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Abstract: As an effective method to modulate the
physicochemical properties of materials, crystal phase
engineering, especially hetero-phase, plays an important
role in developing high-performance photocatalysts.
However, it is still a huge challenge but significant to
construct porous hetero-phase nanostructures with ad-
justable band structures. As a kind of unique porous
crystalline materials, metal-organic frameworks (MOFs)
might be the appropriate candidate, but the MOF-based
hetero-phase is rarely reported. Herein, we developed a
secondary building unit (SBU) regulating strategy to
prepare two crystal phases of Ti-MOFs constructed by
titanium and 1,4-dicarboxybenzene, i.e., COK and MIL-
125. Besides, COK/MIL-125 hetero-phase was further
constructed. In the photocatalytic hydrogen evolution
reaction, COK/MIL-125 possessed the highest H, yield
compared to COK and MIL-125, ascribing to the Z-
Scheme homojunction at hetero-phase interface. Fur-
thermore, by decorating with amino groups (i.e., NH,-
COK/NH,-MIL-125), the light absorbing capacity was
broadened to visible-light region, and the visible-light-
driven H, yield was greatly improved. Briefly, the MOF-
based hetero-phase possesses periodic channel struc-
tures and molecularly adjustable band structures, which
is scarce in traditional organic or inorganic materials. As
a proof of concept, our work not only highlights the
development of MOF-based hetero-phase nanostruc-
tures, but also paves a novel avenue for designing high-

performance photocatalysts. )

Introduction

As an interdisciplinary subject in chemistry, pharmacology,
physics and material science, crystal phase engineering has
been deeply studied for a long time in organic and inorganic
materials, and is full of fundamental and practical
significance.l'! In the field of organic solids, crystal phase
engineering is dominated by modulating the arrangement of
organic molecules, which directly influences their band
structures, electron-phonon couplings, interlayer electronic
couplings and other intrinsic properties.”) Hence, crystal
phase engineering plays an important role in regulating the
performance of organic optoelectronic devices, such as non-
linear optics, LED, FET, solar cell and so on.P! In contrast,
the crystal phase of inorganic materials is derived from the
atomic arrangement or stacking sequence.[! Taking transi-
tion metal dichalcogenides (TMDs) as a typical example, the
1T, 1T° and 2H phases of MoS, with different atomic
arrangements exhibit conducting, semimetallic and semi-
conducting properties, respectively.”! Besides, as for semi-
conducting metal oxides, the rutile and anatase phases of
TiO, possess different energy levels, and the Z-scheme
junction in rutile/anatase TiO, hetero-phase is beneficial for
facilitating the separation of photogenerated electrons and
holes, which improves the photocatalytic activity.[®

Clearly, in crystal phase engineering, organic solids and
inorganic materials possess their unique advantages, respec-
tively. The band structures of organic materials can be
precisely regulated at the molecular scale.”) The different
atomic arrangements of inorganic materials can affect the
coordination environment of catalytic sites, which plays an
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important role in optimizing their catalytic performance.”
In practical applications, hetero-phase composites not only
combine advantages of different phases, but also possess
synergistic effect of two phases, which exhibits superior
performance than pure phases. Hence, more and more
attention has been paid on the design and construction of
hetero-phase structures. For combining the advantages of
organic and inorganic materials, it is a reliable and effective
approach to construct inorganic-organic hybrid hetero-phase
nanostructures (Figure 1 and Scheme S1). However, most of
them are based on coordination polymers (CPs) without
periodic channel structures, impeding their further develop-
ment especially in catalysis.”’ As a type of inorganic-organic
hybrids, metal-organic frameworks (MOFs) possess periodic
porous structures, excellent compatibility, tailorable func-
tionality and other advantages, and hence have been widely
applied in various fields."” As for MOFs, their crystal
phases are identified as different crystal structures composed
of the same metal ions and organic ligands, which are also
named as framework isomers."! In recent decades, a large
number of crystal structures of MOFs and diverse types of
MOF-based composites have been designed and
synthesized."” However, the hetero-phase nanostructure of
MOFs is still rarely reported so far due to the lack of
synthetic strategies for different phases of MOFs. Normally,
the different crystal phases of MOFs are prepared by slightly
twisting the crystal structures, which can regulate the
catalytic performance to some extent.'™ As for the prepara-
tion of crystal phases with larger difference in lattice
parameters, it is still a huge challenge, but might bring new
perspectives to practical applications.

