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HIGHLIGHTS

Three different aggregate-forming chlorophyll derivatives are compared for

hydrogen evolution.

Highly efficient electron-hole separation through the exciton transfer in Chl

aggregates.
Chl@MXene-based photocatalytic system is developed.

This work leads the direction in synthesizing Chls in Chl/MXene hybrid structure

suitable for highly efficient photocatalytic HER.

GRAPHICAL ABSTRACT

/“‘ [13
(o]

COOC,H;s

Chl-2



ABSTRACT

Chlorophylls (Chls) are the most abundant natural pigments having excellent
opt-electrical and semi-conductive properties. Ti3C2Tx MXene, one of the most
extensively studied 2D noble metal-free co-catalyst, features outstanding
electrochemical properties. This work compares three aggregate-forming chlorophyll
derivatives (Chl-n; n = 1~3), namely, zinc methyl
3-devinyl-3-hydroxymethyl-pyropheophorbide-a (Chl-1), zinc dodecyl
3-devinyl-3-hydroxymethyl-pyropheophorbide-a  (Chl-2) and  zinc  dodecyl
13'-deoxo-3-devinyl-13'-dicyanomethylene-3-hydroxymethyl-pyropheophorbide-a
(Chl-3), as light-harvesting antenna pigments in the MXene-based photocatalytic
system for hydrogen evolution under the white light illumination (A > 420 nm). The
hydrogen evolution reaction (HER) of these Chls depends on the peripheral substituent
groups at the C13- and/or C17-positions of the chlorin macrocyclic =w-system.
Differences among these Chl-n sensitized TisC2Tx MXene (Chl-n@TisC2Tx) are
compared in terms of their light-harvesting ability, morphology, charge transfer
efficiency and photocatalytic performance. The best HER performance is found to be as
high as 122 pmol/h/gecat With the Chl-3@TisC2Tx composite. This work leads the
direction in synthesizing Chls in Chl/MXene hybrid structure suitable for highly

efficient photocatalytic HER.

Keywords: aggregates materials, chlorophyll derivatives, energy migration, hydrogen

evolution reaction, Ti3C2Tx MXene

1. Introduction

With the rapid development of global economy increasing and industrialization, the



huge demand for sustainable energy will become one of the most important problems
affecting human survival and development in the near future [1,2]. Due to the limited
resources of non-renewable fossil fuels such as coal, oil and natural gas, finding new
green energies has become an urgent challenge. As a kind of abundant, clean and
renewable energy, solar energy has been considered as one of the most important
potential candidates to meet the demand of energy consumption [3,4]. Solar-driven
photocatalytic water splitting for hydrogen evolution is one of the most promising
strategies to convert solar energy into chemical energy. In the past decades, extensive
investigations have been carried out to explore various semiconductor photocatalysts for
the hydrogen evolution reaction (HER), for instance, TiOz2 [5,6], CoO [7], MoS: [8],
C3N4[9-12] and so on. However, most of the photocatalysts reported so far showed poor
performances for HER, mainly due to the poor light absorption, high recombination rate
of photo-induced charge carriers and insufficient reactive sites on the catalyst surface.
Natural photosynthesis has evolved for billions of years, chlorophylls (Chls) are
the most abundant natural pigments on the earth and play key roles in light harvesting as
well as energy/electron-transfer in natural photosynthetic systems [13,14]. Compared
with other semiconductor photocatalysts, Chls are more promising for excellent
photochemical and photophysical properties. Specifically, (i) Chls and their derivatives
have excellent solar absorption property, covering an absorption spectrum from visible
to near infrared region [15], (ii) can form aggregates to more efficiently capture sunlight
and transfer charges compared with their monomers [16], (iii) can be easily synthesized
from naturally abundant precursors widespread in green plants [17] and (iv) their
chemical and physical properties are tunable through molecular engineering [18,19].
Because of their excellent optoelectronic properties, a series of investigations have been

employed in solar cells [20], energy storage [21] and photocatalytic hydrogen evolution



