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Charge Separation by Creating Band Bending in Metal-Organic
Frameworks for Improved Photocatalytic Hydrogen Evolution

Chenxi Zhang, Chenfan Xie, Yuying Gao, Xiaoping Tao, Chunmei Ding, Fengtao Fan, and

Hai-Long Jiang*

Abstract: Metal-organic frameworks (MOFs) have been
intensively studied as a class of semiconductor-like
materials in photocatalysis. However, band bending,
which plays a crucial role in semiconductor photo-
catalysis, has not yet been demonstrated in MOF photo-
catalysts. Herein, a representative MOF, MIL-125-NH,,
is integrated with the metal oxides (MoO; and V,Os)
that feature appropriate work functions and energy
levels to afford the corresponding MOF composites.
Surface photovoltage results demonstrate band bending
in the MOF composites, which gives rise to the built-in
electric field of MIL-125-NH,, boosting the charge
separation. As a result, the MOF composites present 56
and 42 times higher activities, respectively, compared to
the pristine MOF for photocatalytic H, production.
Upon depositing Pt onto the MOF, ~6 times higher
activity is achieved. This work illustrates band bending
of MOFs for the first time, supporting their semi-
conductor-like nature, which would greatly promote
MOF photocatalysis. )

Introduction

Solar energy can be converted into chemical energy by
photocatalytic processes, which is considered a promising
solution to the current energy crisis and environmental
pollution issues.'! However, the poor separation efficiency
of photogenerated carriers poses a significant challenge
toward the further development of photocatalysis.”! Various
strategies have been developed to meet this challenge,
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including the common approaches, for example, the con-
struction of a heterojunction or Z-/S-scheme,* the for-
mation of defects,” introduction of cocatalyst,® and crystal
facet engineering.”) In addition, on the prerequisite of
possessing appropriate work functions and energy levels,
some metal oxides are able to act as the regulator to tune
the Fermi level and the conductive/valence band level of
semiconductor photocatalysts. Accordingly, the electrons
can be injected into or extracted from the semiconductor to
generate band bending. The resulting charge imbalance
leads to the built-in electric field, which is crucial to suppress
the recombination of the photogenerated carriers.’l Very
recently, Tao et al. observed upward band bending and an
intensive built-in electric field at the surface of Bi,TaOgX (X
= Cl, Br) upon decorating MoO; or V,0s. The decorated
Bi,TaOgX (X = Cl, Br) gave significantly improved photo-
catalytic oxygen production activity, and the apparent
quantum efficiency (AQE) of the catalyst exceeded 25 % at
420 nm,” suggesting that the introduction of suitable metal
oxides is able to regulate the charge properties of the
semiconductor photocatalysts for enhanced activity.

In recent years, a class of porous crystalline solids,
metal-organic frameworks (MOFs), have been intensively
studied for photocatalysis, given their well-defined and
tunable structures, high porosity, large surface area, and so
on'”' To improve their charge separation, MOFs are
integrated with different functional materials to form
composite photocatalysts.'!! Despite band bending alike
mechanism has possibly been adopted to explain the
enhanced charge separation and activity for MOFs,!
unfortunately, to the best of our knowledge, band bending
has never been demonstrated in MOF-based materials yet.
It remains a controversial issue on considering MOFs as
molecular photocatalysts or semiconductor-like photocata-
lysts thus far.™® The evidence on band bending in MOFs is
of great significance to understand the mechanism in
enhanced photocatalysis over MOF-based composites.

With the above considerations in mind, a representative
MOF, namely MIL-125-NH,,*"*l was adopted to be inte-
grated with metal oxides MoO; and V,Os, respectively
affording MoO,/MIL-125-NH, and V,0s/MIL-125-NH,.
Band bending as well as the built-in electric field of MIL-
125-NH, is identified by surface photovoltage (SPV) spectra
and solid-state current-voltage (I-V) curves, respectively.
As a result, MoOyMIL-125-NH, and V,0s/MIL-125-NH,
give much increased activities, which are 56 and 42 times
higher than the pristine MOF, respectively, reaching 399.0
and 298.6 umolg 'h™, in the photocatalytic H, production
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by water splitting (Scheme 1). In addition, when deliberately
depositing Pt cocatalyst onto diverse locations, the catalyst
with Pt on the MOF exhibits the highest activity, suggesting
that the MOF generates electrons and then migrates to Pt
sites, where proton reduction takes place. As far as we
know, this is the first report on clarifying the band bending
in MOFs, which reflects their semiconductor-like nature.

