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Abstract

Development of efficient photocatalytic hydrogen evolution reaction (HER) with
illumination of visible light is challenging. In this work, five chlorophyll derivatives (M-
Chls; M = Ho/Cu/Ni/Co/Zn) with different central ions in its cyclic tetrapyrrole ring
including free base, copper, nickel, cobalt, and zinc were synthesized and employed as
the effective visible-light harvester for efficient HER. In addition, 2D noble metal-free
co-catalyst Ti3C,Tx MXene was used as an excellent electron capturer due to its
outstanding conductivity property. These M-Chls are modified on the surface of Ti3C,Tx
MXene with two-dimensional accordion-like morphology by means of a simple
deposition process to form noble metal-free Chl/Ti3C,Tx-based photocatalysts for HER.
It is found that the best HER performance as high as 49 pmol/h/gc. was achieved with the
Co-Chl@Ti3C, Ty hybrid, which was much higher than those of other M-Chl@Ti3C,Tx
composites. This research provides a specific way to synthesize low-cost and
environmentally friendly natural Chls for developing highly efficient photocatalytic HER
through molecular engineering.
Keywords: central metals ion, chlorophyll derivatives, aggregates materials, hydrogen

evolution reaction, TizC>Tx MXene

1. Introduction
As an abundant, environmentally friendly, and renewable energy source, hydrogen
energy has been considered as one of the most ideal potential candidates to replace

traditional fossil energy sources, to meet the requirements of energy consumption[1-7].



Compared with other H, production strategies, the photocatalytic production of clean and
renewable hydrogen is one of the extremely promising methods to solve the current
energy and environmental issues by using freely available solar energy[8-12]. Over the
past decades, considerable efforts have been made to explore various semiconductor
photocatalysts, such as TiO2[13,14], MoS>[15-17], and C3N4[18-21]. However, after
decades of efforts, the practical application of photocatalytic hydrogen evolution
reactions (HERS) still has significant obstacles, such as insufficient absorption of visible
light, poor hydrogen production efficiency, and high recombination efficiency of photo-
generated electron-hole pairs which is mainly due to the sluggish kinetics on the catalyst
surface[22].

Chlorophylls (Chls), the most abundant natural pigment, play an important role in
light capture and energy transfer to the reaction centers in natural photosynthesis[23-26].
In recent years, Chls have witnessed widespread efforts in different systems, such as
photoelectric  conversion device[27-29], solar-driven photocatalytic hydrogen
production[30-32], electrical energy storage device[33], and so on, due to the
advantageous abundance of sources, cost-effectiveness, environmental friendliness, ease
of dispose, and no toxicity[34-36]. However, pristine Chls have many shortcomings, such
as insufficient ability of solar light absorption, high recombination efficiency of
photoexcited electron-hole pairs, and inadequate active site, which limit their further
application for highly efficient HER. In order to improve the photocatalytic activity,
several studies have been carried out, such as elemental doping[37], co-catalyst

loading[38] and molecular structure engineering[39]. Particularly, molecular structure



engineering of Chls has attracted increasing attention, owing to unique advantages that
their chemical and physical properties are readily tunable. Thus, the exploration of Chl-
based photocatalysts with well-designed molecular structures toward excellent catalytic
performance is of high significance.

A new family of two-dimensional transition metal carbides and/or carbonitrides,
called MXenes, was first reported in 2011[40]. MXenes are usually represented with the
common formula My+1XnTx (n =1, 2, 3), where M, X and T represent the early transition
metals element (Ti, Nb, V, Mo or Ta), carbon and/or nitrogen, and surface terminating
group such as -F, -O and -OH, respectively[41]. TizCoTx, as the most commonly used
MXene, has been deeply investigated as co-catalyst in photocatalytic hydrogen
production system[42-47]. This is mainly because it has multiple advantages, such as
outstanding electrical conductivity, ultrathin 2D layered atomic structure, excellent
hydrophilicity of the surface, and abundant surface active sites for reactions[48,49].
Consequently, Ti3C>Tx MXene is an ideal candidate for promoting photocatalytic HER
activity.

