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One-dimensional (1D) nanostructured inorganic semiconductors
have been extensively investigated for efficiently promoting their
photocatalytic performances, but it still remains unclear for metal—
organic framework (MOF)-based photocatalysis. Herein we present
the synthesis 1D Mn-TBAPy MOF nanotubes (denoted as Mn-
TBAPy-NT) and give the first demonstration of the marked ability
of the 1D nanotube structure to promote charge separation of
MOFs relative to that in the Mn-TBAPy single crystal (denoted as
Mn-TBAPy-SC), a feature proposed to result from the effect of
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strain on the nanotubes. As specifically determined using transient
absorption (TA) spectroscopy, Mn-TBAPy-NT exhibits a long-lived
internal charge-separated (ICS) state (255.6 ns), longer than that for
Mn-TBAPy-SC (4.6 ns) and a feature apparently responsible for its
over 30-fold promoted hydrogen evolution with a rate of
203.5 pmol h™?! (ca. 10.2 mmol h™! g.,: ) under visible light and a
benchmark apparent quantum efficiency (AQE), of 11.7% at 420 +
10 nm, among MOF-type photocatalysts. Our results open a new
avenue for developing highly efficient MOF-based photocatalysts.

Metal-organic framework (MOF) materials have been popularly investigated for their promising solar-to-chemical conversions, but their photocatalytic
applications have been impeded by their poor chemical stability in water and sluggish charge separation as well as low efficiency. In this work, we report a
water-stable phase of a Mn-TBAPy MOF with a special one-dimensional (1D) nanotube structure prepared by carrying out a simple solvothermal reaction with
an emphasis on the solvent effect. This MOF was found to exhibit significantly better charge separation efficiency and photocatalytic performance than its
corresponding single crystals. Compared to the layered single crystals, the 1D nanotube was demonstrated to exhibit a strain effect and shortened carrier
transfer distance, leading to favorable charge separation and photocatalytic water splitting performance. Upon carrying out an optimization, an apparent
quantum efficiency of 11.7% at 420 nm for photocatalytic water splitting to produce hydrogen was achieved—with this value being, according to our literature
search, the highest among water-stable MOF-type photocatalysts.

Introduction

Solar-driven water splitting to produce green hydrogen has
been considered a promising approach to providing renewable
energy production and addressing increasing energy and envir-
onmental issues." > However, it is typically challenged by poor
charge separation efficiency that has become a bottleneck

severely delaying the development of photocatalysis. Various
strategies have been developed to improve the charge separa-
tion efficiency of inorganic semiconductor photocatalysts, with
of these strategies including surface/interface
1314 crystal facet engineering,"”™"” heterojunction
or Z-scheme,'®' nanostructures morphology
piezoelectricity,>* etc. Meanwhile, preparation of
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materials based on one-dimensional (1D) nanotube structures
has garnered relatively extensive attention due to their unique
electronic properties, enhanced light absorption, high electron
mobility, enhanced surface area and catalytic properties.>>>°

Besides the inorganic semiconductor photocatalysts, metal-
organic frameworks (MOFs) have been recently developed to
convert solar energy into fuel production in consideration of
their advantages including extraordinarily large surface areas,
diverse compositions, ordered pores or channels, and desig-
nable structures.">*°3* Although a variety of MOF-based
photocatalysts have been constructed for splitting water into
hydrogen under solar irradiation,**>™*> they exist predomi-
nantly in the form of single crystals or solid blocks, which
inevitably hinder charge separation.? It has been shown that
controllable synthesis of nanoscale or low-dimensional MOF
photocatalysts can reduce their size or thickness, thereby
improving charge separation and performance.*®*” Unfortu-
nately, 1D MOF nanotubes for photocatalysis have been rarely
researched, due to the synthesis of MOF nanotubes facing great
challenges as a result of the directionality and fragility of their
coordination bonds.