[22-24]. Compared with other semiconductor photocatalysts employing artificial
synthetic materials, natural Chls are low cost, environmentally friendly, easy to dispose,
more abundant and less toxic. Therefore, Chls show great potential for photocatalytic
HER systems. However, high recombination efficiency of photo-induced electron—hole
pairs has hindered practical application of photocatalytic HER. A number of
investigations have been implemented to improve photocatalytic activity, such as
doping [25], structural engineering [26], co-catalyst loading and metal decoration [27].
Among them, co-catalyst loading is an effective approach to achieve a highly efficient
HER. However, co-catalysts in conventional photocatalytic systems are usually
composed of graphene[28], transition metal sulfides[29], metal nanoparticles[30] and
other carbon materials[31], which dramatically increases the cost of photocatalytic
systems; therefore high-efficiency and low cost co-catalysts have been urgently desired
for the large-scale commercialization [32-34].

MXenes are a new family of 2D materials that were first reported in 2011 with
the chemical formula Mn+1XnTx, where M represents the transition metal element (Ti, V,
Nb, Ta or Mo), X is C and/or N, Tx is a surface terminating group such as -O, -F and
-OH and n is between 1 and 3 [35-38]. Due to their remarkably electrochemical
properties, MXenes have been widely studied for a variety of applications, such as
energy storage [39,40], photovoltaic devices [41], catalysis [42-45] and so on. As the
most widely studied MXenes to date, TisC2Tx has been reported as an efficient
co-catalyst for high-efficiently photocatalytic activity[46-48], which is mainly attributed
to Ti3C2Tx hydrophilic groups (-OH and -O) that can easily construct strong connection
with various semiconductors. Furthermore, Ti3C2Tx MXene has an excellent electronic
conductivity that facilitate photo-induced charge transfer from the semiconductor to the

TisC2Tx MXene [49]. As discussed above, TizC2Tx MXene with these outstanding



properties is expected to become a promising co-catalyst for HER.

In this work, we employed three Chls as photocatalysts, namely, zinc methyl
3-devinyl-3-hydroxymethyl-pyropheophorbide-a (Chl-1), zine dodecyl
3-devinyl-3-hydroxymethyl-pyropheophorbide-a  (Chl-2) and  zinc  dodecyl
13!-deoxo-3-devinyl-13!-dicyanomethylene-3-hydroxymethyl-pyropheophorbide-a
(Chl-3), that are combined with TisC2Tx MXene as a co-catalyst for photocatalytic
activity study under the visible light irradiation. We found that the Chl-3@Ti3C2Tx
composite photocatalyst exhibited a much higher photocatalytic performance (122
umol/h/g) than Chl-1@TisC2Tx photocatalyst (20 pmol/h/g) and Chl-2@TizCaTx
photocatalyst (48 pmol/h/g). Such a significant enhancement in the photocatalytic
activity was further studied in terms of electronic absorption spectra, electrochemical

impedance spectroscopy (EIS) and transient photocurrent (TPC) responses.

2. Experimental section

2.1 Synthesis of Chl derivatives and TisC,Tx MXene

Chl-1, Chl-2 and Chl-3 were prepared as previously reported [50-52]. TisC2Tx
MXene was fabricated by etching TizAlC2 (Forsman, 98%) in 49% HF as follows. 49%
HF (20 mL) was stirred at 300 rpm, and TisAIC2 (2 g) were slowly added at room
temperature for 24 h. After that, the obtained solution was washed and centrifuged with
deionized water several times until neutral pH was reached, then the TisC2Tx sediment
was collected after discarding the supernatant. Finally, TisC2Tx MXene was dried in

vacuum oven at 50 °C for 12 h.