In the traditional MXenes-based photocatalytic system, photocatalyst is generally
composed of inorganic semiconductors, while organic semiconductors remain largely
unexplored. In our previous works, Chl aggregates as organic small molecule
semiconductors were first employed with TizC,Tx MXene as noble metal-free co-catalyst
for HER, and we proved hydrogen generation through the exciton transfer in Chl
aggregates followed by charge transfer to TizCoT«[50]. However, the performance of this

system was still insufficient and requires further improvement. With this in mind, in this



work, we propose a strategy by changing the central ion of Chls (M-Chls) in the cyclic
tetrapyrrole through the molecular structure engineering. As a result, the photocatalytic
performance of M-Chl@Ti3C, T, photocatalysts exhibited a significant improvement. We
employed five M-Chls as photocatalysts with different central ions, namely, free base,
copper, nickel, cobalt, and zinc methyl 3-devinyl-3-hydroxymethyl-pyropheophorbide-a
(H2/Cu/Ni/Co/Zn-Chl), that are combined with Ti3C,T, MXene as co-catalysts for
photocatalytic activity study under the visible light irradiation (A > 420 nm). We found
that the Co-Chl@Ti3C>Tx composite photocatalyst exhibited much higher photocatalytic
performance than Hy/Cu/Ni/Zn-Chl@Ti;C, T, photocatalysts. This is mainly due the
stronger light absorption ability, lower carrier recombination efficiency, lower transfer
resistance, and higher photogenerated electron-hole pair separation efficiency of Co-
Chl@Ti3C, Ty than the other composites. This work may provide new perspectives on
design of efficient Chl/Ti3C,Ty-based photocatalysts for photocatalytic hydrogen

production.

2. Experimental section
2.1 Synthesis of Chls and Ti;C>Tx MXene

M-Chls (M = H»/Cu/Ni/Co/Zn) were prepared from chemical modification of
naturally occurring Chl-a according to reported procedures[51,52].

Ti3C.Tx MXene was obtained by etching TizAlC, (Forsman, 98%) in 49% HF as
follows. 49% HF (20 mL) was stirred at 300 rpm, and Ti3AIC; (2 g) was slowly added to

HF 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
Ti3C, Ty sediment was collected after discarding the supernatant. Finally, Ti3CoTx MXene
was dried in vacuum oven at 50 °C for 12 h.
2.2 Preparation of M-Chl@TizC:Tx composites

Ti3C,Tx (3 mg) and a certain amount of M-Chls were dissolved in tetrahydrofuran
(THF). The mass ratios of M-Chls over Ti3CoTx were 0.5% (15 pg), 2% (60 pg), 4% (120
pg), or 8% (240 pg). Then, the M-Chl@TizCoTx mixtures were stirred at room
temperature for 10 h until dry. Finally, M-Chl@Ti3C,Tx composites was successfully
prepared.
2.3 Characterization

To characterize M-Chls, TizCoTy, and the composites, an X-ray diffractometer
(XRD, D8 Advance, Bruker) was operated at 40 kV and 200 mA with Cu K radiation (A
= 0.15406 nm). Scanning electron microscopy (SEM, SU8000, Hitachi) was used to
observe the morphology of the samples. Electronic absorption spectra of samples were
measured with a UV-vis spectrometer (UV-3600, Shimadzu). The cyclic voltammograms
(CV) were obtained on a VSP multichannel galvanostatic-potentiostatic system (Bio-
Logic SAS, France).
2.4 Photocatalytic activity measurements

