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ABSTRACT: The development of low-cost and efficient photocatalysts to achieve water

o
splitting to hydrogen (H,) is highly desirable but remains challenging. Herein, we design and HzO’\éé}N /_\ ) 4.1
synthesize two porous polymers (Co—Salen—P and Fe—Salen—P) by covalent bonding of _C; Co -
salen metal complexes and pyrene chromophores for photocatalytic H, evolution. The
catalytic results demonstrate that the two polymers exhibit excellent catalytic performance for H,
H, generation in the absence of additional noble-metal photosensitizers and cocatalysts.
Particularly, the H, generation rate of Co—Salen—P reaches as high as 542.5 ymol g~' h™/,

R =542.5 pmol g h"!
Co-Salen-P

which is not only 6 times higher than that of Fe—Salen—P but also higher than a large

amount of reported Pt-assisted photocatalytic systems. Systematic studies show that Co—Salen—P displays faster charge separation
and transfer efficiencies, thereby accounting for the significantly improved photocatalytic activity. This study provides a facile and
efficient way to fabricate high-performance photocatalysts for H, production.

B INTRODUCTION

The large-scale usage of fossil fuels has resulted in a serious
energy crisis and environmental pollution."”” The development
of green energy as a substitute for fossil fuels is of great
signiﬁcance.?’_10 Hydrogen (H,), as a green, pollution-free, and
high-energy-capacity fuel, is regarded to be an ideal
substitute."' ~"> Recently, various technologies have been
developed to produce H,, among which photocatalytic H,
evolution from water splitting driven by solar energy has
garnered more and more attention because it can achieve
everlasting solar-to-fuel conversion.'*™'® Therefore, the
exploration of efficient photocatalysts to achieve this important
reaction is considered one of the most critical issues.

Since Fujishima and Honda reported TiO, electrodes for
photocatalytic H, production by water splitting in 1972, a large
variety of semiconductors (e.g., metal oxides, metal chalcoge-
nides, and perovskites) and semiconductor-like materials (e.g.,
metal—organic frameworks, covalent—organic frameworks, and
hydrogen-bonded organic frameworks) have been prepared
and applied in photocatalytic H, evolution.'”~** However,
these photocatalysts often exhibit low catalytic efficiency due
to the fast recombination of photogenerated electron—hole
pairs. To promote charge separation, the introduction of
noble-metal Pt cocatalysts into a catalytic system has been
proven a facile and effective strategy.w_38 Nevertheless, the
high cost and extreme scarcity of Pt seriously impede the large-
scale practical applications. In this regard, it is highly desired to
develop low-cost and high-performance photocatalysts for H,
evolution.
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Transition metal complexes have been widely used in
photocatalytic H, evolution due to their well-defined and
tailorable structures, maximized utilization of metal sites, and
low cost.*™** Unfortunately, owing to the poor visible light
harvesting ability of transition metal complexes, additional
photosensitizers were always added to catalytic systems to
improve catalytic efficiency. Moreover, pyrene-based com-
pounds containing a 7-conjugated system display splendid
visible light harvesting ability, which are also used in
photocatalysis.””~** Therefore, the integration of transition
metal complexes and pyrene-based compounds in one system
may be an outstanding strategy to obtain high-efficiency and
low-cost catalysts for photocatalytic H, production. Herein, we
rationally constructed two porous polymers (Co—Salen—P and
Fe—Salen—P) by covalent bonding of salen metal complexes
and pyrene chromophores for photocatalytic H, evolution.
Interestingly, Co—Salen—P displays high photocatalytic
performance for H, evolution with a H, production rate of
542.5 umol g~' h™' in the absence of additional noble-metal
photosensitizers and cocatalysts, 6-fold higher than that of Fe—
Salen—P. Such high photocatalytic performance of Co—Salen—
P can be attributed to its fast charge separation and transfer, as
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Figure 1. (a) FTIR spectra of Co—Salen—P and Fe—Salen—P. (b) Raman spectra of Co—Salen—P and Fe—Salen—P. (c) XPS spectrum for the Co

2p of Co—Salen—P. (d) XPS spectra for the Fe 2p of Fe—Salen—P.

demonstrated by a series of photo/electrochemical experi-
ments. To the best of our knowledge, the photocatalytic
activity of Co—Salen—P is superior to a large amount of
reported Pt-assisted photocatalytic systems.

