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Time-Resolved Control of MOF-Nanoparticle
Heterojunctions for Crystal Composites with Tailorable
Photocatalytic Performance

Carmen Fernández-Conde, Horatiu Szalad, Neyvis Almora-Barrios, Antonio Ribera,
Josep Albero,* and Carlos Martí-Gastaldo*

The structural and compositional diversification of Metal-Organic Frameworks
(MOFs) continues to grow, along with the opportunities they offer in H2

photoevolution or CO2 photoreduction. This often requires the use of metal
co-catalysts for improving the efficiency and selectivity of the reaction.
However, most studies often overlook how the integration of these two
components can be used to tailor the photocatalytic performance of a given
framework. Taking advantage of a new synthetic methodology that allows the
growth of titanium-based MUV-10 crystals through continuous injection of its
components, here it is demonstrated how the time-resolved injection of Pt
nanoparticles (NPs) at different stages of crystal growth results in tunable
MOF/Pt heterojunctions with varying photocatalytic efficiencies, which can be
used to boost performance by up to 2.5 times depending on the injection time.

1. Introduction

The design and modification of Metal-Organic Frameworks
(MOFs),[1] as well as their increasing applications in separa-
tion, storage, catalysis, sensing, electronic/ionic conduction or
biomedical applications,[2] have highlighted both their limita-
tions and advantages compared to other families of porous
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materials. The design of photocatalytic
MOFs, either by integrating homogeneous
catalysts into their porous structures or by
tailoring their organic and inorganic com-
ponents to combine high surface areas with
intrinsic photoactivity, is a good example
of the distinctive possibilities offered by
this family of materials for the hydrogen
evolution reaction, CO2 photoreduction, or
dye degradation.[3–5] In this context, tita-
nium (IV) MOFs are arguably the most
suitable candidates because of their good
chemical and thermal stability, low toxic-
ity, natural abundance (ninth most abun-
dant element in the Earth’s crust), and pho-
toredox properties. Although the high re-
activity of Ti4+ in solution makes the syn-
thesis of crystalline frameworks difficult

compared to other highly charged metals such as Zr4+,[6,7] re-
cent years have witnessed an increasing diversification in the
structure, surface area, composition, and tunable light absorp-
tion of this family of MOFs.[8] Although classical semiconductor
concepts are often used to analyze photocatalytic activity,[9] the
metal-organic nature of these materials restricts the photoexci-
tation and linker to metal charge separation phenomena to the
molecular nodes, which often results in a periodic distribution of
homogeneous photocatalysts with reduced charge carrier mobil-
ity for limited performance. Despite this fundamental difference,
strategies developed for semiconductors as their integration with
conducting polymers[10] or the formation of heterojunctions,[11]

are often used to minimize the spontaneous recombination
of holes and electrons and increase the activity of a given
photocatalyst.

Heterojunctions in MOFs are based on the integration of
the framework with metal oxides,[12] g-C3N4,[13] or even another
MOF (MOF-on-MOF)[14,15] to facilitate charge-carrier migration
at the interface generated between the two components and
facilitate the migration of holes and electrons to the respec-
tive reduction and oxidation sites, thus improving the overall
photocatalytic performance. These heterojunctions can be pre-
pared by solvothermal synthesis, impregnation, and electro- or
photodeposition,[16] methods that are focused on activity en-
hancement but do not grant control over the hierarchical inte-
gration of both components at the crystal level or permit tailor-
ing their electronic hybridization at the interface, both relevant
to engineer the performance of the resulting heterojunctions.
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Figure 1. Time-resolved injection of platinum nanoparticles during MOF
crystal formation as a synthetic tool to exert control over the interface of
Pt/MOF heterojunctions for varying photocatalytic performance.

Although the molecular nature and periodic structure of MOFs
offer tools for improved structural and electronic integration by
matching the chemistry and symmetry of the crystal surface with
the additional component, to the best of our knowledge, no previ-
ous work has addressed this possibility. Taking advantage of the
compatibility of the titanium-based MUV-10 crystals with a dy-
namic synthesis method that enables the injection of additional
components during its nucleation,[17] here we demonstrate how
the time-resolved incorporation of Pt nanoparticles (NPs) can
modify their integration and hybridization in the corresponding
Pt@MUV-10 crystal composites to enable the formation of tai-
lorable heterojunctions that can enhance the photogeneration of
H2 by up to 2.5 times depending on the time at which the co-
catalyst is injected (Figure 1).