Photocatalytic H» evolution was measured under a 300 W Xenon lamp (PLS-SXE
300, Beijing Perfectlight Technology) with the light intensity of 100 mW/cm?. A 6 mL
photoreactor and a cut-off filter (usually A > 420 nm) were used. M-Chl@Ti3C2Tx

photocatalysts (3 mg) were 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
composites. 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) for 2 h. Then the hydrogen production was measured 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
Electrochemical impedance spectroscopy (EIS) measurements in the range of 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 M-Chl@Ti3C2Tx (M = H2/Cu/Ni1/Co/Zn) composites (10 mg) in a mixture
of deionized water (250 pL), ethanol (250 puL) and Nafion solution (20 pL, Sigma-Aldrich,
5 wt%) for 5 min, then the dispersion (20 puL) was drop coated at room temperature onto
an ITO square substrate (2 cm?)[53]. Ag/AgCl was used as the reference electrode, and a
Pt plate was used as the counter electrode. The electrolyte was an aqueous 0.5 M Na,SO4
solution containing AA (2 g/L). Transient photocurrent (TPC) responses were 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.

CV measurements were obtained by a three electrode system. M-Chls (M =
Hy/Cu/Ni/Co/Zn) were dissolved in CH2Cl> where 0.1 M tetrabutylammonium

hexafluorophosphate (TBAPF¢) was used as the supporting electrolyte. Meanwhile, a



platinum wire was used as the working electrode and counter electrode, and Ag/AgCl was
used as the reference electrode. The measurement potentials were calibrated with
ferrocene/ferrocenium (Fe/Fc™) redox couples. All measurements were conducted at room

temperature.

3 Results and discussion
3.1 Structure and morphology

Scheme 1 shows the chemical structures of five M-Chls investigated in this work.
These Chls have a cyclic tetrapyrrole as the framework and the same peripheral
substituents, a hydroxymethyl group at the C3-position, a carbonyl group at the C13-
position, and a methyl group as the esterifying moiety at the C17-propionate residue.
Partial structural difference among them lies in the central ion in the cyclic tetrapyrrole
ring, namely, M-Chls (M = H,/Cu/Ni/Co/Zn) has a free base, copper, nickel, cobalt, and
zinc as the central ion, respectively. It is worth mentioning that the 3!-hydroxy group,
central cobalt and zinc ion, and 13-carbonyl group along the molecular y-axis are of great
significance for the self-assembly of M-Chls to form J-aggregates[51,52]. This is due to
the coordination of the oxygen atom in the 3!-hydroxy group with the central cobalt and
zinc ion, and the formation of hydrogen bonds between the 3'-hydroxy and the 13-
carbonyl groups, thereby forming a strong intermolecular interaction of Co/ZnO-

H-0=C[51,52].
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Scheme 1. Molecular structures of five Chl derivatives M-Chls in this study.

Figure 1a shows the schematic representation of the preparation process of M-
Chl@Ti3Co Ty composites. TisCoTr MXene was fabricated from its homologous MAX
phase through selectively etching the Al-layers of TisAlC, powder with HF. Then
composites containing TizC.> Ty and different M-Chls were prepared and used as MXenes-
based photocatalysts. Figure 1b shows the XRD patterns of the raw materials TizAlC
before and after 24 h of etching. The (002) and (004) peaks of TizAIC, moved toward low
angles in Ti3C, T, and the most intense peak of TizAlC; at 39.0° disappeared, indicating
that the Tiz3 AIC, was completely converted to Ti3C,Txs41. The corresponding SEM images
of Ti3AlC; before and after of etching are shown in Figures 1c and 1d, respectively. A
typical 2D nanosheet accordion-like structure can be clearly observed in the HF-etched

Ti3C,Ty.
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Figure 1. (a) Schematic diagram of the preparation process of M-Chl@TizCoTx
composites, (b) XRD patterns of Ti3AlC> (lower) and Ti3C,Tx (upper), and SEM images

of (¢) TisAlCs and (d) TisCaTx.

