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enhanced visible light harvesting capacities for
photocatalytic applications†
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The HKUST-1 and related MOFs have been proposed as photocatalysts, nevertheless they presented

certain limitations, e.g. poor visible light absorption. Thus, we propose the encapsulation of the photosen-

sitizer curcumin (Cur) in HKUST-1 as a strategy to improve light absorption in the resultant

Cur@HKUST-1 composite. The Cur@HKUST-1 was characterized by XRD, FTIR, TGA, UV-Vis, BET, SEM,

and electrochemical experiments confirming the Cur infiltration in 2.5%, preserving crystalline structure of

HKUST-1. DFT calculations for Cur@HKUST-1 in periodic boundary conditions were employed to eluci-

date the chemical structure, corroborating experimental evidence. Chronoamperometry experiments in

dark and visible light irradiation showed 48% photocurrent density enhancement for Cur@HKUST-1 vs.

HKUST-1, corroborating the sensitization effect derived from Cur inclusion. As a result, Cur@HKUST-1,

presented 1.2 times (20% higher) photocatalytic hydrogen evolution than free HKUST-1 under visible light

irradiation, just by 2.5% Cur loading into the HKUST-1, demonstrating infiltration as a suitable, nonlinear,

strategy to produce active MOFs for photocatalytic purposes.

1. Introduction

The metal–organic framework (MOF) HKUST-1 has been
employed recently as both a precursor and active
component1–4 of photocatalytic materials aimed to solve a
wide variety of key issues that face our modern society. Among
these issues are the production of clean hydrogen to replace
the pollutant fossil fuels, the removal of pollutants from water
sources, the degradation/adsorption of sulfur-based com-
pounds in petroleum refining, or sensing important bio-
markers such as L-Cys.4–8 Nevertheless, bare HKUST-1 pre-
sented limited photocatalytic activity compared to other

MOFs. A possible explanation for this fact is that HKUST-1
contains the trimesic acid (TMA or BTC) linker, which not only
is electron-deficient, but also has a small conjugated system,
all this provoking a wide bandgap larger than 3 eV in the
material, banning visible light harvesting.4 A clever modifi-
cation to this material to enhance light absorption properties
is coupling HKUST-1 with sensitizer compounds. A common
characteristic of sensitizer compounds is the presence of a
large conjugated π-system (e.g., dyes or pigments) promoting
light absorption in the UV and the visible region of the electro-
magnetic spectra.9 In the sensitization process, the sensitizer
harvests the light in the desirable wavelength or even a spectral
wavelength range, promoting electron transference from
HOMO to LUMO. Afterward, the electrons in the sensitizer
LUMO orbital are able to migrate to the conduction band (CB)
of the photocatalyst.9 In this context, curcumin (Cur) is an
interesting eco-friendly biosensitizer since Cur is a cheap and
non-toxic molecule with a large conjugated system that confers
its photoactivity under the visible region of the electromag-
netic spectra.10 Additionally, it has been reported that the
LUMO orbital of Cur is higher in energy (−2.765 eV10) than the
CB of HKUST-1 (−3.61 eV),4 which could promote the charge
transfer.10 In the same way, several authors have successfully
employed Cur to enhance the photocatalytic activity of
different systems. For example, in 2017 Lim et al., anchored
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Cur to TiO2 creating the Cur@TiO2 composites with enhanced
photocatalytic activity toward the degradation of organic com-
pounds, the reduction of chromate, CrVI, and the generation of
OH radicals and H2O2 through the reduction of O2 under
visible light (λ > 420 nm). The Cur@TiO2 composites devel-
oped a higher photocurrent compared with the pristine TiO2,
demonstrating the effectiveness of Cur for both light harvest-
ing and photocatalytic activity enhancements.11 On the other
hand, in 2015, Kushwaha et al., coupled Cur with
Bi0.5Na0.5TiO3 perovskite creating the Cur@Bi0.5Na0.5TiO3 com-
posite, which was evaluated toward the decolorization of rho-
damine 6G (Rh6G). The authors confirmed the sensitization
effect of Cur through an increment in the absorbance of com-
posites in the 300–800 nm region, in comparison to the pris-
tine material. As a result, the Cur@Bi0.5Na0.5TiO3 composite
generated an 8-fold decolorization capacity of rhodamine 6G
(Rh6G) in comparison to the pristine material. They explained
the higher photocatalytic activity by a Cur → Bi0.5Na0.5TiO3

charge transfer mechanism involving the movement of elec-
trons from the LUMO of Cur to the CB of Bi0.5Na0.5TiO3.