Given the inorganic-organic hybrid property, the crystal
phase of MOFs is heavily dependent on the coordination
configuration and structures of organic ligands."! As the
important metal nodes in frameworks, secondary building
units (SBUs) not only greatly influence the coordination
configuration which directly regulates the crystal structure
of MOFs, but also affect their intrinsic properties (e.g.,
catalytic properties and conductivity)."”) SBUs endow
framework with unsaturated coordination metals as active
sites for catalysis."”! Besides, the conductivity of framework
is heavily dependent on the dimension of SBUs. The chain-
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based MOFs possess similar conductivity with nanoscale
metal oxides, but the conductivity of cluster-based counter-
part is negligible.'”? Based on these, it might be an effective
and reliable approach to regulate the crystal phases of
MOFs via changing SBUs (Figure 1), which can effectively
optimize the performance of MOFs in multitudinous
applications.

Herein, we developed an SBU regulating strategy to
construct the MOF-based hetero-phase nanostructure for
photocatalysis. Ti-MOFs are regarded as semiconductor
photocatalysts and possess similar photocatalytic properties
with TiO,.'"! Among these, two crystal phases of Ti-MOFs
(i.e., MIL-125 and COK) were both composed of titanium
and 1,4-dicarboxybenzene (BDC). As one of the most
common MOFs, MIL-125 was composed of TizO; clusters
and BDC, and its specific surface area was much larger than
that of COK. In contrast, defect-rich Ti—O sheets acted as
two-dimensional infinite SBUs in the framework of COK,
which meant abundant catalytic sites in this novel phase. In
addition, both the experimental and theoretical calculation
results revealed that these two phases possessed different
energy levels, and a Z-scheme homojunction could be
constructed in COK/MIL-125 hetero-phase nanostructure,
which could facilitate the separation of photogenerated
electrons and holes. As a result, COK/MIL-125 possessed
the best photocatalytic activity for hydrogen evolution, with
H, yield of 3055.6 ymol-g'-h~', much higher than those of
MIL-125 (416.6 ymol-g~'-h™"), COK (2054.3 umol-g~'-h™")
and COK +MIL-125 (882.7 umol-g*-h™'). Not only that, by
decorating amino groups on BDC ligands, the band
structures of the two phases could be regulated, and the light
absorbing region was broadened to visible-light region.
Hence, the as-synthesized NH,-COK/NH,-MIL-125 realized
the visible-light-driven photocatalytic hydrogen evolution
(2277.9 umol-g~'-h™"), which was also superior to the two
single phases (i.e., NH,-COK and NH,-MIL-125). As for this
kind of novel hetero-phase nanostructure, the capacity of
charge transfer, porosity and metal catalytic sites could all
be regulated by the SBUs. The last but not least, the energy
levels could also be adjusted at the molecular level. Based
on the above-mentioned, our work not only contributes to
the crystal phase engineering research in MOFs, but also

Crystal phase engineering: hetero-phase

Metal-organic frameworks

@) Metal cluster 1#

@ Metal cluster 2#

I Organic ligand

Phase | Phase ll Hetero-phase (Phase l/ll)

This work (Porous inorganic-organic hybrlds)

Advantages of MOF-based hetero-phase:

1. Regulated coordinative environment of metal
sites. (= inorganic materials)

2. Adjustable energy levels at molecular scale.
(= organic materials)

3. Periodical channel structures. (uniqueness)

Figure 1. The schematic diagram of crystal phase engineering in material science and the hetero-phase composites. This work aims at constructing
a novel kind of porous inorganic-organic hybrid hetero-phase, i.e., MOF-based hetero-phase.
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provides a novel avenue for designing high-performance
functional composites.