We previously developed a water-stable Mn-TBAPy MOF able
to absorb a wide range of wavelengths of visible light for
promising photocatalytic water splitting, with its structure
containing the Mn ion and 1,3,6,8-tetrakis(p-benzoic acid)
pyrene (H,TBAPy) ligand.*® Here we introduce the first synth-
esis of 1D Mn-TBAPy MOF nanotubes (Mn-TBAPy-NT), accom-
plished by carrying out a simple solvothermal reaction, and
describe in detail our examination, based on 1D Mn-TBAPy-NT,
of the properties of the special 1D nanostructure and its
influence on charge separation as well as water splitting
performance. Meanwhile, we also compare these results with
those for the Mn-TBAPy single crystal (Mn-TBAPy-SC), synthe-
sized as described in our previous report.*® Strikingly, the
special nanotube structure of Mn-TBAPy-NT exhibits a remark-
ably prolonged lifetime of photogenerated carriers relative to
Mn-TBAPy-SC, and is the predominant contributor to its excel-
lent photocatalytic water splitting performance. The hydrogen
evolution rate on the Mn-TBAPy-NT nanotube photocatalyst
modified with a platinum cocatalyst is about 36 times higher
than that of Mn-TBAPy-SC modified in a similar way. Its
hydrogen evolution rate reaches ca. 10.2 mmol h™" g, ' in
the presence of ascorbic acid (AA) as a sacrificial agent under
visible-light irradiation, with a corresponding AQE at 420 +
10 nm measured to be 11.7%. To our knowledge, this AQE is
higher than that of any other water-stable MOF-based photo-
catalyst reported so far.

Results and discussion

Fig. 1a shows the typical nanotube morphology of Mn-TBAPy-
NT, with the uniform 1D tubular structure displaying a length
of ca. 4-5 pm and diameter of ca. 40-60 nm. Inspection of a
transmission electron microscopy (TEM) image (Fig. 1b) further
confirms the nanotube morphology, where an apparent hollow
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Fig. 1 Structural characterizations of 1D Mn-TBAPy-NT nanotubes. (a)
SEM and (b) TEM images of the nanotubes. (c) XRD patterns of various
sample of the nanotubes soaked in aqueous solutions with different pH
values each for 24 h. (d) UV-Vis diffuse reflectance spectrum of the
nanotubes.

nanotube with a thin wall is observed. The formation of these
nanotubes is expected to benefit from its 2D layered structure
(Fig. S1, ESIY) with large surface tension, as nanotubes tend to
become frizzled during their formation process for most 1D
inorganic nanomaterials.**>" X-ray diffraction (XRD) patterns
of the Mn-TBAPy-NT samples resemble those of the Mn-TBAPy-
SC single crystal (Fig. 1c and Fig. S2, ESIt), and the effective
coordination of the Mn-O bond confirmed in the FT-IR spectra
of Mn-TBAPy-SC is similarly observed for the Mn-TBAPy-NT
nanotubes (Fig. S3, ESIT), revealing its successful adoption of
the crystalline phase. Interestingly, Mn-TBAPy-NT can bear
aqueous solutions with a wide range of pH levels (Fig. 1c) with
good water stability and absorbs a wide range of wavelengths of
visible light with an edge at ca. 510 nm (Fig. 1d), similar to that
for Mn-TBAPy-SC (Fig. S4, ESIY).

In our experiments, we first investigated the activities of the
MOF photocatalysts with regards to the photocatalytic water
splitting to produce hydrogen.