Results and Discussion

MIL-125-NH, was synthesized by a traditional solvothermal
method.™ The MoOj; particles were obtained by treating
(NH,)sMo0,0,44H,0 at 350°C for 2 h in air with the heating
rate of 1°Cmin~', and the commercial V,05 was ball-milled
to reduce its particle sizes. The metal oxides were integrated
with the MOF by an impregnation method to afford MoQO,/
MIL-125-NH, and V,0s/MIL-125-NH, composites, respec-
tively (see Supporting Information, Experimental Section).
Powder X-ray diffraction (XRD) patterns for the MOF
composites display the characteristic peaks of MIL-125-NH,,
demonstrating its good crystallinity (Figure S1). Scanning
electron microscope (SEM) images give the morphology
information for the metal oxides and composites (Fig-
ure S2a,b). It can be observed that the metal oxide particles
are loaded on the MOF surface. The average sizes of MoO;
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Scheme 1. Schematic diagram of photocatalytic H, production over
MIL-125-NH, before and after the integration with the metal oxides.
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Figure 1. HRTEM images of a) MoO;/MIL-125-NH, and b) V,05/MIL-
125-NH,. ) Raman spectra of MIL-125-NH,, MoO;, MoO;/MIL-125-
NH,, V,0s, and V,0;/MIL-125-NH,. d) DR UV/Vis spectra of MIL-125-
NH,, MoO;/MIL-125-NH,, and V,05/MIL-125-NH,.
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and V,0s are 458.9+£388.0 and 77.6+17.8 nm, respectively
(Figure S2c¢,d, S3), which are roughly the same as those of
metal oxide particles on the MOF (Figure S2a,b). High-
resolution transmission electron microscope (HRTEM)
observation for MoO,;/MIL-125-NH, and V,0Os/MIL-125-
NH, indicates the interplanar distances of MoO; and V,Os
are 0.327 and 0.437 nm, corresponding to the lattice spacing
of (021) of MoO; and (001) of V,Os, respectively (Fig-
ure 1a,b). Given the low contents of metal oxides (5.0 wt %
for both MoOj; and V,0s) in the composites, it is difficult to
identify their peaks in the powder XRD patterns. Alter-
natively, Raman spectra have been conducted to prove the
presence of the metal oxides (Figure 1c). Compared with the
pristine MOF, the new peaks of MoO;/MIL-125-NH, and
V,05/MIL-125-NH, exactly correspond to the characteristic
peaks of the metal oxides, indicating the successful integra-
tion.

Nitrogen-sorption profiles of MIL-125-NH,, MoO,/MIL-
125-NH,, and V,0s/MIL-125-NH, are similar (Figure S4).
Their Brunauer-Emmett-Teller (BET) surface areas are
847, 837, and 782m’g', respectively, where the slight
decrease of surface area in the composites would be ascribed
to the mass contribution by metal oxides. The ultraviolet-
visible (DR UV/Vis) absorption spectra give similar results
while the absorption intensity slightly decreases in the
composites (Figure 1d), which is attributed to the poor light
absorption performance and large band gaps of the metal
oxides (Figure S5). No obvious change in color can be seen
for all three samples (Figure S6). The calculated band gap of
MIL-125-NH, is 2.65 eV (Figure S7a). Along with the Mott—
Schottky plots, the energy level of MIL-125-NH, can be
determined (Figure S7b). The lowest unoccupied molecular
orbital (LUMO) level of MIL-125-NH, is —0.60 V vs. NHE,
which is more negative than the H'/H, redox potential
(0.00 V vs. NHE), indicating the potential of MIL-125-NH,
in the photocatalytic H, production. The highest occupied
molecular orbital (HOMO) level of MIL-125-NH, is
+2.05V vs. NHE, which is more negative than the
conduction band (CB) of MoO; and V,0s.'%! The results
convince the feasibility of electrons spontaneously migrating
from the MOF to the metal oxides in terms of thermody-
namics, giving rise to the upward band bending at the
surface of MIL-125-NH, (Scheme 2).