Results and Discussion

The two crystal phases of MOFs were both composed of
titanium and BDC, and successfully prepared via the
solvothermal approach, as shown in Figure 2a. Formic acid
and acetic acid were employed as acid modulator to regulate
the dynamic process of MOFs self-assembly,*! and hence
COK and MIL-125 were successfully prepared, respectively.
In the crystal structure of COK, the two-dimensional Ti—O
sheet SBUs were constructed by u,—O bridged double chains
of Ti(IV)Oy4 octahedra, and the two adjacent Ti—O sheets
were connected by BDC ligands to form a three-dimensional
framework (Figure 2a). As for the other crystal phase (MIL-
125), TigOy cluster SBUs were the cyclic octamers of edge-
and corner-sharing TiOs(OH) octahedra, which were further
linked by BDC to form a three-dimensional porous
structure. Two kinds of cages in MIL-125 formed the
octahedral and tetrahedral vacancies, which guaranteed the
excellent mass transfer in this framework. Transmission
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electron microscopy (TEM) and scanning electron micro-
scopy (SEM) images showed that the morphologies of COK
and MIL-125 were woolen balls and disks, respectively
(Figures S1-S4). The uniform morphology indicated the
pure crystal structures of as-prepared samples. Following,
the powder X-ray diffraction (PXRD) profiles of as-
prepared COK and MIL-125 were both consistent with the
refinement results, as shown in Figures S5 and S6. The
above-mentioned results all confirmed that two kinds of
crystal phases (i.e., COK and MIL-125) were successfully
prepared.

Following, the physicochemical properties of COK and
MIL-125 were further characterized. The Brunauer-Emmet-
Teller (BET) measurement results revealed that the specific
surface area of MIL-125 (1436.0 m*-g ') was much higher
than that of COK (119.9 m?-g™"), which was also consistent
with their crystal structures (Figure S7 and Table S1).
Thermal gravity (TG) results demonstrated that the thermal
stability of COK was better than that of MIL-125 (Fig-
ure S8). As for the chemical stability, the crystal structure of
COK could be maintained in an acidic aqueous solution
(pH=1) for 12 h, but the MIL-125 was totally destroyed and
dissolved into the solution (Figures S9 and S10). When these
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Figure 2. (a) Schematic diagram showing the synthesis of COK and MIL-125 via acid regulation. (b) The energy levels of COK and MIL-125 based
on experimental results. Electronic band structure (left) and PDOS on orbitals (right) of COK (c) and MIL-125 (d). Visualization diagrams of VBM
(e) and CBM (f) of COK in real space. Visualization diagrams of VBM (g) and CBM (h) of MIL-125 in real space. Hydrogen atoms are omitted for

clarity.
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samples were placed in alkaline solutions (pH=12), the
XRD profiles demonstrated that both COK and MIL-125
maintained their crystalline structures (Figure S11). Based
on these results, both the thermal and chemical stabilities of
COK were better than those of MIL-125. This might be
attributed to the different SBUs of the two phases. The
metal sites and kinetics of charge transfer in two phases
were further studied by the electron paramagnetic resonance
(EPR) and electrochemical impedance spectroscopy (EIS),
respectively. In the EPR spectra (Figure S12), the strong
signal at g=2.002 for COK revealed the abundant oxygen
vacancies in Ti—O sheet SBUs, but a negligible peak was
observed in the profile of MIL-125. The results of X-ray
photoelectron spectroscopy (XPS) showed that the content
of oxygen vacancies in COK was indeed higher than that of
MIL-125 (Figure S13). It was further demonstrated that
COK possessed more open metal sites than MIL-125. As
shown in Figure S14, compared with MIL-125, COK ex-
hibited a smaller radius of semicircular arc in the Nyquist
plot, signifying that the charge transfer in COK was more
favorable than that in MIL-125. Based on the previous
report, the electrical conductivity of MOFs was positively
related to the dimensions of SBUs,!"”! and hence the better
charge transfer in COK was attributed to the two-dimen-
sional Ti—O nanosheet SBUs.