2. Results and Discussion

Monodisperse platinum nanoparticles of near to 3 nm
in size (Figure 2a) were prepared according to the
reported reduction methods and characterized with
TEM, UV-Vis spectroscopy and dynamic light scattering
(Section S2.1.1, Supporting Information). Pt@MUV-10 crystals
were synthesized by using a triple syringe pump system that
allows the injection of three stock solutions into a round bottom
flask preheated at 120 °C under inert atmosphere and constant
stirring. As shown in Figure 2b, two channels continuously
inject stock solutions of the MOF molecular precursors, CaCl2
and Ti(OiPr4) dissolved in a mixture of DMF and acetic acid and
the linker (H3BTC = benzene-1,3,5-tricarboxylic acid) dissolved
in DMF, Ar bubbled to preserve the moisture-free conditions
and avoid the formation of titanium oxides. As we have shown
previously,[17] adjusting the feed rates under supersaturation
conditions enables the formation of homogeneously sized
MUV-10 crystals with characteristics equiv. to those obtained by
the more conventional solvothermal method.[8c] The availability
of a third channel allows the time-resolved injection of an addi-
tional component. We used it for spot injections of 1 mL of Pt
nanoparticles in MeOH (1.33 mM) at times t1 = 0, t2 = 27, and t3
= 105 min, that correspond to early (e), intermediate (i) and late
(l) stages of MUV-10 nucleation and growth for the formation of
the corresponding Pt@MUV-10(e), (i), and (l) crystal composites

(Figure 2c). All synthetic details are summarized in the Support-
ing Information (Section S2.2, Supporting Information). NPs
with sizes well above the diameter of the 3D channels of MUV-10
(1 nm) were intentionally chosen to exclude physisorption in the
open framework, forcing instead their integration into the solid
during MOF assembly.

SEM images confirm the formation of crystals in all three
cases, with clear differences in size and morphology depending
on the time of Pt injection (Figure 2d). Compared to Pt@MUV-
10(l) which shows octahedral crystals with well-defined edges
and micrometer sizes, the crystals in (i) and (e) are smaller, with
rounded edges and more polydisperse in size. These differences
do not imply phase segregation or compositional changes and
agree well with the MUV-10 composites prepared under similar
conditions by injection of Au.[8c] All samples present the same
relative proportion of Ti and Ca consistent with the formation of
the Ti2Ca2 heterobimetallic cluster, with a slight excess of tita-
nium possibly associated with the formation of a small propor-
tion of amorphous oxide in all cases. In turn, ICP-MS analysis
shows a linear decrease in the amount of Pt incorporated, that
ranges from a maximum of 2150 ppm in Pt@MUV-10(e) to a
minimum of 1050 ppm in (l) for near to 50% less (Figure 2e).
This decrease in Pt for later injection times suggests a depen-
dence with the stage of MUV-10 formation. While for an early
stage of nucleation, the NPs can be easily incorporated, this in-
corporation would be limited as crystal formation progresses. To
confirm whether this effect is general or dependent on the vol-
ume of Pt NPs injected, we conducted injection experiments with
varying volumes of 1, 5, and 10 mL for the three injection times.
The results confirm that the highest incorporation always occurs
for the early nucleation stage regardless of the volume injected.
However, triplicate analysis of the samples suggests greater dis-
persion in the concentration of incorporated Pt as the injected
volume increases (Figure S18, Supporting Information).

These relative differences are also visible from the color
change of the solids, which gradually pale for lower Pt concen-
trations. This color change does not correlate linearly with the
modification of the optical band gap of the solids (Figure S6
and Table S3, Supporting Information). While the composites
(e) and (l), with the highest and lowest net incorporation of Pt,
exhibit band gap values of 3.31 and 3.40 eV, respectively, which
are very similar to the 3.53 eV of bare MUV-10, composite (i)
shows a much more pronounced reduction into the visible region
(2.69 eV) which does not directly correspond to the concentra-
tion of incorporated Pt and suggests an additional effect exclusive
to this composite. Powder X-ray diffraction and N2 adsorption
isotherms of Pt@MUV-10(e), (i) and (l) confirm the formation
of the MUV-10 structure with minimal deviations in surface area
and pore size of the composites compared to the pristine material
(Figure 2f–h). The cell parameters obtained by LeBail refinement
of all composites (Section S2.2.1 and Table S5, Supporting Infor-
mation) are also consistent with the formation of the framework
with negligible structural changes.