To determine the surface work functions of MIL-125-
NH,, MoO;, and V,0s, the surface potentials have been
measured by the Kelvin probe force microscope (KPFM).
The surface potential of MIL-125-NH, is ca. 200 and
300 mV higher than those of MoO; and V,0s, representing
the more negative Fermi level of MIL-125-NH, (Figure 2a).
This indicates that, once they are closely contacted, the
electrons would migrate from the MOF to the metal oxides
spontaneously in terms of thermodynamics, which results in
the different static potentials in the MOF and gives rise to
upward band bending. Meanwhile, the electron transfer in
MIL-125-NH, leaves positively charged species at the sur-
face, creating the built-in electric field close to the MOF
surface. According to the X-ray photoelectron spectroscopy
(XPS) spectra, Mo and V elements in the composites are in
-+6 and +5 valence, respectively, reflecting that they are in
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Scheme 2. Schematic mechanism for the band bending and built-in
electric field formation, as well as related energy levels of both
components in the MOF composites. The dash lines represent the
Fermi levels of the MOF and metal oxides. The red and blue solid lines
represent the energy potentials for H* /H, and O,/H,O (0.00 and

1.23 V vs. NHE), respectively. Upon loading the metal oxides, the
LUMO level of MIL-125-NH, may positively shift, but not become
positive, due to the much larger MOF particle sizes than the metal
oxides.
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Figure 2. a) Surface potentials of MIL-125-NH,, MoO;, and V,0Os. b) Ti
2p XPS spectra, c) SPV spectra, and d) I~V curves of MIL-125-NH,,
MoO;/MIL-125-NH,, and V,05/MIL-125-NH,.

the common oxidation states (Figure S8). Moreover, when
integrating with these metal oxides, the Ti binding energy of
MIL-125-NH, presents a negative shift, which should be
caused by the electron transfer from the MOF to the metal
oxides, indirectly proving the occurrence of band bending in
the MOF (Figure 2b).l"! To further gain direct evidence of
upward band bending, the SPV spectra have been collected.
Compared to MIL-125-NH,, the MoOs/MIL-125-NH, and
V,05/MIL-125-NH, composites show significantly stronger
SPV signals, demonstrating the increment of the hole
accumulation concentration on the surface of the MOF
(Figure 2¢)."™ The result unambiguously demonstrates that
band bending does occur to the MOF upon its integration
with the oxides."! In the solid-state current-voltage (I-V)
curves, the currents of MoO;/MIL-125-NH, and V,0s/MIL-
125-NH, are higher than that of sole MIL-125-NH,, and the
inflection point potentials of the formers are more positive
than that of the latter, inferring that the higher energy is
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necessary for electrons passing through the interface region
in the composites (Figure 2d, S9). In other words, the built-
in electric field formed in MIL-125-NH,, upon the integra-
tion with the metal oxides, facilitates the charge separation
of the MOF.

Photoelectrochemical (PEC) measurements have been
carried out for MIL-125-NH,, MoO;/MIL-125-NH,, and
V,05/MIL-125-NH,. The photocurrent densities of the MOF
composites are higher than that of the pristine MIL-125-
NH, (Figure 3a), indicating enhanced separation of photo-
generated carriers in the composites, which exactly presents
the same trend of intensity difference of steady-state photo-
luminescence (PL) emission spectra (Figure 3b). According
to the electrochemical impedance spectroscopy (EIS) Ny-
quist plots and the fitting results, the series resistances (Rs)
of all the samples are comparable, whereas the charge
transfer resistances (R,) of the composites are much smaller
than that of the MOF (Figure 3c, S10a, and Table S1). These
samples demonstrate similar curves in both low-frequency
and high-frequency regions of EIS Bode plots, supporting
that they follow the same charge transfer path (Fig-
ure S10b). The results reveal that the charge transfer process
gets accelerated in the composites. The average photo-
generated carrier lifetimes (z,) are measured by the open
circuit voltage decay (OCVD) method (Figure 3d, S11). The
catalysts MoO3/MIL-125-NH, and V,0s/MIL-125-NH, show
obviously longer 7, than the pristine MIL-125-NH,, indicat-
ing their lower recombination rate of charge carriers. To
quantitatively determine the surface charge injection effi-
ciency (#quace) and bulk charge separation efficiency (#pux),
0.5molL™" of H,0, is added in the electrolyte as the hole
scavenger. Both 7. and 7y at 1.23 V vs. RHE of MoO,/
MIL-125-NH, (78.0 % and 29.7 %) and V,05/MIL-125-NH,
(75.4 % and 28.2 %) are higher than those of MIL-125-NH,
(70.0 % and 25.9 %), representing the significant influence of
band bending on improving charge separation efficiency
(Figure S12). All above results consistently support that the
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Figure 3. a) Photocurrent responses, b) PL spectra under excitation at

380 nm, c) EIS Nyquist plots, and d) average lifetime of the photo-

generated carriers (t,) of MIL-125-NH,, MoO;/MIL-125-NH,, and

V,05/MIL-125-NH, obtained from the OCVD curves.
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presence of band bending in the MOF upon integration with
the oxides leads to the built-in electric field and enhanced
charge separation.