Ti-MOF is a kind of semiconductor material, and thus its
band structure is an important intrinsic property. The
conduction band (E;) of COK was characterized to be
—0.81 V (vs. NHE) by Mott-Schottky plot, and the Tauc
plot results revealed that the band gap (E;) of COK was
3.00eV (Figure S15). Then the valence band (E,) was
calculated as 2.19 V (vs. NHE). Similarly, the E., E; and E\,
of MIL-125 were determined as —0.70V, 3.48 ¢V and
278 V, respectively (Figure S16). Then the energy levels of
COK and MIL-125 were systematically summarized in
Figure 2b. To comprehensively elucidate and gain a clear
understanding of the correlations between crystal phases
and band structures, the in-depth exploration of the
electronic structures of COK and MIL-125 was conducted
utilizing the PBEsol density function within the framework
of density functional theory (DFT). As shown in Figures 2¢
and 2d, the electronic band structure and projected density
of states (PDOS) calculations revealed that the Fermi levels
of COK and MIL-125 were both close to their valence
bands, revealing the p-type semiconductor behavior. Nota-
bly, the calculated band gap was 2.59 eV for COK and
3.02 eV for MIL-125, slightly smaller than the experimental
results (Table S2), which was attributed to the inherent
tendency of DFT calculations to underestimate band gaps."
The detailed analysis for the compositions of valence and
conduction bands was conducted by scrutinizing PDOS with
regards to elements and orbitals, and then the visualization
diagrams showed valence band maximum (VBM) and
conduction band minimum (CBM) wave functions in real
space (Figures 2e-2h). Based on the results of PDOS, VBM,
and CBM investigations, the p orbitals of C and O on
organic ligands contributed to the valence bands. Addition-
ally, the conduction bands of both COK and MIL-125 were
mainly dependent on p orbitals of C and O in organic
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ligands, as well as d orbitals of Ti. This pattern reflects a
consistent six-coordinated octahedral orbital hybridization
coordination mode in both COK and MIL-125. Moreover,
the energy gap (E,—Ey) between VBM and Fermi level of
COK (0.24 V) was similar to that of MIL-125 (0.28 V),
attributing to the comparable p orbitals of C and O offered
by the same organic ligand (i.e., BDC). Hence, it was further
demonstrated that VBM of MOF was heavily dependent on
the p orbitals of C and O. In contrast, the energy gap
(Ec—Ep) between CBM and Fermi level of COK-BDC
(2.35eV) was significantly smaller than that of MIL-125
(2.74 eV), closely tied to the different SBUs in their frame-
works. Hence, the the orbitals of Ti and O of SBUs played
crucial roles in shaping the CBM.

Based on the above-mentioned results, the as-synthe-
sized two phases of Ti-MOFs exhibited different physico-
chemical properties. MIL-125 with larger BET specific area
possessed better mass transfer for substrate molecules. In
contrast, the unique SBUs (i.e., two-dimensional infinite
Ti—O sheet) endowed COK with abundant catalytic sites
and more favorable channels for charge transfer, which
meant the higher catalytic activity and better charge transfer
within frameworks. The last but not the least, the band
structures of Ti-MOFs could be regulated by the crystal
phases. Hence, crystal phase engineering played an impor-
tant role in modulating the intrinsic properties of MOFs.

Each phase of Ti-MOF possesses its unique advantages,
and the MOF-based hetero-phase could not only combine
their advantages, but also benefit the separation of photo-
generated carriers via the homojunction at hetero-phase
interface. Herein, via an acid regulating strategy, two phases
of Ti-MOFs (i.e., COK and MIL-125) have been synthe-
sized, and the most important is that COK and MIL-125
possessed different band structures. In thermodynamics, it is
possible to construct Z-scheme homojunction at the hetero-
phase interface between COK and MIL-125, which might be
beneficial for optimizing the separation of photo-generated
carriers.

