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Several 2D nanosheets of porphyrin MOFs with various transition-metal clusters as metal nodes were
prepared via a simple solvothermal method to apply in the photocatalytic hydrogen evolution, in which
the hydrogen production rate of the optimal NS-Cu was as high as 15.39 mmol g~' h-'. A series of ex-
perimental technologies especially cyclic voltammetry (CV) and Mott-Schottky (M-S) had been adopted
to investigate the charge-transfer property of photo-generated electron-hole pairs, it was found that the
uniformly dispersed Cu-clusters nodes in the original 2D MOFs played a key role in the electron transfer
process, that was, the photo-generated electron transferred from excited state eosin-Y to the Cu-clusters
nodes for the efficient hydrogen evolution. The excellent photocatalytic performance could be attributed
to the reversible oxidation--reduction process of Cu''/Cu!, which had excellent electron-receiving and
electron-outputting capabilities. Our results provided a novel avenue to adapt the uniformly dispersed
metal nodes in the original MOFs as cost-effective noble-metal-free cocatalysts with very high atom-
utilization efficiency to improve the photocatalytic hydrogen evolution performance in dye-sensitized sys-

tem.

© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

With the rapid development of human economy and civiliza-
tion, the urgent demand for energy consumption especially fossil
fuels gradually increases, accompanied by more and more serious
environmental problems [1-5]. In comparison with fossil fuels, hy-
drogen has the advantage of high combustion value that is about
three times of equivalent petroleum, particularly the combustion
product is the only water without environmental pollution, which
could make it as a most ideal energy carrier [6,7]. Photocatalytic
decomposition of water, the use of inexhaustible solar energy to
split water into hydrogen, is an ideal avenue to obtain the clean
and renewable hydrogen energy [8-13]. Since it is found that TiO,
could realize photocatalytic decomposition of water in 1972 [14],
a series of various semiconductors [15-17] have been used as effi-
cient photocatalysts in the field of photocatalytic hydrogen evolu-
tion. However, most semiconductors have the common disadvan-
tages of weak visible-light absorption and high recombination rate
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of photogenerated electron-hole pairs, which seriously limits their
photocatalytic performance for hydrogen evolution [18].

For dye-sensitized system, it often can convert broad-band
long-wavelength light in the visible-light region [19-21] and trans-
fer the excited state electrons into the conduction band of semi-
conductors to further achieve charge carrier separation effectively
[22-24]. Due to the low-toxicity and low-price [25], organic dyes
are often used in photosensitization process, among which eosin-Y
(EY) is apt to be more common. The cocatalyst often is necessary
and very important in dye-sensitized system, which can not only
provide active sites for trapping photogenerated electrons from or-
ganic dyes to promote charge separation, but also consume the
photogenerated electrons with hydrogen atoms in time to release
the required hydrogen [26,27]. Nakabayashi et al. loaded Pt cocat-
alyst on TiO, as the active center to improve the photocatalytic
hydrogen evolution activity, which started the research upsurge on
cocatalysts in recent decades [28]. Up till now, noble metal cocata-
lysts, such as Pt, Pd, Au, Ag, Ru and Rh, have been widely adopted
to obtain superior photocatalytic hydrogen evolution performances
[29,30]. Unfortunately, the scarcity and high price of noble met-
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Scheme 1. Synthesis of NS-Cu.

als have greatly restricted their large-scale application in photocat-
alytic hydrogen evolution fields [31-33]. In addition, although a se-
ries of noble-metal-free cocatalysts with low-cost and content-rich
also have been studied, the photocatalytic effects are usually not
very well relatively, which could be ascribed to the low catalytic
efficiency. Therefore, it is very necessary to exploit a cost-effective
cocatalyst that could be widely used in large-scale application in
photocatalytic hydrogen evolution fields.

Metal-organic frameworks (MOFs), a class of ordered crys-
tal materials assembled by organic linkers and metal nodes, are
widely used in photocatalytic fields due to their large specific
surface areas and diverse structures [34]. In particular, the metal
nodes highly uniformly dispersed in MOFs could be used as in-
dependent active sites to participate in photocatalytic reactions,
which could greatly improve the atom-utilization efficiency of
metal nodes [35]. MOFs-derived phosphides or sulfides often could
act as cocatalysts to realize rapid electron transfer for photo-
catalytic hydrogen evolution, in which the original MOFs usually
should be calcinated at high temperature for further modification
of the metal nodes accompanied by interminable synthesis steps
and inferior atom-utilization efficiency [36,37]. However, the uni-
formly dispersed metal nodes in original MOFs with very high
atom-utilization efficiency as a cocatalyst for photocatalytic hydro-
gen evolution hardly have been reported.