3.2 Electronic absorption and electrochemical properties

To study the light absorption characteristics of the M-Chls and their composites, the
electronic absorption spectra of M-Chls dissolved in THF and M-Chls@Ti;C,Tx were
illustrated in Figure 2a. The absorption spectra of Ho/Cu/Ni/Co/Zn-Chls in THF showed
the redmost (Qy) absorption bands at 672/662/658/675/670 nm and Soret peaks at
407/421/416/418/424 nm, respectively (broken lines in Figure 2a). Table 1 summarizes
the relevant absorption parameters shown in Figure 2a. The sharp bands indicated that M-
Chls were monomeric in THF. The electronic absorption spectra of M-Chl@Ti3CoTx
photocatalysts only showed the characteristics of M-Chls, and no other absorption peaks

are observed (solid line in Figure 2a). This is mainly due to the metallic property of
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Ti3C, Ty, as previously reported[55]. The absorption spectra of M-Chl@TisCoTx
composites showed obviously red-shifted and broadened Soret and Qy absorption bands,
compared with the corresponding monomeric M-Chls in THF. The Qy absorption peaks
Hy/Cu/Ni/Co/Zn-Chl@TisCoTx  composites  were  located — respectively  at
696/681/673/716/720 nm, respectively. Such red shift and broadening would promote the
charge transfer in aggregates. The considerable spectral changes are attributed to the J-
aggregation of M-Chls by intermolecular n-rt stacking. Furthermore, Co-Chl@Ti3C,Tx
showed a more red-shifted Qy peak and a broader absorption band than the others,
following the order of Co-Chl@Ti3CoTx > Zn-Chl@Ti3C,Tx > > Hp-Chl@Ti3Co T > Cu-

Chl@Ti3C.Tx > Ni-Chl@Ti3C, T
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Figure 2. (a) Electronic absorption spectra of the five M-Chls in THF (broken lines) and
the M-Chl@Ti3CoTx composites (solid lines) and (b) CVs of M-Chls with 0.1 M

TBAPFs as a supporting electrolyte at a scan rate of 100 mV/s.

Table 1. Optoelectronic parameters for M-Chls.

M-Chls Asoret [Nm]  Aqy [nm] Eq [eV] Eox [V] HOMO LUMO

[eV] [eV]
H,-Chl 407 672 1.85 0.92 -5.01 -3.16
Cu-Chl 421 662 1.87 0.79 -4.88 -3.01
Ni-Chl 416 658 1.88 0.80 -4.89 -3.01
Co-Chl 418 675 1.84 0.77 -4.86 -3.02
Zn-Chl 424 670 1.85 0.87 -4.96 -3.11

In order to investigate the electrochemical properties of M-Chls, the CVs of the five
Chls in dichloromethane were measured, as shown in Figure 2b. The oxidation onset
potentials (Eox) of M-Chls (M = H, Cu, Ni, Co, and Zn) were 0.92, 0.79, 0.80, 0.77 and
0.87 V vs Ag/AgCl, respectively. The half-wave potential (Erc) of Fc/Fc' as an external
reference was measured to be 0.71 V vs Ag/AgCl. The highest occupied molecular orbital
(HOMO) energy levels of these molecules were estimated to be -5.01, -4.88, -4.89, -4.86
and -4.96 eV, respectively, from the following equation: HOMO (eV) = -e(Eox - Erc +4.8).
Their lowest unoccupied molecular orbital (LUMO) energy levels of M-Chls were also
calculated following the equation: LUMO (eV) = HOMO + Eg, where E; was the optical
band gap obtained from the electronic absorption spectra: E; = 1240/Aqy. The

corresponding details are summarized in Table 1, and the values of LUMO are in the order
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of Cu-Chl@TizCoTx = Ni-Chl@Ti3CoTx > Co-Chl@TizCoTx > Zn-Chl@TizCoTx > Ha-
Chl@Ti3C,Ty, and the values of HOMO are in the order of Co-Chl@TisCoT, > Cu-
Chl@Ti3C2 Ty > Ni-Chl@Ti3Co Ty > Zn-Chl@Ti3C2 T > Ho-Chl@Ti3C2 Ty. Due to the fact
that the LUMO energy levels of all M-Chls are higher than the reduction potential of
Ho/H', M-Chls are suitable as photocatalysts for water splitting. Meanwhile, the HOMO
energy level of Co-Chl@Ti3C, Ty is closer to the redox potential of AA, which may be

one of the reasons for its higher photocatalytic activity.

