo-D@CN, Pt
D@CN, Pt~-P@CN, or g-C;N, as electrode (Figure 6a). The re-
sults suggest that the photogenerated electrons are effectively
transferred to the back contact through the samples, resulting
in a photocurrent under light irradiation.?! Compared with g-
C;N,, Fo-D@CN, Pt-D@CN, and Pt~P@CN produced higher
photocurrents, supporting that the BHJ structures have better

© 2021 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 6. a) Photocurrent responses, b) EIS Nyquist plots, c) H, generation rates, d) stability of g-C3N, (CN) and the BHJ photocatalysts Fo-D@CN,
Pt—-D@CN, and Pt-P@CN, and e) schematic illustration of the photocatalytic mechanism.

light-harvesting capability and faster electron-hole separation
rate.*] Electrochemical impedance spectroscopy (EIS) Nyquist
plots obtained at a bias potential of 0.5 V (Figure 6b) showed
semicircles with smaller radii for Fo-D@CN, Pt~D@CN, and Pt-
P@CN, indicating lower charge transfer resistances for the BH]
structures than for g-C;N,. At the same time, the higher pho-
tocurrent response and lower charge transfer resistance suggesta
diminished electron-hole recombination, which implies that Fo—
D@CN, P=D@CN, and Pt-P@CN would have enhanced pho-
tocatalytic activities than g-C;N,. Furthermore, the highest pho-
tocurrent response and the lowest charge transfer resistance re-
veal that Pt~P@CN has the highest activity among these BH]
photocatalysts for H, generation.

2.6. Photocatalytic Performance and Mechanism

Solar-driven H, generation tests of the BHJs Fo-D@CN, Pt-
D@CN, and PT-P@CN were performed in aqueous solution us-
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ing triethanolamine as a sacrificial agent under irradiation with
simulated solar light (AM1.5, 100 mW c¢m™?) and without ad-
dition of Pt metal or any other cocatalyst. The apparent quan-
tum efficiency (AQE) was detected using 3 W LEDs at the cen-
tral wavelength of 420 nm and calculated based on the following
equation

Ny,

2
AQE (%) = (1)

P

where Ny is the number of generated H, molecules and N, is
the number of emitted photons. The H, generation was mon-
itored each hour by gas chromatography with thermal conduc-
tivity cell detector. Before irradiation, all the samples have been
treated according to standard photocatalytic procedures in dark-
ness, and no H, generation was observed due to the photocat-
alytic reaction of any donor molecule Fo-D, Pt-D, or Pt-P with-
out g-C;N, or due to any other non-photocatalytic reaction. Fig-
ure 6¢ displays the photocatalytic H, generation rates (HPRs) of
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the pristine g-C;N, and the BH]J photocatalysts for each 10 mg
g-C;N, showed a relatively low HPR of 0.22 pmol h~!, probably
due to the significant recombination of hole—electron pairs.[?! In
contrast, Fo-D@CN, Pt-D@CN, and Pt-—P@CN exhibited im-
proved HPRs of 0.30, 0.99, and 1.38 pmol h!, respectively. Espe-
cially, the HPR of Pt=P@CN is 6.27-fold higher than that of the
pristine g-C;N,, which is comparable to the best performance of
g-C;N, cocatalyzed by the generally loaded Pt metal.**] In addi-
tion, Pt=P@CN exhibited a considerable AQE of 1.43% while the
pristine g-C;N, showed a negligible AQE at 420 nm (Figure S16,
Supporting Information). Obviously, Pt—~P@CN with a much less
loading of Pt (0.24 wit%), holds a promise for a more economical
application than pure Pt and noble metals. To test the stability,
the photocatalytic experiment was continued for 18 h, showing
no obvious decrease in the photocatalytic activity (Figure 6d) and
thereby ascertaining the good stability of the photocatalytic sys-
tem.