According to these results, the addition of nanoparticles at
varying times causes clear changes in crystal size and effective Pt
loading, suggesting a direct effect on MOF assembly, the changes
that this time-resolved injection might have in controlling the
spatial distribution and electronic hybridization of the nanopar-
ticles within the crystal are arguably more important to account
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Figure 2. a) TEM image of Pt nanoparticles. b) Triple syringe pump system used to prepare Pt@MUV-10 crystal composites by c) time-resolved injection
of a methanol solution of Pt nanoparticles at an early (e), intermediate (i) and late (l) stage of MUV-10 growth. d) SEM images of Pt@MUV-10(e), (i)
and (l) show the formation of crystals with varying size that display the expected Ti:Ca ratio. e) ICP-MS confirms a reduction in Pt concentration as
nanoparticle injection is delayed with small statistical deviations calculated for three alternative experiments. f) PXRD patterns confirm the formation of
MUV-10 frameworks in all cases. g) N2 adsorption isotherms at 77 K and h) experimental pore size distributions compared to the pristine MOF.

for effective changes in the resulting heterojunctions. TEM anal-
ysis confirms the formation of particles with well-defined edges,
but the low transmissivity of the crystals did not allow to visu-
alize with clarity the relative position of the NPs within them
(Figure S10, Supporting Information). We used FIB-SEM to solve
this problem. The samples were prepared by embedding a few
μg into an innocuous polymer resin (Figure S12, Supporting In-
formation). According to our experience,[18,19] this treatment pre-
vents molecular crystals from collapsing during the ion beam
treatment. The images confirm the presence of Pt NPs in all
cases but with different distributions (Figure 3a). Pt@MUV-10(e)
shows a high density in the crystal core compared to (l) which
shows a lower density. The images confirm what was anticipated
by ICP analysis, while early addition (e) seems to favor Pt loading
upon later crystallization, late addition to an already formed crys-
tal (l) hinders its incorporation and restricts it to the outer surface

of the crystals. Pt@MUV-10(i) shows a different behavior. The
nanoparticles are incorporated into inner sections of the crystal
but show an organized distribution that is not present in (e) or
(l). Our experiments with methanol injections as blank experi-
ments in the absence of Pt confirm that this pattern is not an ar-
tifact formed by the addition of an additional component during
MOF crystallization (Section S.2.2.3, Supporting Information),
and points possibly to a homogeneous deposition of NPs onto the
outer surface of the nanocrystals already formed at the injection
time, that then becomes coated upon subsequent crystal growth.
X-ray Photoelectron Spectroscopy (XPS) was used to analyze vary-
ing chemical interactions at the resulting MOF-Pt interfaces. All
composites show the expected asymmetric 7/2 and 5/2 XPS sig-
nal in the Pt 4f region that accounts for the presence of Pt metal
with the expected spin-orbit splitting of 3.3 eV (Figure 3b).[20,21]

The intensity of these signals for (i) and (e) is gradually less
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Figure 3. a) FIB-SEM of bare MUV-10 and Pt@MUV-10 showing the integration of Pt in different areas of the crystal as a function of injection time.
The diagrams on the left are an idealized representation of the distribution of the nanoparticles (spheres) in the crystal (green) and the corresponding
interfaces between them in yellow. The FIB-SEM images are not directly size-comparable as they are sections of the crystals that have been embedded
in a polymeric resin. More detailed information on this process can be found in the Supporting Information (Figure S12). b) High-resolution XPS
spectra of Pt@MUV-10 indicating the BE for the corresponding Pt 4f 7/2 and 5/2 signals. Note that Pt NPs in the late sample are more accessible than
those from the early and intermediate, and thus less peaks are observed when deconvoluted due to the limitation on the sensitivity of the technique.
c) Crystallographic planes (001) and (111) in MUV-10 crystals (left) and Pt (right). Work function (W) of the (111) surfaces of MUV-10 and Pt relative
to the vacuum (center). d) 3, 5, and 2-layer slab models representative of the heterojunctions in MUV-10@Pt composites at early (left), intermediate
(middle), and late (right) injection stages. The colors of the planes correspond to the formation of interfaces between either (001) or (111) faces, shown
in orange and purple, respectively. The lower panel shows the induced change in the Pt work function for each of the calculated heterojunctions.