2D metal-organic frameworks (2D MOFs) have recently
emerged as promising catalytic materials [38]. In comparison
with bulk MOFs, the metal nodes in 2D MOFs could expose more
highly accessible active sites as much as possible to contact with
other substrates due to their ultrathin thickness [39,40], thus
improving the photocatalytic activity [41]. In this work, several
kinds of 2D MOFs were successfully synthesized by solvothermal
methods (Scheme 1), in which 5,10,15,20-tetrakis(4-carboxyphenyl
porphyrin derivatives as organic ligands and transition-metal
molecular cluster as metal nodes. Various experimental tech-
nologies especially cyclic voltammetry (CV) and Mott-Schottky
(M-S) had been adopted to study the charge-transfer property
of photo-generated electron-hole pairs, it was found that the
Cu-clusters played a very important role in the electron transfer
process, that was, the photo-generated electron transfer from
excited state EY to the Cu-clusters for efficient hydrogen evolution.
The excellent photocatalytic performance could be attributed to
the reversible oxidation-reduction process of Cu'l/Cul, which had
excellent electron-receiving and electron-outputting capabilities
[42]. To the best of our knowledge, this work represented the
first example employing the uniformly dispersed metal nodes
of 2D MOFs as a cost-effective noble-metal-free cocatalyst for
realizing efficient photocatalytic hydrogen evolution. This strat-
egy might be amenable to developing low price cocatalysts
with high atom-utilization efficiency for photocatalytic water
splitting.

The synthesis of porphyrin ligand (TCPP) was described in Sup-
porting information.
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Fig. 1. (a) SEM image, (b) TEM image, and (c) mapping of NS-Cu. (d) AFM image,
and (e) corresponding height profile of NS-Cu.

NS-Cu was synthesized by following steps: Add 12 mL of DMF
and EtOH (v:v = 3:1) mixture into a 25 mL capped vial, then add
3.6 mg Cu(NO3),-3H,0, 10 pL TFA and 10.0 mg PVP. Then TCPP
solution (4.0 mg, 3 mL DMF, 1 mL EtOH) was added to the mixture
dropwise under stirring. The vials were kept at 80 °C for 4 h, the
obtained products were centrifuged and washed with EtOH twice
after cooling to room temperature, and finally dried to obtain the
product, recorded as NS-Cu.

Synthesis of NS-Zn and NS-Cd: NS-Cd and NS-Zn were prepared
by a similar method described in Supporting information.

The crystal structure of NS-Cu was determined by X-ray diffrac-
tion (XRD). In Fig. S1 (Supporting information), the NS-Cu had four
characteristic diffraction peaks at 7.62°, 9.00°, 12.04° and 19.38°
respectively, which could be attributed to (110), (002), (210) and
(004) planes [43,44]. Scanning electron microscopy (SEM) image of
NS-Cu was shown in Fig. 1a, in which it could be found that the
NS-Cu presented a morphology similar to a 2D nanosheet flower
with multilayer flakes that was in line with the transmission elec-
tron microscopy (TEM) (Fig. 1b). The mapping of NS-Cu was shown
in Fig. 1c. Atomic force microscopy (AFM) image (Fig. 1d) fur-
ther demonstrated that the NS-Cu was nano-sheet structure with
a thickness of about 15 nm (Fig. 1e). In addition, the porosity
of NS-Cu was examined by N, adsorption experiments and the
Brunauer-Emmett-Teller (BET) surface area of NS-Cu was 335.75
m2/g. The pore size distribution data (Fig. S6 in Supporting infor-



G. Jiang, X. Liu, H. Jian et al.

Fig. 2. (a) Photocatalytic hydrogen production (A > 420 nm) and (b) apparent quan-
tum efficiency (AQE) over NS-M (M = Cu, Cd, Zn), (c) photocatalysis cycle curve and
(d) hydrogen production every four hours of NS-Cu.

mation) showed that NS-Cu had a micropore of 1.20 nm and had
other pores with the size of 2.25 nm, which might be caused by
the accumulation of NS-Cu during drying [45].

The high-resolution XPS spectrum of C 1s (Fig. S8a in Sup-
porting information) showed three peaks at 284.8 eV, 286.2 eV,
288.4 eV, respectively, which could be assigned to C—C/C=C, C-N
and C=0/C=N [46], indicating that the integrity of porphyrin ring
was maintained in NS-Cu. In Fig. S8b (Supporting information),
there were three peaks of N 1s at 398.7, 399.9 and 400.9 eV, which
could be assigned to N=C, N—C and N—H [47]. Fig. S8c (Supporting
information) showed two major peaks at 531.8 eV and 533.4 eV,
which were attributed to C=0 and C—0/O—H. At the same time,
it could be found that the peak intensity of C—O/O—H was much
weaker than that of C=0 [46,47], which proved that the —COOH
was successfully coordinated with Cu?* ion. In addition, the spec-
trum in Fig. S8d (Supporting information) illustrated the oxidation
state of the metal node, specifically, the peaks at 935.2 eV and
955.3 eV could be assigned to Cu 2ps3; and Cu 2p;, of Cu?t, the
weaker peaks at 933.1 eV and 953.0 eV could be assigned to Cu
2p3p, and Cu 2pyj, of Cut [46].