Nanotubes of Mn-TBAPy-NT modified with a platinum coca-
talyst (denoted as Pt/Mn-TBAPy-NT) exhibit significantly pro-
moted photocatalytic water splitting to produce hydrogen from
aqueous solutions containing ascorbic acid (AA) as a sacrificial
agent under visible-light irradiation (Fig. 2a). Specifically, the
average H, evolution rate of Pt/Mn-TBAPy-NT (203.5 pmol h™*)
is around 36 times higher than that of Pt/Mn-TBAPy-SC
(5.6 umol h™"), and subjecting Pt/Mn-TBAPy-NT to multiple
time-course cycles demonstrate its good photochemical stability
(Fig. 2b). The good photocatalytic stability is further confirmed
by the lack of any obvious difference between the structures of
the Pt/Mn-TBAPy-NT before and after the photocatalytic reaction
(Fig. S5-S7, ESIt). Moreover, the measured apparent quantum
efficiency (AQE) values of water splitting to produce hydrogen
are strongly dependent on the irradiation wavelength, indicating

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Photocatalytic hydrogen evolution performance from water over a
Pt/Mn-TBAPy-NT sample under visible light irradiation. (a) Comparison of
H, evolution rates of Pt/Mn-TBAPy-NT and Pt/Mn-TBAPy-SC. (b) Curves
of multiple cycles of activity as a function of reaction time. (c) Apparent
quantum efficiencies (AQEs) under different irradiation wavelengths. (d)
Comparison of AQE values for typical water-stable MOF-type photocata-
lysts under irradiation of light with a wavelength of 420 + 10 nm unless
indicated otherwise.

that the water reduction reaction is driven by visible light
(Fig. 2¢). It is worth noting that the optimized AQE value for
the Pt/Mn-TBAPy-NT reaches about 11.7% at 420 & 10 nm, which
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is far higher than those of previous typical water-stable MOF-
based photocatalysts (Fig. 2d and Table S1, ESIt).

It is generally known that photocatalytic activity is integrally
determined by the efficiency of three basic processes, namely
light absorption, charge separation and surface catalytic
reactions.>™" In order to gain insight into the extraordinary
photocatalytic water splitting activity of Mn-TBAPy-NT nano-
tubes, the above basic processes are thus analyzed and dis-
cussed. First of all, as mentioned before, similar UV-Vis diffuse
reflectance spectroscopy curves are observed for Mn-TBAPy-NT
and Mn-TBAPy-SC (Fig. 1d and Fig. S4, ESIt). According to the
Tauc plot (Fig. S8, ESIt) and Mott-Schottky (Fig. S9, ESIT) plot,
both of them exhibit similar band gaps and conduction band
(CB) values, demonstrating their similar light absorption effi-
ciencies. Secondly, due to the similar amounts of Pt cocatalyst
loaded on Mn-TBAPy-NT and Mn-TBAPy-SC (Fig. S10 and Table
S2, ESIY), their surface catalytic efficiencies are expected to be
similar, despite their distinct surface areas (Fig. S11, ESIf).
However, it should be pointed out that even the H, evolution
rate normalized by the Pt content on Pt/Mn-TBAPy-NT is still
about 35 times higher than that of Pt/Mn-TBAPy-SC (Fig. S12,
ESIt). On the basis of the above results, we can reasonably
deduce that the markedly promoted activity of water splitting to
produce hydrogen on the Pt/Mn-TBAPy-NT nanotubes predo-
minantly results from the 1D nanotube structure promoting
charge separation.