Encouraged by the above characterizations, we then set
out to investigate photocatalytic H, production by water
splitting under visible light irradiation. For photocatalysis
over MIL-125-NH,, the amino-modified linker as an antenna
would be photoexcited by visible light to migrate electrons
to the Ti-oxo clusters. Given its weak charge separation
capability, the pristine MIL-125-NH, displays poor activity
(7.1 pmolg™'h™). Despite its negligible activity, its color
changes from gray to blue under light irradiation,”
indicating that Ti** is reduced to Ti** in the MOF and the
Ti-oxo clusters are able to be adopted for proton reduction.
Significantly, MoO;/MIL-125-NH, and V,0s/MIL-125-NH,
show remarkable H, production rates of 399.0 and
298.6 umolg 'h™!, around 56 and 42 times higher than the
pristine MOF (Figure 4a, S13), revealing that the band
bending of the MOF evoked by the metal oxides plays a
critical role in boosting its catalytic activity. The AQEs of
the composites are evaluated under light irradiation at
380 nm (Table S2). Compared to those under visible light
irradiation, the activities of both the MOF and its compo-
sites present negligible activity in the dark, hinting the real
photocatalytic process, where the reactions are driven by the
light absorption (Figure S14). Control experiments suggest
that the close contact between MIL-125-NH, and the metal
oxides is crucial to the enhanced activity. Compared with
the MOF composites in which both components are in close
contact, the physical mixtures of MoO;&MIL-125-NH, and
V,05;&MIL-125-NH, give much lower activity (Figure S15).
In the physical mixtures, the loose contact between MOF
and the metal oxides is detrimental to the mutual electron
transfer, which cannot lead to the occurrence of band
bending. These illustrate that the occurrence of band
bending and built-in electric field to the MOF should be
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Figure 4. a) Photocatalytic H, production rates of MIL-125-NH,, MoO,/
MIL-125-NH,, and V,05/MIL-125-NH,. b) Recycling experiments of
MoO;/MIL-125-NH, and V,05/MIL-125-NH,. Photocatalytic H, produc-
tion kinetic profiles of ¢) Pt-loaded MoO,/MIL-125-NH, at different
locations and d) Pt-loaded V,05/MIL-125-NH, at different locations.
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based on the premise of close contact between the MOF and
metal oxides.

The influence on activity by the loading amount of the
metal oxides onto the MOF manifests a volcano-type curve,
in which 5.0wt% of MoO; and V,0; in the MOF
composites show the highest photocatalytic activity (Fig-
ure S16, S17). It is assumed that excessive metal oxides may
shield the MOF from light harvesting and block the active
sites. The relationships between photocatalytic hydrogen
production activities of the photocatalysts and the irradi-
ation wavelengths, catalyst amounts, pH values, and scav-
enger concentrations have been investigated, figuring out
the optimized reaction conditions (Figure S18). Moreover,
no obvious decrease in the activity of MoO3y/MIL-125-NH,
and V,0s/MIL-125-NH, can be observed during the five
consecutive cycles (Figure 4b, S19). Their powder XRD
patterns are also maintained after the recycling (Figure S20),
indicating their good stability in the reaction.

To unveil the electron transfer path and the reaction site
of H, production, Pt has been deposited as the cocatalyst
onto different places, including the MOF (i.e., MO,/(Pt/
MIL-125-NH,)), random locations (i.e., Pt/(MO,/MIL-125-
NH,)), and the metal oxides (i.e., (Pt/MO,)/MIL-125-NH,),
respectively (Scheme 3). The H, production rates of the
catalysts with MoO; and V,0s follow the same orders of
MoO,/(Pt/MIL-125-NH,) > Pt/(MoOs/MIL-125-NH,) > (Pt/
MoO;)/MIL-125-NH, and V,0Os/(Pt/MIL-125-NH,) > Pt/
(V,05/MIL-125-NH,) > (Pt/V,05)/MIL-125-NH, under visi-
ble light irradiation (>380 nm) (Figure 4c,d, S21). In other
words, the Pt location does matter the activity. The highest
activity can be observed when Pt is deposited on the MOF
where the photogenerated electrons should be originally
accumulated. In Pt/(MO,/MIL-125-NH,), less Pt deposition
amount on the MOF leads to less active sites and lower
activity than those in MO,/(Pt/MIL-125-NH,). When Pt is
deposited on the metal oxides, the bent band hinders the
migration of most electrons from the MOF to the metal
oxides and then to Pt, resulting in limited activity improve-
ment.