Based on the above discussion, a possible mechanism is pro-
posed in Figure 6e. With tunable molecular energy band edges
and visible light absorption spectra, Fo-D, Pt-D, and Pt-P have
played a dual role as efficient electron donor in the BHJs and as
light absorber complementary to g-C;N,, which supplies more
excitons and facilitates the electron transfer to g-C;N, when ir-
radiated by simulated solar light. On the other hand, g-C;N,
can also transfer its photogenerated holes to the electron donor
molecule and hence suppress the significant recombination of
holes and electrons. The oxidation and H, evolution rates are
both accelerated, and hence the photocatalytic performances of
these BH] photocatalysts are improved. Among the tested BH]
photocatalysts, Pt—=P@CN with finely self-organized behavior and
the largest spectral absorption provides more valid charge car-
rier channels and hence shows an outstanding photocatalytic
performance.?*]

3. Conclusion

In conclusion, we designed three new structurally similar
molecules Fo-D, Pt-D, and Pt-P with organic, organometallic,
and polymeric organometallic skeletons, respectively. Their spec-
tral and physicochemical properties were comparatively studied
Dby theoretical and experimental methods, qualitatively and quan-
titatively confirming that the platinaynes moiety can effectively
increase the electron density, extend the electron delocalization
along the molecular backbone and thus act as a strong electron
donor. Furthermore, the introduction of the platinaynes unit ad-
justs the molecular orbital levels to form a relatively narrow E,
which thereby widens the visible light-harvesting region. The
electron donors Fo-D, Pt-D, and Pt-P were allowed to form com-
posites with 2D g-C;N, as the electron acceptor to afford hetero-
junction photocatalysts. These donor—acceptor BHJ systems ex-
hibit not only better light-harvesting capabilities but also higher
efficiencies of electron-hole separation than the pristine g-C;N,,.
Especially, when used for the generation of H,, Pt=P@CN exhib-
ited the highest HPR of 1.38 umol h™! for each 10 mg among all
the studied BHJs, which is six times higher than that of the pris-
tine g-C;N, and also surpasses those of the Pt and noble metal
cocatalysts for g-C;N,.34 This study paves the way for a new gen-
eration of highly efficient, relatively low-cost noble metal-based
cocatalysts for solar-driven H, generation.

Adv. Sci. 2021, 8, 2002465

2002465 (8 of 9)

www.advancedscience.com

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.

Acknowledgements

W.-Y.W. is grateful to the financial support from the Science,
Technology and Innovation Committee of Shenzhen Municipality
()CYJ20180507183413211), the National Natural Science Founda-
tion of China (51873176), the Hong Kong Research Grants Council
(PolyU 153062/18P and C5037-18G), Hong Kong Polytechnic Univer-
sity (1-ZE1C), and Ms. Clarea Au for the Endowed Professorship in
Energy (847S). ).S. and J.Q. would like to thank the National Key R&D
Program of China (2018YFC0910602), the National Natural Science
Foundation of China (61775145/61525503/61620106016/61835009), the
China Postdoctoral Science Foundation Funded Project (2019M653007,
2020M672817), Key Project of Department of Education of Guangdong
Province (2015KGJHZ002/2016KCXTD007), and Guangdong Province
Key Area R&D Program (2019B110233004). P.Q. thanks the Foundation
of Wenzhou Science and Technology Bureau (No. W20170003) and
the National Natural Science Foundation of China (No. 21828102).
The theoretical work described in paper was supported by the High-
Performance Cluster Computing Centre of Hong Kong Baptist University,
which received funding from the Research Grants Council, University
Grants Committee of the HKSAR. The authors wish to acknowledge the
assistance on HRTEM observation received from the Electron Microscope
Center and Instrumental Analysis Center of the Shenzhen University.

Conflict of Interest

The authors declare no conflict of interest.

Keywords

carbon nitrides,
poly(platinaynes)

hydrogen generation, cocatalysts, photocatalysis,

Received: June 30, 2020
Revised: October 30, 2020
Published online: January 4, 2021

[1] a) R. Doherty, Nat. Chem. 2014, 6, 168; b) A. Fujishima, K. Honda,
Nature 1972, 238, 37.

[2] N. Fajrina, M. Tahir, Int. J. Hydrogen Energy 2019, 44, 540.

[3] B.Archana, K. Manjunath, G. Nagaraju, K. C. Sekhar, N. Kottam, Int.
J- Hydrogen Energy 2017, 42, 5125.

[4] B. Kraeutler, A. J. Bard, J. Am. Chem. Soc. 1978, 100, 4317.

[5] Y.-P.Yuan, L.-S.Yin, S.-W. Cao, G.-S. Xu, C.-H. Li, C. Xue, Appl. Catal.,
B 2015, 168, 572.