2.2 Preparation of Chls@TizC,Tx composites

Ti3C2Tx (3 mg) and a certain amount of Chl-1 were dissolved in tetrahydrofuran



(THF). The mass ratios of Chl-1 to TisCoTxwere 0.5% (15 pg), 2% (60 ng), 4% (120
ug), or 8% (240 pg). The Chl-1@Ti3C2Tx mixture was stirred at room temperature for
12 h wuntil dry. Then, Chl-1@Ti3C2Tx composite was successfully prepared.
Chl-2@T13C2Tx and Chl-3@Ti3C2Tx composites were synthesized by the same method

as Chl-1@Ti3C2Tx.

2.3 Characterization

To characterize Chl-1, Chl-2, Chl-3, Ti3C:Tx and their composites, an X-ray
diffraction (XRD, D8 Advance, Bruker) was operated at 40 kV and 200 mA with Cu Ka
radiation (A = 0.15406 nm). Scanning electron microscopy (SEM, SU8000, Hitachi) was
used to observe the morphology of the samples. The energy-dispersive X-ray
spectroscopy (EDS, Magellan400) mapping was measured to investigate the distribution
of element. Electronic absorption spectra of samples were measured with a UV-vis
spectrometer (UV-3600, Shimadzu). The steady-state photoluminescence (PL) was
measured on a Shimadzu RF-6000 spectrophotometer. PL. decay profiles were obtained

on a PL spectrometer (FLS 920, Edinburgh Instruments).

2.4 Photocatalytic activity measurements

Photocatalytic H2 evolution was measured under a 300 W Xenon lamp (PLS-SXE
300, Beijing Perfectlight Technology Co., Ltd) with the light intensity of 100 mW/cm?.
A 6 mL photoreactor and a cut-off filter (usually A > 420 nm) were used.
Chl-n@Ti3C2Tx photocatalyst composite (3 mg) was added in an aqueous 55 mM
ascorbic acid (AA) solution (3 mL). The mixture was sonicated for 5 min before light
irradiation to fully disperse the composite. Argon was purged to remove oxygen in the

solution and the reactor for 10 min. The reactants were continuously stirred under



irradiation of visible-to-near infrared light (A > 420 nm). The hydrogen production was
measured after the 6 h by a gas chromatograph (SP-3420A, Beijing Beifen-Ruili
Analytical Instrument) with a thermal conductivity detector. The average values were
obtained by five independent experiments. The carrier gas was argon and the column

contained 5 A molecular sieves.

2.5 Photoelectrochemical activity test

EIS measurements ranging from 0.1 Hz to 100 kHz were carried out with an
electrochemical workstation (Bio-Logic SAS) in a standard three-electrode system. The
working electrode was prepared by ultrasonically dispersing the Chl-n@Ti3C2Tx
composite (10 mg) in a mixture of deionized water (250 pL), ethanol (250 pL) and
Nafion solution (20 pL, Sigma-Aldrich, 5 wt%) for 5 min, then the dispersion (20 pL)
was drop-coated at room temperature onto an ITO square substrate (2 cm?). Ag/AgCl
was used as the reference electrode and Pt plate was used as the counter electrode. The
electrolyte was an aqueous 0.5 M NaxSOs solution of AA (2 g/L). TPC response was
measured in the same three-electrode system. A 300 W Xenon lamp with a cut-off filter
(A > 420 nm) was used as the light source. All measurements were conducted at room

temperature.

3. Results and discussion

3.1 Characterization of structures and morphology

Figure 1 shows the chemical structures of Chl-1, Chl-2 and Chl-3 used in the
MXenes-based photocatalysts, which were prepared according to previously reported

procedures. [50-52] These Chl-n (n = 1~3) have commonly a cyclic tetrapyrrole as its