Given the above results, MoO; and V,0Os can neither
harvest visible light nor act as the cocatalyst or electron
reservoirs in the MOF composites, as electrons are accumu-
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Scheme 3. Schematic diagrams of the Pt-deposited photocatalysts.
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lated on the MOF. Accordingly, we are able to reach the
mechanism of band bending induced by the integration of
the metal oxides and the overall reaction details. Upon the
MOF composite formation, the electrons on the HOMO of
MIL-125-NH, would spontaneously migrate to the CB of
the metal oxides due to the larger work functions of the
latter (Scheme 2). When the equilibrium is achieved, the
holes are accumulated on the HOMO of MIL-125-NH, and
the upward band bending accordingly takes place. Given the
uneven distribution of electrons and holes, the built-in
electric field is formed at the near-surface of MIL-125-NH,.
On irradiation, the photogenerated electrons are driven by
the built-in electric field to the MOF surface, following by
the reaction with protons to generate H,. On the other side,
the photogenerated holes are driven to the interface, then
react with the sacrificial agent triethylamine. Therefore, the
effective separation of photogenerated carriers is achieved
and the photocatalytic activity gets improved.

To further verify the mechanism proposed above, the
photocatalytic H, production of diverse semiconductors with
different band structures, including TiO,, g-C;N,, and CdS,
has been evaluated by the integration with the metal oxides
under similar conditions. Under irradiation of UV/Vis light
(>200 nm), the activities of both MoO5/TiO, and V,04/TiO,
are even lower than that of TiO, (Figure S22a, b). On
account of the higher CB of the metal oxides compared with
the valence band (VB) of TiO,, it is not possible for the
electron transfer from the VB of TiO, to the CB of the
metal oxides. Accordingly, the band bending and built-in
electric field would not occur (Figure S22¢). By contrast, the
CB of MoO; is lower than the VB of g-C;N, and CdS, which
meets the requirement of the formation of upward band
bending and built-in electric field. Similar to the MOF
composites, under irradiation of visible light (> 380 nm), the
photocatalytic activities of the g-C;N,- and CdS-based
composites are much enhanced in comparison with the
single components (Figure S23, S24).

It should be noted that the band bending occurred to
MoO4/MIL-125-NH,, and V,0s/MIL-125-NH, composites is
distinctly different from the common heterojunction photo-
catalysts, which have been intensively reported (Fig-
ure S25):® 1) Both components in heterojunction photo-
catalysts can be photoexcited, while MoO; and V,0s are
hardly responsive to visible light (Figure S5). 2) The oxida-
tion and reduction reactions take place on different
components in heterojunction photocatalysts, while both
oxidation and reduction reactions take place on MIL-125-
NH, in the composites. These features demonstrate that
MoO,/MIL-125-NH, and V,0s/MIL-125-NH, do not follow
the typical heterojunction mechanism. In addition, MoO;
and V,0s are neither active sites nor cocatalysts in photo-
catalysis, which can be concluded from the Pt-deposited
control experiments (Figure 4c,d, S21) and the MoOy/TiO,
and V,04/TiO, experiments (Figure S22a,b).
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Conclusion

In summary, MIL-125-NH, is integrated with the metal
oxides MoO; and V,0s. Their suited work functions and
energy levels drive the electron transfer from the HOMO of
the MOF to the CB of the metal oxides, giving rise to
upward MOF band bending, and accordingly a built-in
electric field at the near-surface of the MOF. In this case,
though the metal oxides neither absorb photons nor
accumulate electrons in the composites under visible light
irradiation, the recombination of photogenerated carriers
gets considerably suppressed, thereby regulating the charge
properties of the MOF. As a consequence, the activity of
MoOsy/MIL-125-NH, and V,0s/MIL-125-NH, dramatically
increased by 56 and 42 times compared to the pristine MOF
in photocatalytic H, production by water splitting under
visible light irradiation. By further depositing Pt as cocata-
lyst on MIL-125-NH,, around 6 times higher activity can be
observed. This is the first report with clear evidence on band
bending in MOFs, which is of great importance for not only
rational fabrication but also better understanding of the
mechanism in enhanced photocatalytic activity of MOF
composites in the future, by taking advantage of the semi-
conductor-like behavior of MOFs.
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