intense than for (l), confirming the presence of platinum in the
inner sections of these crystals. Pt@MUV-10(e) and (i) also show
the same shift toward more electronegative values in their bind-
ing energies (BE) of up to 0.3 and 1.8 eV compared to the BE of
71.1 (7/2) and 74.5 eV (5/2) observed for Pt@MUV-10(l), that is

closer to the values expected for metallic Pt. Although small, this
shift seems to point to a change in Pt bonding or a charge transfer
effect between the metal and MOF for these two composites, that
is also accompanied by a 0.2 eV shift in the corresponding O1s
BE (Figures S14–S16 and Table S6, Supporting Information).
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We argued these changes in the electronic hybridization be-
tween the MOF and the metal NP could tailor the Pt work func-
tion (W) for subsequent changes of the built-in electric fields at
the corresponding heterojunctions. To explore this possibility, we
used Material Studio (MS) 2017 R2 to generate computationally
the hypothetical interfaces that could result from Pt injection at
varying times. Since MUV-10 and platinum nanocrystals are both
cubic, we considered that its integration at the molecular level
would occur through equiv. crystallographic faces. The octahe-
dral, sometimes truncated, morphology of MUV-10 crystals is
indicative of its thermodynamic preference for the formation of
(111) surfaces with a minor contribution of (001) faces.[22] This
balance between dominant and secondary crystallographic faces
is also present in the surface of 3 nm Pt nanoparticles which
would be compatible with the epitaxial integration of both lat-
tices through either (111) or (001) faces. We used slab models
to calculate the variation in the work function of both compo-
nents before (Figure 3c) and after (Figure 3d) the formation of
the corresponding heterojunctions. Section S3.1.1 (Supporting
Information) contains all methodological details for this analy-
sis. The slab models were adjusted to the early, intermediate, or
late stages of Pt injection based on the differences observed in the
FIB-SEM analysis of the composites. This analysis reflects either
the growth of MUV-10 around the NPs (3-layers, Figure 3d left),
an organized encapsulation between alternating crystal faces (5-
layers, Figure 3d center), or finally the deposition on the surface
of crystals already formed (2-layers, Figure 3d right). Addition-
ally, while in the case of MUV-10(l) Pt incorporation occurs on
the dominant (111) faces of the already formed crystal, for cases
(e) and (i), where the integration occurs during crystal growth,
we opted for the hybridization of both components through the
more reactive (001) faces as the best representation of the pos-
sible heterojunctions formed. Other combinations of crystallo-
graphic faces were also analyzed, and the results are summarized
in the Supporting Information (Table S9).

As shown in Figure 3c, the work function values for the iso-
lated surfaces of Pt (111) and MUV-10 (111) are 5.62 eV and
6.28 eV, respectively. When both components are integrated and
become in close contact at varying stages of MUV-10 growth, elec-
trons will be transferred from MUV-10 to Pt until the work func-
tion at the interface tends to equilibrate (Figure 3d). Compared to
the heterojunctions formed by injection at early and late stages
of MUV-10 formation for which the decrease of W remains equal
or below 0.4 eV, the organized distribution of NPs in MUV-10(i)
crystal composites doubles this reduction in 0.88 eV for an in-
duced work function of 4.74 eV. It is worth noting that this same
effect is also observed for other combinations of crystallographic
faces and anticipates more effective charge injection/extraction
only for the MUV-10@Pt(i) interfaces upon interfacial adjust-
ment of the work function in this specific composite.