3.3 Photocatalytic performance

In order to study the HER performances of as-prepared M-Chl@TizCoTx
photocatalysts, these composites were tested for water splitting under the visible light (A >
420 nm). Figure S1 shows the corresponding optimization details of mass ratio of M-
Chls in the composites for photocatalytic hydrogen production. The optimized HER
performances of M-Chls@Ti3C, Ty are shown in Figure 3. It could be found that the best
performance achieved was as high as 49 umol/h/gca: for the Co-Chl@Ti3CoTx composite,
which was higher than those of H>-Chl@Ti:C2Tx (9 umol/h/g), Cu-Chl@Tiz:CoTx (31
pmol/h/g), Ni-Chl@TizCoTx (25 pmol/h/g) and Zn-Chl@Ti:CoTx (41 pmol/h/g)
composites. This is mainly attributed to the strongest light-harvesting ability and highest
electron-hole pair separation efficiency of Co-Chl@Ti3C,Tx composite. Meanwhile, the
previously reported hydrogen production efficiencies of MXene based composite

photocatalysts were also compared and summarized in Table S1.
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Figure 3. Optimized hydrogen production of M-Chl@Ti3C>Tx composites: 4%
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H>/Cu/Mn/Co-Chl@Ti;C,Tx and 2% Zn-Chl@Ti3Co Ty

3.4 Photoelectrochemical measurements

EIS is an important way to evaluate the charge transfer resistance in the
photocatalyst system. The smaller radius of the arc in the spectra indicates smaller
electron transfer resistance between the surface of the photoelectrodes and electrolyte,
which normally leads to more efficient separation of the photoelectron—hole pairs and
faster interfacial charge transfer. The EIS Nyquist plots of aforementioned and the best-
performed M-Chl@TizCoTx composites are illustrated in the Figure 4a and the
corresponding equivalent model is displayed (inset). Here, Ri and R> represent
respectively the series resistance and the interfacial charge transfer resistance, CPE and
Wy are the constant phase element and the Warburg impedance, respectively[53]. The

corresponding fitted data for the as-prepared samples are summarized in Table S2, and
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the R» wvalues follow the order of H>-Chl@TizCoTy > Ni-Chl@TizCoTx > Cu-
Chl@Ti3CoTx > Zn-Chl@Ti3Co Ty > Co-Chl@Ti3CoTy. The smaller radiuses of the semi-
circles of Co/Zn-Chl@TizCoTx indicate that they possessed lower electron transfer
resistance on the electrode surface and more efficient separation of photoelectron-hole

pairs which would benefit the photocatalytic performance.
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Figure 4. (a) EIS Nyquist plots and (b) TPC responses of the hybrids.

In order to reveal photo-induced charge separation and transfer processes, the TPC
response were measured under visible light illumination (A > 420 nm). As shown in
Figure 4b, the photocurrent—time response of M-Chls@Ti3C. Ty are prompt, steady, and
reproducible with repeatable on/off cycles of light illumination. It could be seen that Co-
Chl@Ti3C, Ty and Zn-Chl@Ti3C, Ty showed a much higher photocurrent than those of the
other composites, indicating that they possessed stronger abilities of generating and
transferring photogenerated electron-hole pairs which contributed to improved
photocatalytic activity. Meanwhile, the Co-Chl@Ti3CoTy and Zn-Chl@Ti3C, T curves

showed some minor anomalies. The peak of Co-Chl@Ti3CoTx had a slow rise during the
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photocurrent measurement, indicating that the photogenerated electron-hole pairs of Co-
Chl@Ti3C, T, exhibited a tiny process for a hysteresis at the surface[56]. Additionally,
the peak of Zn-Chl@Ti3C, T, showed generally minor decreased process. This is mainly
attributed to photo-generated holes that are not completely consumed, which causes their

recombination with electrons again[57].