Following, the COK/MIL-125 hetero-phase nanostruc-
ture was constructed by growing MIL-125 around the COK
nanospheres via the interaction of coordination bonds (Fig-
ure 3a). The bright and dark field TEM images clearly
showed that the COK nanospheres were incorporated in
MIL-125 octahedron (Figures3b and 3c). As shown in
Figure S17, the HRTEM image further revealed the main-
tained crystal lattice of incorporated COK. Besides, as
shown in Figure 3d, the characteristic peaks of MIL-125 and
COK could be both observed in the XRD profile of as-
prepared COK/MIL-125, signifying the presence of two
phases in the as-prepared nanostructure. The SEM image of
COK/MIL-125 also verified the successful preparation of
hetero-phase nanostructures (Figure S18). However, as for
the above-mentioned TEM and SEM images, the sample
was only observed from a single direction, which prelimi-
narily demonstrated that COK was embeded into MIL-125.
To further reveal the unique hetero-structure of COK/MIL-
125, the target sample should be observed from different
angles. The sample was observed along with the clockwise
(—20°, —40° and —50°) and anticlockwise (20°, 40° and 50°)
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Figure 3. (a) Schematic diagram of preparing COK/MIL-125 hetero-phase. The bright-field TEM (b), dark-field TEM (c) images and XRD profile (d)
of as-synthesized COK/MIL-125 hetero-phase nanostructure. (e) The TEM images of COK/MIL-125 viewed from different angles.

rotation, as shown in Figure 3e. These TEM images viewed
from different angles showed that the target COK nano-
particle labeled in red circle was indeed incorporated in
MIL-125, hence certifying that COK was incorporated into
MIL-125 rather than on its surface. As shown in Figure S19,
the BET measurement results revealed that the specific
surface area of COK/MIL-125 (600.0 m*-g™') was higher
than that of COK (119.9 m?*.g') but lower than that of
MIL-125 (1436.0 m*-g*). In addition, the as-prepared COK/
MIL-125 possessed similiar thermal stability with COK and
MIL-125 (Figure S20). These results indicated that the
COK/MIL-125 hetero-phase nanostructure was successfully
synthesized and could be employed for further applications.

In the photocatalytic hydrogen evolution reaction
(HER), the samples’ light absorbing range is very important
for their photocatalytic performance. Based on UV/Vis
spectra, the light absorbing capacities of MIL-125, COK and
COK/MIL-125 mainly covered on UV region (Figure 4a).
Due to the large band gap, the photogenerated electrons
and holes of COK or MIL-125 were mainly derived from
UV radiation, and hence the full-spectrum radiation was
employed in the photocatalytic HER. As shown in Figure 4b
and Table S3, COK/MIL-125 hetero-phase showed the high-
est H, yield of 3055.6 umol-g~'-h™', in comparison with
MIL-125 (416.6 pmol-g'-h™") and COK
(2054.3 ymol-g'-h™'). Besides, the physically mixed sample
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Figure 4. (a) UV/Vis spectra of MIL-125, COK and COK/MIL-125.
(b) H, yields of MIL-125, COK, physical mixture sample (i.e., COK
+ MIL-125) and COK/MIL-125. (c) EPR measurements of MIL-125,
COK, and COK/MIL-125. (d) The schematic diagram of Z-scheme
homojunction in COK/MIL-125 hetero-phase.
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(COK + MIL-125) was prepared as the counterpart sample
(Figure S21 and S22), and only exhibited 882.7 umol-g *-h™*
H, yield much lower than that of COK/MIL-125, indicating
that the unique hetero-phase nanostructure played an
important role in improving the photocatalytic activity. The
control experiments demonstrated that the illumination,
MOF photocatalyst and sacrificial agent were all the
essential factors for photocatalytic HER (Figure S23 and
Table S4). In the absence of Pt, the H, yield was only
29.3 umol-g~'-h™" much lower than that of normal condition.
Hence, it was demonstrated that Pt as the co-catalysts
played an important role in improving the photocatalytic
hydrogen evolution performance. The XRD profiles of the
COK, MIL-125 and COK/MIL-125 after photocatalytic tests
were still consistent with those of fresh samples, demonstrat-
ing that the crystal structures of these MOF photocatalysts
could be well maintained during photocatalysis (Figure S24).
After photocatalysis, the TEM image of used COK/MIL-125
showed that COK was still incorporated in MIL-125, and
HTREM images showed the maintained the crystal lattice of
COK (Figure S25 and S26), which revealed the stable
structure of COK/MIL-125. In the cyclic experiments, the
photocatalytic activity of COK/MIL-125 could be main-
tained in 6 cycles (Figure S27), which further demonstrated
its stability in photocatalysis.