B RESULTS AND DISCUSSION

The salen ligand (H,L) was first synthesized by a Schiff base
reaction of o-phenylenediamine and 5-bromo-2-hydroxyben-
zaldehyde at room temperature.”” The result of the 'H nuclear
magnetic resonance (NMR) spectrum shows that H,L was
successfully obtained with high purity (Figure S1). Then, the
M—Salen complexes (M = Co and Fe) were prepared by
reaction of H,L and Co(ClO,),-6H,0/Fe(ClO,);-H,0."”
Liquid chromatography-mass spectrometry (LC-MS) of Co—
Salen shows a strong ion peak at m/z 605.87, corresponding to
the species of {{CoL(CH;CN)(CH,O0H)] + H*} (Figure S2).
For the Fe—Salen complex, two strong ion peaks at 527.86 and
568.88 were observed, which can be assigned to [FeL]" and
[FeL(CH;CN)]*, respectively (Figure S3). Subsequently, Co—
Salen—P and Fe—Salen—P polymers were synthesized via a
Sonogashira—Hagihara C—C coupling reaction between M—
Salen complexes and 1,3,6,8-tetraethynylpyrene (Scheme S1).
Fourier transform infrared spectroscopy (FTIR) of Co—
Salen—P and Fe—Salen—P show characteristic peaks at 2190
and 2189 cm™, respectively, corresponding to unsymmetrical
alkyne bonds (—C=C—; Figure 1a).””>' Raman spectra of
Co—Salen—P and Fe—Salen—P exhibit characteristic peaks at
2187 and 2191 cm™, respectively, which are also assigned to
the unsymmetrical alkyne bonds (—~C=C—; Figure 1b).’"*!
These results show the presence of alkynyl linkages in the two
materials, suggesting the successful preparation of Co—Salen—
P and Fe—Salen—P polymers. Powder X-ray diffraction (XRD)
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patterns of Co—Salen—P and Fe—Salen—P show amorphous
natures (Figure S4).

The chemical compositions of Co—Salen—P and Fe—Salen—
P were investigated by energy dispersive spectroscopy (EDS)
mapping and X-ray photoelectron spectroscopy (XPS). The
EDS mapping reveals the homogeneous distribution of C, N,
O, and Co in Co—Salen—P and C, N, O, and Fe in Fe—Salen—
P (Figures SS and S6). The XPS spectra show C, N, O, and Co
binding energies in Co—Salen—P and C, N, O, and Fe binding
energies in Fe—Salen—P, which are consistent with the EDS
results (Figures S7 and S8). Moreover, no obvious Br binding
energy was observed in the XPS spectra of Co—Salen—P and
Fe—Salen—P (Figures S7 and S8). These results further
confirm the formation of Co—Salen—P and Fe—Salen—P
polymers. The Co and Fe oxidation states were determined by
XPS. As shown in Figure 1c, the Co 2p XPS spectrum of Co—
Salen—P exhibits two characteristic peaks at 781.0 and 796.6
eV, which can be assigned to the binding energies of Co 2p;/,
and Co 2p,,, respectively. Moreover, two satellite peaks are
also observed with binding energies of 786.2 and 803.1 eV,
respectively, demonstrating that the Co oxidation state is +2.>>
For Fe—Salen—P, the Fe 2p XPS spectrum displays Fe 2p;,,
and Fe 2p,/, characteristic peaks with binding energies of
711.0 and 724.4 eV, respectively. There are also two
corresponding satellite peaks with binding energies of 715.5
and 731.7 eV, respectively, revealing that the Fe oxidation state
is +3 (Figure 1d).”> Additionally, the contents of Co, Fe, and
Pd in the two polymers were determined by an inductively
coupled plasma mass spectrometer (ICP-MS). For Co—Salen—
P, the contents of Co and Pd were 4.3 and 1.1 wt %,
respectively. For Fe—Salen—P, the contents of Fe and Pd were
5.5 and 0.79 wt %, respectively.
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Figure 2. (a) N, adsorption isotherms of Co—Salen—P and Fe—Salen—P. (b) UV—vis spectra of Co—Salen—P and Fe—Salen—P. (c) Mott—
Schottky plots of Co—Salen—P. (d) Band-structure diagram for Co—Salen—P and Fe—Salen—P.
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Figure 3. (a) Time-dependent photocatalytic H, evolution over Co—Salen—P and Fe—Salen—P. (b) The photocatalytic H, production rate of Co—
Salen—P in four consecutive runs (S h for each run). (c) XPS spectra for the Co 2p of Co—Salen—P in the dark and upon light irradiation. (d) The

HOMO of Co—Salen—P

The porous feature of Co—Salen—P and Fe—Salen—P was
evaluated by a N, adsorption experiment. As shown in Figure
2a, the N, adsorption isotherms of Co—Salen—P and Fe—
Salen—P at 77 K and 1 atm unveil typical type-I curves,

suggesting their microporous characteristic. Their saturated N,
uptake values are 136.3 and 118.2 cm® g~' (STP), respectively,
corresponding to the Brunauer—Emmett—Teller (BET) sur-
face areas of 562.4 and S31.9 m® g!, respectively.
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Figure 4. (a) Photocurrent response of Co—Salen—P and Fe—Salen—P. (b) EIS spectra of Co—Salen—P and Fe—Salen—P. (c) PL spectra of Co—
Salen—P and Fe—Salen—P under excitation at 440 nm. (d) Transient fluorescence lifetime of Co—Salen—P.