framework, a hydroxymethyl group at the C3-position and zinc atom as the macrocyclic
central metal. In addition, their molecular structures are partially different in the C13-
and Cl7-substituents of the chlorin macrocycle. Chl-1 has carbonyl group at the
C13-position and methyl group as the C17-propionate residue. In contrast with methyl
ester Chl-1, Chl-2 has a long dodecyl chain as the esterifying group, which is favorable
to its solubility and stability [53]. Comparing with ketone Chl-2, Chl-3 has a
dicyanomethylene group at the 13!-position, which contributes to its bipolar
characteristic. It is worth mentioning that the 3!-hydroxy group, central metal zinc atom
and 13-carbonyl group along the molecular y-axis are of great significance for the
self-assembly of Chl-1 and Chl-2 to form J-aggregates. In the case of Chl-3, the
strongly electron-withdrawing 13'-dicyanomethylene group produces a more
electron-deficient zinc site and further extends the m-conjugated system. Thus, through
the stronger coordination of 3'-O to Zn and tighter n-stacking of chlorin chromophore,

Chl-3 can also form J-type self-aggregate in spite of its lack of 13-carbonyl group [54].
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Fig. 1 Schematic diagram of the preparation process of Chl-n@TizC2Tx composites

(upper) and molecular structures of three Chl-1~3 (lower).



Figure 2 shows the XRD patterns of the raw materials and the Chl-n@Ti3C2Tx
composites studied herein. In Figure 2a, the (002) and (004) peaks of Ti3AlC2 moved
toward lower angles in TisCoTx and the strongest peak at 39.0° of MAX phase
disappeared, indicating that the Al layer was removed from TizAlCa. Figure 2b shows
the XRD pattern of Chl-1 which displayed three typical peaks at 6.2°, 13.9° and 25.2°,
as reported previously [22]. Both Chl-2 and Chl-3 displayed two typical peaks at 14.0°
and 25.6°, as represented in Figures 2¢ and 2d. Both the characteristic peaks of Ti3C2Tx
and Chl-n can be observed in the XRD patterns of the resulting composites
Chl-1@Ti3C2Tx, Chl-2@Ti3C2Tx and Chl-3@Ti3C2Tx. No new XRD peak is generated
in all the composites, indicating that the interaction of Chl-n with Ti3C2Tx is based on

their physical contacts rather than chemically bonding [22].
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Fig. 2 XRD patterns of (a) TisAlC2, TisCaTs, (b) TisC2Tx, Chl-1, Chl-1@TisC2Ts, (c)

T13C2Tx, Chl-2, Chl-2@Ti3C2Tx and (d) Ti3C2 Ty, Chl-3, Chl-3@Ti3C2Tx.
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The morphological characteristics of the Chl-n@Ti3C2Tx composites were shown
in the field emission SEM images (Figure 3). As shown in Figures 3a-c, the typical 2D
nanosheet accordion-like structure of HF-etched TisCaTx is clearly observed, and no
other significant change is observed. Besides this, the Chl-aggregates are
unrecognizable through SEM image, suggesting that Chl-n form relatively small
aggregates on the surface of Ti3C2Tx. The EDS images (Figures 3d-f) further display the
distribution of Chl-n and Ti3C>Tx. The mappings revealed Ti and Zn elements, which is
attributed to the Ti element of Ti3C2Tx and Zn element of Chl-n, respectively. It could be
seen that Ti and Zn elements were evenly distributed over the sample surface, indicating
that Chl-n uniformly decorated the TisC2Tx surface. Atomic force microscopy (AFM)
images of Chl-n aggregates had been investigated previously [52,55], and the values of
root-mean-square (RMS) reflect the surface roughness of Chl-n films. The RMS values
follow the order of Chl-1 (21.76 nm) > Chl-2 (1.03 nm) = Chl-3 (0.98 nm), showing
that the surface roughness of Chl-2/3 with long dodecyl chain is much more smooth
compared to that of Chl-1. This observation implies that Chl-2/3@Ti3C2Tx composites
give better interface contacts between Chls aggregates and Ti3C2Tx surface. It should be
noted that the intimate interface contact between Chls and TizC2Tx is favorable for

efficient transfer of charge carriers.
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Fig. 3 SEM images of (a) Chl-1@Ti3C2Ty, (b) Chl-2@Ti3C2 Ty, (c) Chl-3@Ti3CaTx and

(d-f) EDS images of Chl-3@Ti3C2Tx.