Based on these results, the superior photocatalytic
activity could be attributed to the hetero-structure of COK/
MIL-125, and it was possible to construct Z-scheme
homojunction at the hetero-phase interface between COK
and MIL-125. For revealing reduction position for hydrogen
evolution, the EPR analysis was employed to detect the spin
active *O,  species using 5,5-dimethyl-1-pyrroline N-oxide
(DMPO) as the trapping agent. As shown in Figure 4c, the
DMPO-*0O," signal of COK was higher than that of MIL-
125, and COK/MIL-125 showed the highest signal, indicating
that photogenerated electron was finally transferred to COK
for reduction reaction. Based on the ultraviolet photo-
electron spectroscopy (UPS) results, working functions
(WFs) of COK and MIL-125 were determined as 5.0 and
5.4 eV (Figure S28). After contact, the Fermi levels of COK
and MIL-125 were equilibrated, and the internal electric
field directed from COK to MIL-125 was formed. Due to
the internal electric field, the photogenerated electrons
transferred from MIL-125 to COK (Figure S29), further
demonstrating the Z-scheme junction between COK and
MIL-125. The schematic diagram of Z-scheme homojunction
was shown in Figure 4d. Hence, the superior photocatalytic
activity of COK/MIL-125 nanostructure was contributed to
the Z-scheme homojunction at the hetero-phase interface.

The band gaps of COK, MIL-125 and COK/MIL-125 are
so large that excited electrons and holes can not be photo-
generated under visible-light radiation, which greatly im-
pedes their further development. Hence, it is of significance
to broaden the light absorbing range of MOFs for efficient
photocatalysis. Based on the previous literatures,' it is an
effective approach to broaden the range of light absorbing
for MOFs via decorating organic ligands with amino func-
tional groups.
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In this work, we introduced a certain amount of NH,-
BDC into the framework of COK and MIL-125 to construct
the mix-ligand (i.e., BDC and NH,-BDC) MOFs. These
MOFs containing NH,-BDC were named as NH,-COK,
NH,-MIL-125 and NH,-COK/NH,-MIL-125. TEM and SEM
images showed that the morphologies of NH,-COK and
NH,-MIL-125 still kept coarse yarn balls and octahedral
analogues, respectively (Figures S30-S33). The PXRD pro-
files of these samples were also consistent with the simulated
results (Figures S34 and S35). Based on the EPR results, the
NH,-COK possessed more oxygen vacancy than NH,-MIL-
125 (Figure S36), and BET results showed that the specific
surface area of NH,-MIL-125 was larger than that of NH,-
COK (Figures S37, S38 and Table S1). In the measurements
of chemical stability, NH,-COK showed better stability than
NH,-MIL-125 in the acid aqueous solution (Figures S39-
S41). In general, the crystal structures of mix-ligand MOFs
were still consistent with those of single-ligand MOFs, and
their morphology and stability could also be maintained to
some extent.

As for photocatalytic applications, the introduction of
NH,-BDC aims at regulating band structures of MOFs. The
E of NH,-COK was characterized to be —0.81 V (vs. NHE)
by Mott-Schottky plot, and the Tauc plot revealed that the
E; of NH,-COK was 2.74 eV (Figure S42). Then the E, was
calculated to be 1.93 V (vs. NHE). Similarly, the E, E; and
E, of NH,-MIL-125 could be determined to be —0.70 V,
2.73 eV and 2.03V, respectively (Figure S43). The energy
levels of NH,-COK and NH,-MIL-125 were summarized in
Figure Sa.