To confirm this effect, we next collected the H2 produc-
tion rates of 1 mg mL−1 dispersions of Pt@MUV10(e), (i) and
(l) in H2O:CH3OH (70:30, v:v) under constant irradiation at
100 mW cm−2 with a 150 W Xe lamp (Figure 4a). We also col-
lected the activity of bare MUV-10 for comparison purposes.
Though the incorporation of Pt enhances H2 generation in all
cases, this effect is much more pronounced in Pt@MUV10(i)
for a cumulative of 2.58 mmol g−1 H2 after 6 h. This difference
is even bigger when all production rates are normalized to the

Figure 4. Hydrogen production rates for Pt@MUV-10 composites a) non-
normalized and b) normalized to mass of platinum. c) Statistical devia-
tion and cyclability tests. c) TA decay of N2-saturated dispersions of the
samples in MeCN, monitored at 550 nm. 𝜆excitation = 300 nm. Black lines
correspond to experimental data fitting to single-exponential function.
d) Nyquist graph illustrating the impedance changes of the samples over
time, consisting with the formation of the electronic interface for the in-
termediate sample.
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amount of Pt present in each composite according to ICP-MS
analysis (Figure 4b). While the H2 production rates of (e) and (l)
are practically equal, suggesting a poor electronic integration of
Pt with MOF upon addition at early or late stages of crystal for-
mation, this activity is multiplied by 2.4 times in (i). It is inter-
esting to see how the magnitude of this improvement seems to
correspond linearly with the induced modification of the Pt work
function anticipated for this composite. To confirm this behavior,
we repeated the same experiments for all samples in triplicate,
and in three consecutive 3-h irradiation cycles (Figure 4c). The
results confirm that the boost in activity is unique to Pt@MUV-
10(i) and is maintained throughout the cycles compared to the
smaller differences observed for (e) and (l). These results sug-
gest that only the injection at an intermediate stage is adequate
to access Pt-based heterojunctions with distinctive photocatalytic
activity. Based on the results discussed above, this is possibly as-
sociated with an organized distribution of NPs in discontinuous
sections of the crystal for a more effective electronic hybridization
and modification of the metal work function. To further investi-
gate the relationship between this boost in photocatalytic activity
and the variations in photo-induced charge recombination, laser
transient absorption spectroscopy (L-TAS) experiments were car-
ried out. The TA of Pt@MUV-10(e), (i) and (l) samples have been
acquired at 1μs (𝜆Excitation = 300 nm) (Figure S25, Supporting In-
formation). In all cases, a negative, broad band covering the vis-
ible range has been obtained, indicating recovery of the ground
state (Figure 4d). The TA kinetics have been monitored at 550 nm,
and the experimental data fitted to a single-exponential function
(Section S4.1.3, Supporting Information). The carrier lifetime of
Pt@MUV-10(i) (5.4 μs) is more than 2 times longer than that of
(e) and (l) (2.1 and 2.8 μs, respectively), confirming that the in-
jection at an intermediate stage is more efficient in preventing
the recombination of photogenerated electron-hole pairs at the
MOF/Pt interface. It is worth noticing that differences in carrier
lifetime between the samples are consistent with the obtained H2
evolution values and the calculated Pt work functions, confirm-
ing the relationship between the structural and electronic inte-
gration achieved with this time-resolved synthetic method. Fur-
thermore, the electronic impedance spectroscopy (EIS) measure-
ments represented in Figure 4d on a Nyquist plot showed varia-
tions in the resistive and capacitive behaviors of the Pt@MUV-10,
especially for the intermediate sample which variations demon-
strate the electronic and ionic properties alignment indicating an
effective formation of an electronic MOF-NP interface. More de-
tailed information can be found in the Supporting Information
(Section S4).

Supplementary Table S13 summarizes the results obtained
by different groups for hydrogen photoevolution using various
photocatalytic MOFs with Pt as co-catalyst. According to recent
studies,[23] the lack of a standardized methodology makes direct
comparison impossible, preventing the normalization of results
based on the amount of incorporated Pt or its integration into the
MOF under a consistent methodology without variations in the
sacrificial agent or irradiation conditions. It is important to em-
phasize that the focus of this work is not on achieving very high
net production values, which in our case might be limited by the
intrinsic characteristics of MUV-10, but rather on presenting the
controlled integration of the co-catalyst as a new synthetic alter-
native to engineer performance that is often disregarded. This

strategy offers significant versatility as it can be adapted to exist-
ing frameworks, nanostructured co-catalysts and photocatalytic
reaction types, by leveraging the molecular nature of MOFs to
facilitate electronic hybridization of exogenous components in
ways that classical semiconductors, such as TiO2, cannot achieve.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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