To gain insight into the charge transfer processes in Mn-
TBAPy-NT and Mn-TBAPy-SC photocatalysts, we describe the
results first of femtosecond transient absorption (fs-TA)
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Fig. 3 Comparison of charge separation properties over Mn-TBAPy-SC, Mn-TBAPy-NT, Pt/Mn-TBAPy-SC, and Pt/Mn-TBAPy-NT samples. (a) and (b)
Normalized fs-TA kinetics probed at different indicated wavelengths. (c) and (d) Normalized TA decay kinetics on a sub-picosecond to microsecond time
window for (c) Mn-TBAPy-SC and Pt/Mn-TBAPy-SC probed at 630 nm, and (d) Mn-TBAPy-NT and Pt/Mn-TBAPy-NT probed at 609 nm. (e) Time-
resolved fluorescence decay kinetics, and (f) electrochemical impedance spectroscopy (EIS) Nyquist plots.
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measured to track the photo-induced carrier dynamics. As
given in Fig. S13 (ESIt), both samples show a negative bleach
peak at 450 nm, assigned as the ground-state bleach (GSB),
which is consistent with the UV-Vis absorption spectrum,
further indicating that the 1D morphology does not obviously
affect the light absorption (Fig. 1d and Fig. S4, ESIT). Besides
the bleach peak, their fs-TA spectra similarly exhibit two broad
photoinduced absorption (PIA) peaks, located at 609 nm and
690 nm for the Mn-TBAPy-NT sample or 630 nm and 730 nm for
the Mn-TBAPy-SC sample, and which can be assigned to the
internal charge-separated (ICS) state and the excitonic-state
absorption (ESA) of excitons,” respectively. The population of
the ICS (signal amplitude) state is significantly larger in Mn-
TBAPy-NT than in Mn-TBAPy-SC, which may be due to the
differences between the microenvironments of their coordination
bonds caused by the 1D nanotube structure. The result of fitting
their kinetics processes by multiexponential functions are shown
in Fig. 3a, b, and Table S3 (ESIt). It is worth noting that the
internal charge-separated (ICS) state lifetime on the Mn-TBAPy-NT
sample is obviously prolonged compared to Mn-TBAPy-SC. To
accurately determine the carrier lifetime, nanosecond transient
absorption (ns-TA) measurements on the nanosecond to micro-
second time scale were also taken, and TA kinetics covering the
entire fs-us time window were obtained after combining these
results with the results of fs-TA. The fitting results suggest the
average lifetime of ICS state in Mn-TBAPy-NT to be 255.6 ns
(Fig. 3c, d and Fig. S14, Table S4, ESIt), more than 50 times longer
than that of Mn-TBAPy-SC (4.6 ns). The long-lived (255.6 ns) ICS
state contributes to a markedly promoted photogenerated charge
separation efficiency of the nanotube structure. A similar trend
can be further confirmed by observation of obviously prolonged
photoluminescence (PL) lifetimes on the Mn-TBAPy-NT nano-
tubes (Fig. 3e and Table S5, ESIt), which may be related to the
enhanced delocalization of excitons in the ICS state.>
Moreover, Pt-modified Mn-TBAPy-NT photocatalysts exhibit
a markedly accelerated recovery of TA kinetics compared with
Pt-modified Mn-TBAPy-SC according to the fs-TA and ns-TA
experimental results (Fig. 3¢, d and Fig. S15, S16, Tables S3, 54,
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ESIt), and a faster decay of carriers is also observed according
to an analysis of their photoluminescence (PL) (Fig. 3e and
Table S5, ESIT), demonstrating an additional promotion of the
efficient extraction of electrons from the ICS state of Mn-TBAPy-
NT. In short, the long lifetime of the ICS state is the key
parameter for effective charge separation in the photocatalytic
H, evolution process, and incorporation of Pt cocatalyst further
fosters charge separation.

To further understand the charge-transfer behavior of the
1D Mn-TBAPy-NT nanotubes, photoelectrochemical assays were
executed. The 1D Mn-TBAPy-NT nanotubes exhibit significantly
lower resistance to charge transfer than does Mn-TBAPy-SC
(Fig. 3f and Table S6, ESIt), with a similar result found for the
Pt-modified Mn-TBAPy-NT and Mn-TBAPy-SC samples, indicating
a more effective charge-transfer process for the 1D Mn-TBAPy-NT
nanotubes. Meanwhile, Hall measurements were taken to evalu-
ate the carrier density in Mn-TBAPy-NT, showing it to be about 2
times higher than the carrier density of Mn-TBAPy-SC (Table S7,
ESIT). All the above results taken together reveal a more efficient
charge separation and enhanced charge transport for the 1D Mn-
TBAPy-NT material than for Mn-TBAPy-SC, features expected to be
quite responsible for the markedly promoted photocatalytic
hydrogen evolution rate of 1D Mn-TBAPy-NT.