Following, via a similar liquid epitaxial growth, NH,-
COK could also be incorporated into NH,-MIL-125 (Fig-
ure 5b), and the HRTEM image showed the clear crystalline
fringe on the surface of embedded NH,-COK (Figure S44).
As shown in Figure 5c, the energy dispersive X-ray spectro-
scopy (EDS) element mapping showed the even distribution
of N in NH,-COK/NH,-MIL-125, which demonstrated the
uniform introduction of NH,-BDC in the hetero-phase
nanostructure. Additionally, the XRD results showed that
both the characteristic peaks of two phases could be
observed in the profile of NH,-COK/NH,-MIL-125 (Fig-
ure 5d). These results indicated that the NH,-COK/NH,-
MIL-125 hetero-phase nanostructure was successfully pre-
pared. As shown in Figure S45, the specific surface area of
NH,-COK/NH,-MIL-125 (489.9 m*-g"') was higher than
that of NH,-COK (66.5 m*-g™") but lower than that of NH,-
MIL-125 (1223.4 m*-g™"). UV/Vis spectra showed that these
NH,-groups-decorated samples possessed excellent light
absorbing capacity in the visible-light range (Figure Se).
Hence, the following photocatalytic HER measurements
were conducted under visible light. As expected, the samples
without NH, groups (i.e., COK, MIL-125 and COK/MIL-
125) were not capable of photocatalyzing hydrogen evolu-
tion under visible-light radiation (Figures S46 and Table S5).
After the introduction of NH, groups, NH,-MIL-125, NH,-
COK, physical mixture (NH,-COK+NH,-MIL-125) and
hetero-phase NH,-COK/NH,-MIL-125 exhibited H, yields
of 328.6, 1447.3, 398.3 and 2277.9 pmol-g~'-h™", respectively
(Figure 5f and Table S6). As expected, the hetero-phase
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Figure 5. (a) The band structures of NH,-COK and NH,-MIL-125. (b) TEM image of NH,-COK/NH,-MIL-125 hetero-phase nanostructure. EDS
element mapping (c) and XRD profile (d) of NH,-COK/NH,-MIL-125. UV/Vis spectra (e) and visible-light driven H, yields (f) of NH,-MIL-125,
NH,-COK, physical mixture sample (NH,-COK+ NH,-MIL-125) and NH,-COK/NH,-MIL-125 hetero-phase nanostructure.

nanostructure containing NH, groups possessed the highest
photocatalytic activity. Under full-spectrum radiation, the
H, yield of NH,-COK/NH,-MIL-125 (3924.0 ymol-g*-h™")
was higher than that of COK/MIL-125
(3055.6 ymol-g~'-h™"), which could be ascribed to the
enhanced visible-light absorption (Figure S47). Besides, the
Z-scheme homojunction in NH,-COK/NH,-MIL-125 was
also determined by EPR results (Figure S48), which played
an important role in achieving the superior photocatalytic
activity. After photocatalysis, the PXRD profiles of used
MOF-based photocatalysts still kept consistent with those of
fresh samples (Figure S49), signifying their stability during
photocatalysis. In the cyclic experiments, the photocatalytic
activity of NH,-COK/NH,-MIL-125 could be maintained in
6 cycles (Figure S50), which further demonstrated its stabil-
ity in photocatalysis.

Based on these results, the band structures of compo-
nents in MOF-based hetero-phase nanostructure can be
regulated at the molecular scale via functionalizing organic
ligands with NH, groups. Besides, it is further demonstrated
that the hetero-phase structure is indeed beneficial for
improving photocatalytic performance. In comparison with
previous MOF-based photocatalyst, the as-synthesized
MOF-based hetero-phase nanostructures also exhibited
excellent photocatalytic activity (Table S7).