Furthermore, they display the same pore size of 0.49 nm,
revealing that they are indeed microporous materials (Figures
S9 and S10). Additionally, the results of thermogravimetric
analysis (TGA) demonstrate that both Co—Salen—P and Fe—
Salen—P show weight loss from 130 to 200 °C, which may be
attributed to the removal of the N,N-dimethylformamide
(DMF) molecule. The desolvated Co—Salen—P and Fe—
Salen—P exhibit hardly any weight loss up to 500 °C,
demonstrating their high thermal stability (Figure S11).

To investigate the light harvesting ability, the solid
ultraviolet—visible (UV—vis) spectra of Co—Salen—P and
Fe—Salen—P were carried out. As shown in Figure 2b, they can
absorb both ultraviolet and visible light with intrinsic
absorption edges up to 800 nm. Their band gap energies
(Eg) are 1.63 and 1.64 eV, respectively, which are calculated by
the Kubelka—Munk (KM) method based on solid UV—vis
spectra (Figures S12 and $13).>* Their lowest unoccupied
molecular orbitals (LUMOs) are determined by the results of
Mott—Schottky measurements at frequencies of 800 and 1200
Hz, which are —1.35 and —1.37 versus NHE, respectively
(Figures 2c and S14). It is worth noting that Co—Salen—P and
Fe—Salen—P show the positive slopes of the C>~ values (vs
applied potentials), demonstrating that they are n-type
semiconductors. Therefore, their highest occupied molecular
orbitals (HOMOs) are calculated to be 0.28 and 0.27 V versus
NHE, respectively. Obviously, the LUMOs of Co—Salen—P
and Fe—Salen—P are more negative than that of proton
reduction (0 V vs NHE), suggesting that they are theoretically
feasible for photocatalytic H, evolution (Figure 2d).>

On the basis of the above results, the photocatalytic H,
evolution over Co—Salen—P and Fe—Salen—P was investigated
in CH;CN/H,0 (v/v = 4:1) with ascorbic acid as the
sacrificial agent and in the absence of additional noble-metal
photosensitizers and cocatalysts. After 6 h of light irradiation,

1

3597

the H, yields of Co—Salen—P and Fe—Salen—P are 3254.9 and
547.7 umol g~' (related to production rates of 542.5 and 91.3
umol g~' h7'), respectively (Figure 3a). Obviously, Co—
Salen—P displays an about 6 times higher H, evolution rate
than that of Fe—Salen—P. Moreover, the H, evolution rate of
Co—Salen—P is higher than a lot of reported Pt-assisted
photocatalytic systems (Table S1). Furthermore, the photo-
catalytic H, evolution of Co—Salen/1,3,6,8-tetrabromopyrene
constructed by a physical mixture of Co—Salen and 1,3,6,8-
tetrabromopyrene was performed under the same catalytic
condition. The result showed that a negligible amount of H,
was detected, suggesting that covalent bonding of the metal
complex and pyrene chromophores is an outstanding strategy
to boost photocatalytic performance. In addition, the photo-
catalytic H, evolution of Salen—P constructed by the reaction
of H,L and 1,3,6,8-tetraethynylpyrene was carried out. The
result demonstrates that the H, production rate was only 0.047
umol g~' h™!, suggesting the Co in Co—Salen—P and Fe in
Fe—Salen—P were the catalytic sites to achieve photocatalytic
H, evolution (Figure S15). The photocatalytic durability of
Co—Salen—P was evaluated by recycling experiments. During
the four consecutive runs, the H, evolution rates of Co—
Salen—P hardly changed, revealing its high catalytic stability
(Figure 3b). The results of FTIR spectra show that Co—
Salen—P and Fe—Salen—P still present the characteristic peaks
of the unsymmetrical alkyne bonds (—C=C-) at 2189 and
2190 cm™' after the photocatalytic reaction, unveiling their
excellent structural stability (Figures S16 and S17). These
results demonstrate that Co—Salen—P and Fe—Salen—P
indeed possess high stability in the process of photocatalytic
H, production. Additionally, a series of control experiments
over Co—Salen—P show that no H, is detected in the absence
of light, catalyst, and ascorbic acid, demonstrating that these
factors are indispensable for photocatalytic H, evolution.
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The possible mechanism for photocatalytic H, evolution was
elucidated by in situ XPS measurement and theoretical
calculation. Taking Co—Salen—P as a representative, the Co
2p XPS spectrum displays two characteristic peaks at 781.0
(Co 2p;,,) and 796.6 eV (Co 2p, ;,) in the dark, which shift to
780.5 and 796.1 eV, respectively, upon light illumination,
suggesting that Co®" accepts the photogenerated electrons
(Figure 3c). Moreover, density functional theory (DFT)
calculations of Co—Salen—P were conducted to ascertain
HOMO and LUMO positions.*® As shown in Figures 3d and
S18, the HOMO is located mainly in the pyrene group, and the
LUMO lies on the Co—Salen complex. These results suggest
that the Co—Salen—P harvests light to generate electrons and
holes, where electrons shift from the pyrene group to the Co—
Salen complex to reduce Co®* to Co’. The Co* can further
reduce H' to H,. Additionally, the photogenerated holes are
annihilated by an ascorbic acid sacrificial agent.