Due to the higher LUMO energy levels of the M-Chls than the reduction potential
of Ho/H", M-Chls are suitable for water splitting as photocatalysts. Furthermore, the best
performance of Co-Chl@Ti3C,Tyx composite in HER systems can be attributed mainly to
the following factors. First, based on the absorption spectrum, Co-Chl@Ti3C.>Tx showed
an excellent intrinsic light gathering ability. Second, Co-Chl@Ti3C> T, showed a much
smaller charge transfer resistance than the other composites, indicating that
photogenerated electrons were more easily transferred from Co-Chl to TizCoTy for the
HER with H" in the aqueous solution. Third, Co-Chl@Ti3;C>T, showed the highest TPC
response, indicating that it possesses the best photogenerated electron-hole pair

separation ability.

3.5 Photocatalytic mechanism

The hydrogen generation process including the ways of transmission and separation
of photoexcited electron-hole pairs in the M-Chl@Ti;C2Tx composites is illustrated in
Figure 5a. M-Chls are excited from HOMO to LUMO energy level when exposed to
visible-to-near infrared light (A > 420 nm). Meanwhile, electrons-hole pairs are generated,

and then the photogenerated electrons can be transferred rapidly from the LUMO of M-
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Chls to Ti3C, T, due to its excellent electronic conductivity. Consequently, two protons in
the aqueous solution are efficiently reduced to produce H> by the accumulated electrons
on the surface of Ti3C, T, thanks to its excellent capability for HER. Then, the holes of
M-Chls can be reduced by obtaining an electron from the electron donor AA. So that, the
photocatalyst M-Chls accomplish the cycle from excited state to ground state. Figure 5b
displays the energy level diagram of the M-Chl@Ti3C,Tx composites in this investigation.
As previously reported, the work function of Ti3C, Ty and redox potential of AA are -5.28
eV and -4.55 eV, respectively[58,59]. Thereby, the photoexcitation-induced electron/hole
transfer can take place between M-Chls and Ti3C,T/AA. Importantly, the LUMO levels
of M-Chls are sufficiently above that of Ho/H", indicating that M-Chls are suitable for

HER as a light-absorption materials.
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Figure S. (a) Schematic diagram of hydrogen production of M-Chl@Ti3C>Tx
composites under visible light irradiation and (b) energy level diagram of the five M-

Chls as photocatalyst.
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4. Conclusion

In conclusion, Chl-a derivatives M-Chls with five different central ions (M =
H»/Cu/Ni/Co/Zn), were used for photocatalytic H> evolution as light-absorption materials
in this work. Noble metal-free photocatalyst of M-Chls@Ti;C,Tx were successfully
synthesized by means of a simple deposition process. In this structure, natural pigments
M-Chls act as the effective visible light harvester and ultrathin Ti3C,Txnanosheets act as
an excellent electronic capturer. The optimal sample of 4% Co-Chl@Ti3C.Tx showed the
highest photocatalytic activity, as high as 49 umol/h/gc., among the M-Chls, which can
be interpreted with the stronger light capture ability, lower carrier recombination
efficiency, lower transfer resistance, and higher photogenerated electron-hole pair
separation efficiency of Co-Chl@Ti3CoTx than the others. This work provides a feasible
strategy for the development of Chl/Ti3C,Tx-based photocatalyst systems under visible
light with a high efficiency and a simple deposition method. Furthermore, this
investigation offers guidelines for the synthesis of suitable Chls for efficient

photocatalytic HER with Chl/MXene hybrid structures through molecular engineering.
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