3.2 Characterization of fluorescence spectra

In order to investigate the electron extraction process of different Chl-n@TisC2Tx
composites, the PL spectra of the Chls in solution and the Chl-n@Ti3C2Tx composites
were measured, as shown in Figures 4a-c. Strong PL signals of Chl-1, Chl-2 and Chl-3
were visible in THF at 660, 658 and 720 nm, respectively, after excitation at Soret
maxima, suggesting that a large number of photo-excited charge carriers undergo
recombination. The PL intensity remarkably decreased when TisC2Tx was added into
the solutions, indicating that the addition of TisC2Tx remarkably enhanced electron-hole
pair separation efficiency from the Chl-n to the TisC2Tx and suppressed carrier
recombination. In order to evaluate the quenching efficiency (QE) of Chls, following
equation was employed: QE (%) = (1 — F/Fo) x 100, where Fo and F represented the PL
intensity of Chls before and after the addition of TisC2Tx, respectively [24]. The QE

values of Chl-1/2/3@TisC2Tx were calculated to be 48%/52%/61%, respectively. Thus,

12



Chl-3@Ti3C2Tx possesses the strongest charge separation and transfer ability. In order

to further investigate photo-generation carriers separation process, the PL decay profiles

of Chls@TisC2Tx were recorded in Figure 4d. The PL lifetimes of Chl-1/2/3@TisC2Tx

were 6.6/5.2/4.9 ns, respectively. The lifetime of Chl-3@TisC2Tx was shorter than those

of Chl-1/2@TisC2Tyx, indicating that the Chl-3@TisC2Tx had strongest ability of charge

separation. These results also support the advantage of Chl-3@TisC2Tx, of which

photogenerated carrier separation and transfer efficiency are higher than those of

Chl-1/2@Ti3C2Tx, consistent with the results of steady-state PL spectra.
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Fig. 4 (a-c) PL spectra of the Chl-1, Chl-2, Chl-3 in solution and their composites

excited at 436, 433 and 463 nm, respectively and (d) PL decay profiles of their

composites.
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3.3 Electronic absorption characterization

The light absorption characteristics of the composites were recorded in electronic
absorption spectra. As previously reported, TizC2Tx had no significant absorption peak
due to its metallic property [56]. The absorption spectra of Chl-n dissolved in THF and
Chls@Ti3C2Tx were illustrated in Figure 5a. The absorption spectra of Chl-n@Ti3CaTx
composites showed obvious red-shifted and broader Soret and redmost (Qy) absorption
bands, compared with the corresponding Chl-n in solution. Compared with the location
of Qy absorption peak of Chl-1 positioned at 647 nm, the Qy peak of Chl-1@TizC2Tx
composite was located at 720 nm, which displayed an evident red shift and broadening.
It indicates that Chl-1 can self-assemble to form J-type self-aggregates when physical
adsorption process is applied, which would promote the charge transfer in aggregates
[57,58]. Similarly, for Chl-2 and Chl-3, the Qy absorption peaks undergo significant red
shifts and broadening, after deposition on Ti3C:Ty, i.e., the Qy peaks shifted from 647
(Chl-2) to 735 nm (Chl-2@Ti3C2Tx) and from 697 (Chl-3) to 814 nm (Chl-3@Ti3C2T»).
The red shifts in their absorption spectra are attributed to the J-aggregation by
intermolecular n-n stacking. In addition, Chl-3@Ti3C.Txshowed a more red-shifted Qy
peak and a broader absorption band than the others, following the order of
Chl-3@Ti3C2Tx> Chl-2@Ti3CaTx > Chl-1@Ti3CaTx. The larger red shift of the Qy band
indicates the stronger J-aggregation and the higher state of the aggregates which
determine the charge transfer capability of Chl-n. Chl-1@Ti3C2Tx, Chl-2@Ti3C2Tx and
Chl-3@Ti3C2Tx were all suitable for HER, and the Chl-3@TisCoTx composite

demonstrated more excellent light-harvesting property than the others.
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Fig. 5 (a) Electronic absorption spectra of the three Chl-n in solution and their
composites. (b) Hydrogen production, (c) EIS Nyquist plots and (d) TPC responses of

Chl-1@Ti3C2 Ty, Chl-2@Ti3C2Tx and Chl-3@Ti3C2Tx.