To elucidate the higher photocatalytic activity of Co—
Salen—P than Fe—Salen—P, a series of photo/electrochemical
measurements containing photocurrent response, electro-
chemical impedance spectroscopy (EIS), photoluminescence
(PL) emission, and time-resolved PL (TRPL) spectra were
conducted.’”*® As shown in Figure 4a, Co—Salen—P exhibits a
higher photocurrent response than Fe—Salen—P, implying the
faster separation of photogenerated electron—hole pairs. The
results of EIS demonstrate that Co—Salen—P possesses a
smaller semicircle radius, revealing the lower charge-transfer
resistance (Figure 4b). The PL spectra demonstrate that the
emission intensity of Co—Salen—P is weaker than that of Fe—
Salen—P, suggesting faster electron transfer (Figure 4c).
Moreover, the results of TRPL show that Co—Salen—P
displays a larger PL average lifetime than Fe—Salen—P, also
unveiling the better charge separation (Figures 4d and S19).
All of the results above show that Co—Salen—P exhibits more
efficient charge separation and transfer, thus explaining the
higher photocatalytic performance for H, evolution.

B CONCLUSIONS

In summary, by covalent bonding of salen metal complexes and
pyrene chromophores, we successfully synthesized two new
porous polymers (Co—Salen—P and Fe—Salen—P) for photo-
catalytic H, evolution. Interestingly, they exhibit excellent
catalytic performance in the absence of additional noble-metal
photosensitizers and cocatalysts, especially the H, production
rate of Co—Salen—P reaches as high as 542.5 ymol g™' h™/,
which is higher than a large amount of reported Pt-assisted
photocatalytic systems. A series of photo/electrochemical
characterization techniques demonstrate that the high photo-
catalytic activity of Co—Salen—P is due to the efficient charge
separation and transfer. This work emphasizes the importance
of a covalent strategy for preparing highly active photocatalysts
for H, generation.

B EXPERIMENTAL SECTION

Materials and Instrumentation. All chemicals were commer-
cially available and used without further purification. Powder XRD
patterns were recorded on D8 ADVANCE X-ray diffractometers with
Cu Ka radiation (4 = 1.54 A). TGA was carried out on a Netzsch TG-
209 Thermogravimetry Analyzer in an Ar atmosphere. N, sorption
measurements were conducted at 77 K using a multistation specific
surface micropore and vapor adsorption analyzer (BELSORP-Mas,
Microtrac BEL, Japan). EDS mapping was acquired on an FEI-Quanta
FEG 250 scanning electron microanalyzer. The contents of Co, Fe,

and Pd were quantified by ICP-MS (iCAP RQ, Germany). UV—vis
spectra were recorded on a UV—vis spectrophotometer (UV-3600,
Shimadzu, Japan). XPS spectra were recorded on an X-ray
spectrometer (ESCALAB 250 Xi spectrometer, Thermo Scientific)
with Al Ka as the excitation source. EDS mapping was acquired on an
ultrahigh-resolution field emission scanning electron microanalyzer
(FEI-Verios 460L). LC-MS was conducted using a Waters LC-MS
system (UPLC I Class/Xevo G2-S QTOF). The 'H NMR spectrum
was recorded on a nuclear magnetic resonance (NMR) (Bruker
AVANCE AV III 400) spectrometer. PL spectra were measured with
an F-4600 fluorescence spectrometer. TRPL spectra were acquired on
an FLS1000 fluorescence spectrometer. Photocurrent, EIS, and
Mott—Schottky plot measurements were performed on a CHI 760E
electrochemical workstation. The catalytic product was analyzed by
gas chromatography (GC-2014+ATF, 230C, Shimadzu, Japan)
equipped with a thermal conductivity detector (TCD).