As shown in Fig. 2a, the photocatalytic hydrogen evolution per-
formance of all the as-synthesized samples was evaluated un-
der visible-light irradiation. Surprisingly, when the metal nodes
were Cu-clusters, the photocatalytic hydrogen evolution rate of the
nanosheet NS-Cu could be as high as 15.39 mmol g~! h~1, which
was 6 times of NS-Cd and 14 times of NS-Zn. At the same time, the
apparent quantum efficiency (AQE) of photocatalytic hydrogen evo-
lution of the three materials was measured, and the results were
shown in Fig. 2b. The apparent quantum efficiency of NS-Cu was
the highest, which was 71.68%, indicating the highest light utiliza-
tion. In addition, the photocatalytic hydrogen evolution cycle ex-
periment (Figs. 2c and d) was carried out to detect the photocat-
alytic stability of the NS-Cu. It could be found that the five cycle
test results of NS-Cu were similar, which indicated that the opti-
mal material was relatively stable to a certain extent. The XRD (Fig.
S17 in Supporting information) and SEM (Fig. S18 in Supporting in-
formation) images of NS-Cu before and after the photocatalytic hy-
drogen evolution reaction had little difference, which also reflected
the good stability of NS-Cu. Furthermore, the hydrogen evolution
rate of Cu-clusters nanosheets with different center metals was al-
most the same (Fig. S9 in Supporting information), which proved
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Fig. 3. Possible photocatalytic mechanism diagram of NS-Cu.

that the center metal had almost no effect on the photocatalytic
activity.

In addition, the separation and recombination trend of photo-
generated electron-hole pairs were also analyzed by photolumi-
nescence spectra (PL) (Fig. S12c in Supporting information). The
results showed that the fluorescence intensity of EY solution de-
creased after adding a certain amount of three kinds of nanosheets.
It was worth noting that the fluorescence intensity of (EY + NS-Cu)
was the lowest, indicating that the recombination rate of photo-
generated electron hole was the lowest, which was consistent with
the photocatalytic activity. The fluorescence lifetime of the materi-
als was investigated by transient fluorescence spectrum. As shown
in Fig. S13 (Supporting information), NS-Cu had a long fluorescence
lifetime, which indicated that it had a long time to maintain the
excited state, and the probability of photo generated electrons par-
ticipating in the photocatalytic reaction was large, so it might have
the best photocatalytic activity.

To explore the redox process for hydrogen evolution, the cyclic
voltammetry (CV) test was carried out in 0.2 mol/L Na,SO4 (pH
7) aqueous solution. In Fig. S12d (Supporting information), NS-Cu
had a pair of well-defined redox peaks at —0.05 V and —0.46 V
vs. Ag/AgCl, which could be attributed to the reversible oxidation-
reduction process of Cu'!/Cu!, indicating that NS-Cu had a strong
ability to capture and export electrons at the same time. In addi-
tion, the redox potentials of Cu-clusters nanosheets with different
center metals appeared in the same position (Fig. S14 in Support-
ing information), which indicated that the redox potentials are in-
dependent of the center metals and belonged to the role of Cu-
clusters. The above results indicated that the electrons were trans-
ferred to the Cu-clusters via the traditional ligand-to-metal charge
transfer (LMCT) pathway, not to the porphyrin center. When the
metal nodes were Zn-clusters, its weak current response indicated
that the electron transfer activity was relatively poor. In addition,
when the metal nodes were Cd-clusters, it could be found that
there was a redox potential at —1.11 V, which was more negative
than that of NS-Cu. The results indicated that NS-Cd had weaker
electron capturing ability than NS-Cu, which was consistent with
the hydrogen evolution results.

In Fig. 3, EY absorbed photons to form a single excited state
EY'* under visible light irradiation, and then formed a triple ex-
cited state EY3* through intersystem crossing (ISC) [48,49]. Finally,
EY3* was quenched by TEOA to produce EY'~. In this process, NS-
Cu could also absorb some photons, making the electrons in VB
excited into CB. Because the LUMO level (—3.45 eV) [49] of the ex-
cited state EY was more negative than the CB level of NS-Cu, the
electrons were transferred from EY*~ to the CB level of NS-Cu, and
then from the Cu-clusters of NS-Cu to H,O or H* to complete the
evolution process of H; (EH+/H2 = 0 V). In addition, the VB poten-
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tial of NS-Cu was higher than the redox potential of TEOA (0.84 eV)
[50], so the holes also could be used to oxidize TEOA to consume
holes to reduce electron-hole recombination [51].

In conclusion, we prepared several 2D porphyrin MOFs
nanosheets via a simple solvothermal method and studied their
photocatalytic hydrogen production performance in dye-sensitized
system. It was found that the optimal NS-Cu with a narrow band
gap of 2.56 eV had the highest hydrogen production rate of 15.39
mmol g-! h=1. Through further mechanism investigation, it could
be seen that the excited photo-generated electron transfer from
the LUMO energy levels of EY* to the uniformly dispersed Cu-
clusters nodes of NS-Cu for further reduction of H,O/H* to ob-
tain H,. This work demonstrated that uniformly distributed metal
nodes in the original MOFs could be used as economic and effec-
tive noble-metal-free cocatalysts with very high atom-utilization
efficiency to improve the photocatalytic hydrogen evolution perfor-
mance in dye-sensitized system.
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