To reveal the superiority of MOF-based hetero-phase
nanostructure, the kinetics of photogenerated carriers
should be further studied. The photoluminescence (PL)
spectra showed that the fluorescence intensity of NH2-
COK/NH2-MIL-125 was the lowest in comparison with
those of NH,-COK and NH,-MIL-125 (Figure 6a), demon-
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strating that the highest separation efficiency of photo-
generated carriers in the hetero-phase. In the photocurrent
measurements, the photocurrent density of the NH,-COK/
NH,-MIL-125 was higher than those of NH,-COK and NH,-
MIL-125 (Figure 6b), indicating that the hetero-phase
structure was beneficial for facilitating charge transfer.
Moreover, the values of semicircular radius of EIS Nyquist
plots for these samples were in a gradually decreased order
of NH,-MIL-125 > NH,-COK > NH,-COK/NH,-MIL-125
(Figure 6¢), further revealing the effect of hetero-phase on
boosting charge transfer. In the NH,-COK/NH,-MIL-125
hetero-phase nanostructure, the excellent charge separation
efficiency would cause more photogenerated charges en-
riched on the surface of catalysts. The surface photovoltage
(SPV) was directly related to the charge density on the
surface of photocatalysts, which could be probed by the
Kelvin probe force microscopy (KPFM). The contact
potential difference changes (ACPD) were obtained by
different SPV values between potential images in the dark
and light. In comparison with those of NH,-COK and NH,-
MIL-125, the ACPD value of NH,-COK/NH,-MIL-125 was
the highest (Figures 6d-6f, S51 and S52), signifying the
highest separation efficiency of photogenerated electrons
and holes in NH,-COK/NH,-MIL-125. The similar phenom-
ena also occurred in the measurement results of COK, MIL-
125 and COK/MIL-125 (Figures S53-S59). In general, the
above-mentioned evidences all demonstrated that the het-
ero-phase nanostructure was beneficial for improving the
separation of photogenerated electrons and holes to realize
the more efficient photocatalysis.
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Figure 6. PL spectra (a), photocurrent measurements (b) and EIS Nyquist plots (c) of NH,-MIL-125, NH,-COK and NH,-COK/NH,-MIL-125. The
differential SPV images of NH,-COK/NH,-MIL-125 between potential images (d) in dark and (e) under irradiation. (f) ACPD in dark and under

illumination of NH,-MIL-125, NH,-COK and NH,-COK/NH,-MIL-125.

Conclusions

We developed an SBU regulating strategy to construct
MOF-based hetero-phase nanostructure (i.e., COK/MIL-
125). The two phases in this hetero-phase nanostructure
possessed different physicochemical properties. As the
common phase, MIL-125 was constructed by TizOg clusters
and BDC, forming a three-dimensional porous structure
with a large specific area. As a novel phase, COK containing
Ti—O sheet SBUs possessed excellent capacity of charge
transfer and abundant catalytic sites. Via the liquid-phase
epitaxial growth, COK was incorporated into MIL-125, and
the COK/MIL-125 hetero-phase nanostructure was pre-
pared. In the photocatalytic hydrogen evolution under full-
spectrum radiation, COK/MIL-125 hetero-phase exhibited
the highest H, yield than COK and MIL-125, in which the
Z-scheme homojunction in hetero-phase boosted the separa-
tion of photogenerated carriers. After introducing NH,-
BDC, the light absorbing capacities of these MOF samples
were broadened to visible light range. Under the radiation
of visible light, the as-synthesized NH,-COK/NH,-MIL-125
still showed the best photocatalytic activity compared with
NH,-COK and NH,-MIL-125. This MOF-based hetero-
phase nanostructure not only possessed periodic porous
channel, but also realized the molecular-scale regulation of
band energy levels. Hence, the MOF-based hetero-phase
nanostructure combined the features of traditional organic
and inorganic based hetero-phase composites, and possessed
its unique advantages. As a proof of concept, this work on
constructing MOF-based hetero-phase paves a novel avenue
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for designing and constructing functional composites for
various applications.
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