Synthesis of H,L. H,L was synthesized according to the
literature.*” Typically, 402 mg of S-bromo-2-hydroxybenzaldehyde
and 108 mg of o-phenylenediamine were dissolved in 20 and 60 mL
of ethanol, respectively. Then, the ethanol solution of o-phenylenedi-
amine was added slowly to the ethanol solution of S-bromo-2-
hydroxybenzaldehyde and stirred at room temperature for S h. The
orange powder was collected by filtration and washed with ethanol
three times. Finally, H,L was obtained by vacuum-drying at 60 °C for
12 h

Synthesis of M—Salen Complexes (M = Co and Fe). 36.6 mg
of Co(ClO,),-6H,0 or Fe(ClO,);-H,0 was dissolved in S mL of
ethanol, which was added slowly to 15 mL of dichloromethane
containing H,L (47.4 mg). The mixtures were stirred at room
temperature for 6 h, which were further concentrated to S mL at 45
°C. Then, 30 mL of petroleum ether was added to the above
solutions. Brown powder of the Co—Salen complex and green powder
of the Fe—Salen complex were formed, which were collected by
filtration and washed with petroleum ether three times. Finally, M—
Salen complexes were obtained by vacuum-drying at 60 °C for 12 h

Synthesis of Co—Salen—P and Fe—Salen—P. 1,3,6,8-Tetrae-
thynylpyrene was first synthesized according to the literature.” Then,
Co—Salen—P and Fe—Salen—P were synthesized through the
Sonogashira—Hagihara coupling reaction. Typically, 53 mg of Co—
Salen or Fe—Salen, 30 mg of 1,3,6,8-tetracthynylpyrene, and 35 mg of
tetrakis(triphenylphosphine ) palladium were added to a mixed solvent
of 10 mL of DMF and 12 mL of triethylamine. The above mixture was
purged with Ar for 20 min, which was further stirred at 120 °C for 24
h. After cooling down to room temperature, the black powder of Co—
Salen—P (yield: 49.8%) or brown powder of Fe—Salen—P (yield:
42.3%) was obtained by centrifugation and washed with DMF and
methanol.

Synthesis of Salen—P. Salen—P was synthesized following the
same procedure as Co—Salen—P except for the addition of H,L
instead of Co—Salen. The orange powder of Salen—P (yield: 79.6%)
was obtained (the content of Pd was 1.1%).

Photocatalytic Measurement. A photocatalytic H, evolution
experiment was performed in a 16.5 mL glass reactor. A mixture of the
photocatalyst (0.5 mg), ascorbic acid (88 mg), and CH;CN/H,O ($§
mL, v/v = 4:1) was added to the photoreactor. The reaction system
was degassed with N, to remove O, and other gases, followed by 300
W Xe lamp irradiation (4 > 320 nm). The generated gaseous products
were analyzed with gas chromatography.

Photoelectrochemical Measurements. The photo/electro-
chemical measurements of Co—Salen—P and Fe—Salen—P were
performed on a CHI 760E electrochemical workstation via a standard
three-electrode system with a working electrode, a platinum wire as a
counter electrode, and a saturated Ag/AgCl electrode as a reference
electrode. A 300 W xenon lamp was used as the light source. 2.0 mg of
Co—Salen—P or Fe—Salen—P was dispersed into a solution of 5.0 uL
of 5 wt % Nafion, 0.75 mL of ethanol, and 0.25 mL of deionized
water. Then, the solution was deposited onto the FTO surface and left
in the air for drying to obtain the working electrode. The
photocurrent and Mott—Schottky plot measurements were performed
in 0.1 M Na,SO,, and EIS measurements were carried out in a 0.1 M
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TBAPF, MeCN/H,O (4:1) solution. The photocurrent was recorded
at —0.4 V. EIS measurement was carried out at —0.6 V in the dark.
Mott—Schottky plots were obtained at different frequencies (800 and
1200 Hz).

DFT Calculations. DFT calculations were performed by using the
hybrid B3LYP-D3 functional with Grimme’s D3 dispersion
correction,”® as implemented in the Gaussianl6 program.61 The
self-consistent reaction field (SCRF) method was used during the
calculations. All geometries were optimized with no constraint of
freedom by using the SDD pseudopotential for the Co, 6-31G (d)
basis set for C, N, O, and H elements.
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