[6] a) X. Wang, K. Maeda, X. Chen, K. Takanabe, K. Domen, Y. Hou, X.
Fu, M. Antonietti, J. Am. Chem. Soc. 2009, 131, 1680; b) X. Wang, K.
Maeda, A. Thomas, K. Takanabe, G. Xin, ). M. Carlsson, K. Domen,
M. Antonietti, Nat. Mater. 2009, 8, 76.

[71 M. Liu, P. Xia, L. Zhang, B. Cheng, J. Yu, ACS Sustainable Chem. Eng.
2018, 6, 10472.

[8] Q. Wang, J. Li, N. An, Y. Bai, X. Lu, J. Li, H. Ma, R. Wang, F. Wang, Z.
Lei, Int. J. Hydrogen Energy 2013, 38, 10761.

[9] X. Zhou, J. Jin, X. Zhu, ). Huang, J. Yu, W.-Y. Wong, W.-K. Wong, .
Mater. Chem. A 2016, 4, 5282.

© 2021 The Authors. Advanced Science published by Wiley-VCH GmbH



ADVANCED

SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

(1]

(1]

(12]

(13]

(14]

(15]

[16]

(17]

(18]

(19]

(20]

Adv. Sci. 2021, 8, 2002465

Y. Huang, H. Xu, H. Yang, Y. Lin, H. Liu, Y. Tong, ACS Sustainable
Chem. Eng. 2018, 6, 2751.

T. Peng, D. Ke, P. Cai, K. Dai, L. Ma, L. Zan, J. Power Sources 2008,
180, 498.

K. Mori, S. Ogawa, M. Martis, H. Yamashita, J. Phys. Chem. C 2012,
116, 18873.

a) J.Ran, J. Zhang, J. Yu, M. Jaroniec, S. Z. Qiao, Chem. Soc. Rev. 2014,
43,7787; b) ). Liu, Y. Li, X. Zhou, H. Jiang, H. G. Yang, C. Li, J. Mater.
Chem. A 2020, 8, 17; c) W. Wang, X. Xu, W. Zhou, Z. Shao, Adv. Sci.
2017, 4, 1600371.

a) A. Kumar, K. Banerjee, P. Liljeroth, Nanotechnology 2017, 28,
082007; b) Y. Liu, W. Deng, Z. Meng, W.-Y. Wong, Small 2020, 716,
1905204.

L. Dong, R. R. S. Gari, Z. Li, M. M. Craig, S. Hou, Carbon 2010, 48,
781.

a) W. Jiang, H. Wang, X. Zhang, Y. Zhu, Y. Xie, Sci. China Chem. 2018,
61, 1205; b) M. Xu, T. Liang, M. Shi, H. Chen, Chem. Rev. 2013, 113,
3766.

a) B.Zheng, Y. Hou, L. Gao, M. Zhang, Chin. J. Chem. 2019, 37, 843; b)
A.S.-Y. Law, M. C.-L. Yeung, V. W.-W. Yam, ACS Appl. Mater. Interfaces
2019, 11,4799; c) S. Deng, P. Yuan, X. Ji, D. Shan, X. Zhang, ACS Appl.
Mater. Interfaces 2015, 7, 543.

a) Q. Xu, B. Cheng, ). Yu, G. Liu, Carbon 2017, 118, 241; b) S. Liang, Y.
Xia, S. Zhu, S. Zheng, Y. He, ). Bi, M. Liu, L. Wu, Appl. Surf. Sci. 2015,
358,304; ¢) Z. Pan, Y. Zheng, F. Guo, P. Niu, X. Wang, ChemSusChem
2017, 10, 87; d) W. Peng, S.-S. Zhang, Y.-B. Shao, J.-H. Huang, Int. J.
Hydrogen Energy 2018, 43, 22215.

a) S. Chen, C. Wang, B. R. Bunes, Y. Li, C. Wang, L. Zang, Appl. Catal.,
A 2015, 498, 63; b) W. Wong, X. Wang, Z. He, A. B. Djurisic, C. T. Yip,
K. Cheung, H. Wang, C. S. K. Mak, W. K. Chan, Nat. Mater. 2007, 6,
521.