To understand the better charge separation displayed by the
Mn-TBAPy-NT nanotubes than by Mn-TBAPy-SC, we further
performed X-ray absorption fine structure spectroscopy (XAFS),
specifically to investigate possible differences in electronic
structure and atomic coordination between the Mn-TBAPy-NT
nanotubes and Mn-TBAPy-SC. As shown in Fig. 4a, b and
Fig. S17, Table S8 (ESIt), the Mn absorption edge shows a
slightly positive shift from Mn-TBAPy-SC to Mn-TBAPy-NT
according to the corresponding X-ray absorption near-edge
spectroscopy (XANES) analysis (Fig. 4a). A similar peak shift
of the Mn 2p binding energy is observed in their X-ray photo-
electron spectra (XPS) as well (Fig. S18, ESIY), leading to a
difference between their average Mn valences. The Fourier-
transform curve of the Mn K-edge EXAFS data of the Mn-
TBAPy-NT nanotubes shows a dominant broad Mn-O peak at
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Fig. 4 Characterizations of the effect of strain on the 1D Mn-TBAPy-NT nanotubes with a Mn-TBAPy-SC single crystal as a reference: (a) Mn K-edge
XANES of the MOFs and reference samples (inset: zoomed-in image), (b) Fourier-transform curves of the Mn K-edge EXAFS spectra of the indicated
MOFs and reference samples, and (c) Raman spectra of Mn-TBAPy-NT and Mn-TBAPy-SC measured with 785-nm-wavelength light excitation.
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1.6 A, and the Mn-TBAPy-NT nanotubes show a slightly
decreased coordination number relative to Mn-TBAPy-SC
(Fig. 4b and Table S8, ESIt). The slight difference between the
samples may be attributed to the effect of strain on the 1D MOF
nanotubes, specifically due to separate compression inside and
stretching outside of the nanotubes, as widely observed during
the process of rolling up 2D nanosheets of inorganic nanoma-
terials into 1D nanotubes.**** Furthermore, an obvious differ-
ence between Mn-TBAPy-NT and Mn-TBAPy-SC is observed in
their Raman spectra peak positions relating to the Mn-O coor-
dination stretching® (Fig. 4c), and this difference demonstrates
a change between the local Mn environment of Mn-TBAPy-NT
and that of Mn-TBAPy-SC, as can be further supported by EPR
results (Fig. S19, ESIT). It is worth noting that the strain effect
has been recently demonstrated to favor charge separation and
benefit photocatalysis,*®*>” which is here also expected to be
responsible for the significantly promoted charge separation and
transfer observed in the nanotube. The significantly shortened
distance for charge transfer due to the thinness of the nanotubes
may provide another benefit for the photocatalysis.

Conclusions

In summary, we for the first time synthesized 1D Mn-TBAPy-NT
MOF nanotubes displaying good stability in water and able to
absorb a wide range of wavelengths of visible light for promising
photocatalytic water splitting, based on which the AQE of hydro-
gen evolution on the optimized platinum-modified Mn-TBAPy-NT
photocatalyst reaches 11.7% at 420 £+ 10 nm, higher than that of
the state-of-the-art water-stable MOF-based photocatalysts. The
strain effect and thinness of the nanotube wall originating from
the special 1D nanotube structure of Mn-TBAPy-NT are proposed
to favor charge separation, leading to the observation of a long-
lived internal charge-separated (ICS) state, and hence highly
responsible for the significantly promoted hydrogen evolution
relative to that of the single crystal. This work not only proves the
feasibility of 1D nanotubes in promoting photocatalytic perfor-
mances, but also provides an alternative strategy of promoting
charge separation of MOF-type photocatalysts.
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