3.4 Photocatalytic performance of Chl-n@TisC,Txcomposites

These Chl-n@TisC2Tx composites as the visible light photocatalysts were
employed for water splitting. The optimization of mass ratio of Chls in the composites
for photocatalytic hydrogen production were recorded and shown in Figure S1. Figure

5b displays the optimized photocatalytic performances of Chl-1@TisC2Tx,
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Chl-2@Ti3C2Tx and Chl-3@Ti3C2Tx composites (A > 420 nm). It could be found that the
hydrogen production of Chl-1@TisC2Txwas merely 20 umol/h/g after optimizing the
mass ratio of Chls to TisC2Tx (see Figure S1). Likewise, the maximum hydrogen
production performance of the Chl-2@TisC2Tx composite presented a low hydrogen
evolution rate (48 umol/h/g). Impressively, the Chl-3@TisC2Tx composite displayed a
much superior hydrogen production performance than Chl-1@TisC2Tx and
Chl-2@Ti3C2Tx, which achieved as high as 122 pmol/h/geat. It reveals the
Chl-3@TisC2Tx composite owns the most excellent property for promoting the
separation and transfer of photo-excited electron-hole pairs. This is mainly attributed to
better interface contact, stronger aggregation states and greater light-harvesting capacity
of Chl-3@TisC2Tx composite, as discussed above.

To further explore the reasons of the improvement in performance, the charge
transfer process was studied by EIS. Figure 5c¢ shows the EIS Nyquist plots of
Chls@Ti3C2Tx composites, based on the corresponding equivalent model (inset). Here,
R1 represents the series resistance mainly related to the electrolyte solution, CPE and Wo
are the constant phase element and the Warburg impedance, respectively. Rz is the
interface charge transfer resistance between electrode and electrolyte. The semi-circle
feature of a Nyquist plot defines the characteristic of charge transfer process and the
semi-circle diameter represents the charge transfer resistance. The radius of the
semi-circle of Chl-3@TisC.Tx was smaller than those of Chl-1@Ti3CoTx and
Chl-2@Ti3C. Ty, indicating a better electrical conductivity on the electrode surface and
more efficient electron transfer from Chl-3 to Ti3C.T: upon excitation. The fitted
resistance values are listed in Table S1. The Rz value of each composite decreases in the
order of Chl-1@Ti3CoTx > Chl-2@Ti3C2Tx > Chl-3@Ti3CaTx, implying the highest

electron-hole pair separation efficiency for Chl-3@Ti3C:Tx.
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Figure 5d shows the photocurrent-time response of Chl-1@TizCaTs,

Chl-2@Ti3C2Tx and Chl-3@Ti3C2Tx electrodes under Xe lamp illumination (A > 420

nm) with repeatable on/off cycles. The intensity of the TPC response was employed to
estimate the ability of photogenerated carrier separation and transfer efficiency from
Chl-n to Ti3sC:Tx. The Chl-1@TizCa2Tx composite displayed the lowest TPC response
among all the composites due to the rapid recombination of photoexcited electron-hole
pairs. A little increase in photocurrent intensity of Chl-2@Ti3C2Tx suggests a better
photogenerated carrier separation and transfer efficiency for Chl-2@TizCoTx. The
Chl-3@Ti13C2Tx showed the largest photocurrent intensity, demonstrating that
Chl-3@Ti3C2Txpossessed the largest charge separation and transfer ability, which is in
line with the above results.