M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A. Robb,
J. R. Cheeseman, G. Scalmani, V. Barone, B. Mennucci, G. A. Peters-
son, H. Nakatsuji, M. Caricato, X. Li, H. P. Hratchian, A. F. Izmaylov,
J. Bloino, G. Zheng, J. L. Sonnenberg, M. Hada, M. Ehara, K. Toy-
ota, R. Fukuda, ). Hasegawa, M. Ishida, T. Nakajima, Y. Honda, O.

(21]
(22]
(23]
(24]
(25]
(26]
(27]

28]
(29]

(3]

(31]

(32]
(33]

(34]

2002465 (9 of 9)

www.advancedscience.com

Kitao, H. Nakai, T. Vreven, J. A. Montgomery, ). E. Peralta, F. Ogliaro,
M. Bearpark, |. ). Heyd, E. Brothers, K. N. Kudin, V. N. Staroverov,
T. Keith, R. Kobayashi, ). Normand, K. Raghavachari, A. Rendell, J.
C. Burant, S. S. lyengar, J. Tomasi, M. Cossi, N. Rega, J. M. Millam,
M. Klene, J. E. Knox, J. B. Cross, V. Bakken, C. Adamo, J. Jaramillo,
R. Gomperts, R. E. Stratmann, O. Yazyev, A. |. Austin, R. Cammi, C.
Pomelli, . W. Ochterski, R. L. Martin, K. Morokuma, V. G. Zakrzewski,
G. A. Voth, P. Salvador, ). J. Dannenberg, S. Dapprich, A. D. Daniels,
O. Farkas, |. B. Foresman, ). V. Ortiz, ). Cioslowski, D. J. Fox, Gaus-
sian, Inc., Revision D.01, Wallingford, CT 2013.

E. R. Johnson, I. D. Mackie, G. A. Dilabio, J. Phys. Org. Chem. 2009,
22,1127.

Y.Yang, Y. Tang, G. Fang, L. Shan, J. Guo, W. Zhang, C. Wang, L. Wang,
J. Zhou, S. Liang, Energy Environ. Sci. 2018, 11, 3157.

W. Wang, H. Zhang, S. Zhang, Y. Liu, G. Wang, C. Sun, H. Zhao,
Angew. Chem., Int. Ed. 2019, 58, 16644.

X. Zhao, C. Piliego, B. Kim, D. A. Poulsen, B. Ma, D. A. Unruh, J. M.
J. Fréchet, Chem. Mater. 2010, 22, 2325.

X. Zhou, W. Tang, P. Bi, L. Yan, X. Wang, W.-K. Wong, X. Hao, B. S.
Ong, X. Zhu, J. Mater. Chem. A 2018, 6, 14675.

F. Yu, Z. Wang, S. Zhang, H. Ye, K. Kong, X. Gong, J. Hua, H. Tian,
Adv. Funct. Mater. 2018, 28, 1804512.

X. Zhou, W. Tang, P. Bi, Z. Liu, W. Lu, X. Wang, X. Hao, W.-K. Wong,
X. Zhu, J. Mater. Chem. C 2019, 7, 380.

X. Bai, C. Sun, S. Wu, Y. Zhu, J. Mater. Chem. A 2015, 3, 2741.

L. Yu, Z. Wu, C. Zhong, G. Xie, Z. Zhu, D. Ma, C. Yang, Adv. Opt.
Mater. 2017, 5, 1700588.

a) J.-L. Bredas, Mater. Horiz. 2014, 1, 17; b) J. Sworakowski, Synth.
Met. 2018, 235, 125; ) S. Yang, M. Kertesz, J. Phys. Chem. A 2006,
110,9771.

J. Chen, C. L. Dong, D. Zhao, Y. C. Huang, X. Wang, L. Samad, L.
Dang, M. Shearer, S. Shen, L. Guo, Adv. Mater. 2017, 29, 1606198.
J. Yu, B. Wang, Appl. Catal., B 2010, 94, 295.

a) J. Yu, G. Dai, B. Huang, J. Phys. Chem. C 2009, 113, 16394; b) Y. B.
Xie, Adv. Funct. Mater. 2006, 16, 1823.

J. Fu, ). Yu, C. Jiang, B. Cheng, Adv. Energy Mater. 2018, 8, 1701503.

© 2021 The Authors. Advanced Science published by Wiley-VCH GmbH