As discussed above, the performance of Chl-n@TisC2Tx composites in the HER
systems is determined by surface roughness, ability of light-harvesting, aggregation
states and electron transfer/recombination efficiency. The optimal performance of
Chl-3@TisC2Tx in the HER systems is based on these factors. First, the surface
roughness of Chl-3 possessing the long dodecyl chain is low, which means
Chl-3@TisC2Tx composite has a better interface contact. Second, the more red-shifted
and broader absorption spectra indicate the most excellent intrinsic ability of light
harvesting for Chl-3@TisC2Tx. Third, both the PL spectra and their decay profiles
indicate that Chl-3@TisC2Tx composite had a higher electron-hole pair separation
efficiency. Fourth, lower charge transfer resistance of Chl-3@TisC2Tx demonstrated
more efficient transfer of photogenerated electron-hole pairs from Chl-3 to Ti3CzTx.
Finally, Chl-3@TisC2Tx showed the highest photogenerated electron-hole pairs
separation ability, as reflected by the photocurrent responses. Intimate interface contact,

strong capacity of light capture, suppression of electron-hole recombination,
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improvement of carrier separation and reduction of charge transfer resistance, are all

essential for a highly efficient photocatalytic HER.

3.5 Photoelectrochemical measurements

To clarify more clearly the effects of the Ti3C2Tx deposited by different Chl
derivatives Chl-n, the photocatalytic hydrogen evolution mechanism of the
Chls@Ti3C2Tx system was proposed as shown in Figure 6. Since the present Chl-n can
self-assemble to form their large aggregates, the photo-excited state can be migrated
inside their Chl-n aggregates. When the excitonic state reached near the Ti3C2Tx surface,
a charge separation occurs at the interface region. Since the LUMO levels of Chl-n are
more positive than the work function of Ti3C2Tx (-5.28 eV), photo-induced electrons can
transfer from Chl-n to Ti3C2Tx through ultrathin layered heterojunction. Subsequently,
the photo-induced electrons accumulated on the surface of Ti3C2Tx can react with two
protons in an aqueous AA solution to generate H2. Meanwhile, the photo-induced holes
move inside the Chl-n self-aggregate to react with AA (a sacrificial agent) in a
solid-solution interface. This special charges transfer pathway extends the distance

between electrons and holes extremely, which will make the electron—hole pair

separation more efficiently and thus suppress their recombination. As a result, the
photocatalytic H2 evolution efficiency can be greatly improved. At the same time, the
oxidized Chl can be reduced by AA (-4.55 eV) to accomplish the cycle, so that the

photocatalyst Chl accomplished to the regeneration of the ground state.
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under visible light irradiation and (b) energy-level diagram.
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4. Conclusions

In summary, this work used three different Chl derivatives, Chl-n (n = 1~3) for the
highly efficient photocatalytic H2 evolution from water splitting. Meanwhile, the noble
metal-free Ti3C2Tx and the naturally abundant and environmentally friend Chls were
employed as a co-catalyst and light absorbers, respectively. The Chl-n@Ti3CaTx
photocatalysts were prepared by means of a simple deposition process. Chl-3@Ti3CaTx
exhibited the highest H2 evolution rate among the three Chls, due to its better interface
contact, excellent inherent light-harvesting ability and higher electron-hole pair
separation efficiency. The photocatalytic activity was optimized by changing the ratios
of Chls over TizCaTy, the optimal sample of Chl-3@TisC2Tx presented the highest
hydrogen production rate of 122 umol/h/geat under visible light illumination (A > 420
nm), which is much higher than those of Chl-1@Ti3C2Tx (20 umol/h/g) and
Chl-2@Ti3C2Tx (48 pumol/h/g). The combination of different Chl derivatives with 2D
Ti3C2Tx nanosheet for HER in this study opens up new perspectives in fabrication of
structurally more favorable Chls-based semiconductors for the development of

visible-light-active photocatalysts with a high efficiency.
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