12

Finally, in 2020, Yan et al., developed SiO2, TiO2 and Cur nano-
composites (Cur@SiO2/TiO2). The authors evaluated the pris-
tine materials and the Cur@SiO2/TiO2 composite toward the
reduction of CrIV under visible light irradiation. The authors
confirmed the sensitization effect of Cur by an increment in
the absorbance of the Cur@SiO2/TiO2 in the region between
400–600 nm. The previously photo-inactive SiO2/TiO2 material,
due to the photo-sensitization as the Cur@SiO2/TiO2 compo-
site, reached a photocatalytic reduction of 100% for CrIV after
2.5 h of reaction.13

In addition, Cur-based MOFs have shown a promising
photocatalytic activity. That is the case of the work presented
by Khandan et al., in 2018, whose synthesized a uranyl–curcu-
min–MOF (U-Cur) employing ultrasound (US), reflux (⥯),
hydrothermal (HT) and ultrasound assisted reflux (⥯-US) reac-
tion methodologies. The authors observed that the material
synthesized through the ultrasound methodology (U-CurUS)
showed the best physicochemical properties, which led to a
high photocatalytic activity toward the degradation of phenol
red (99%) after 11 min under UV irradiation.14

On the other hand, several authors have demonstrated that
the infiltration of Cur into HKUST-1 is feasible; nevertheless,
most of these reports have focused on the development of
drug carrier systems, missing or overpassing the effect of Cur
on optical properties while is included in HKUST-1. For
example, in 2022, Yang et al., employed Cur@HKUST-1 compo-
sites as treatment for diabetic foot ulcers. The authors
achieved the infiltration of Cur into HKUST-1 using a post-syn-
thetic methodology from a DMSO–Cur solution (100 mg
mL−1), obtaining an infiltration degree of 38.35 ± 1.18%. The
authors also suggested that the infiltration occurred through
π–π interactions and coordination bonds between the guest
molecule and the open metal sites of the host.15 Also in 2022,
Tian et al., developed Cur@HKUST-1@PVP (PVP = polyvinylpir-
rolidone) composites for imaging-guided photoacoustics, and
as an active material for photothermal therapy and chemo-

therapy against colon tumors. The infiltration process was
carried out using a post-synthetic methodology from an
ethanol–Cur solution and the authors determined a maximum
infiltration capacity of 0.5 mg mg−1 (1.36 μmol : 1.65 μmol).16

Finally, in 2022, Munasinghe et al., encapsulated Cur into
HKUST-1 to develop potential drug carriers’ systems. To
achieve this, the authors employed a post-synthetic method-
ology obtaining encapsulation efficiencies of 58.5 and 39.6%
in low concentrations (5.9 ppm) and high concentrations
(2845 ppm) after three days of exposure. In addition, the
authors studied the interaction of Cur with the secondary
building unit (SBU) of HKUST-1, concluding that the strongest
interaction (30.5 kJ mol−1) occurs through coordination bonds
between the open metal sites and the hydroxyl groups of
Cur.17 Herein, it is worth noting that although there are
several reports of the encapsulation of Cur into HKUST-1,
most of them studied the infiltration process through a post-
synthetic methodology, whereas the one-pot methodology is
less explored, even when it is commonly known that the one-
pot methodologies usually produce a more efficient
infiltration.18

In addition to diminished light harvesting, the photo-
catalytic activity of HKUST-1 is limited due to a low water stabi-
lity. Indeed, we recently demonstrated that under photo-
catalytic conditions water molecules could replace other guest
molecules such as DMF, decreasing the photocatalytic activity
of HKUST-1. Additionally, the hydration of the material pro-
duced the formation of the linear coordination polymer
CuBTC·3H2O, which present decremented photocatalytic pro-
perties.4 Therefore, in this contribution we propose the infil-
tration of Cur as an strategy to solve such water-stability
problem in HKUST-1, since Cur is hydrophobic;19 thus, if Cur
is encapsulated in the cavities of HKUST-1, it could aid hinder-
ing water infiltration into the crystal lattice, retaining mainly
the structural properties of the material for a longer period.

Therefore, in this work, we developed the in situ
Cur@HKUST-1 composite to enhance two important pro-
perties (i) light harvesting, and (ii) stability, aimed to improve
the photocatalytic activity of HKUST-1. For light harvesting
purposes, Cur presents a highly conjugated π structure to
promote light absorption under the visible spectra, also pro-
viding energy level appropriated HOMO–LUMO orbitals for
energy transfer purposes to the CB of HKUST-1. At the same
time, we hypothesized that the hydrophobic structure of Cur
strategically placed into the cavities of HKUST-1 could
enhance the stability of the host material.

2. Experimental section
2.1. Synthesis of HKUST-1 and Cur@HKUST-1 composites

The synthesis of HKUST-1 was achieved following a one-pot
and green process reported previously by our research group in
2013,20 where 50 mg (0.24 mmol) of BTC and 604 mg of
(0.72 mmol) sodium bicarbonate were weighed into a balloon
flask; then, 20 mL of a mixture of ethanol/water (4 : 1) solvents
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were added to the flask balloon to partially dissolve the
powders. The suspension was stirred for 10 min to ensure
homogeneity, but the powders were not fully dissolved, this
partially produced the sodium trimesate. In another balloon
flask was prepared a solution containing 67 mg (0.36 mmol) of
copper(II) nitrate hemi(pentahydrate) dissolved in 10 mL of
distilled water. This solution was added drop by drop to the
suspension of BTC–3NaHCO3, producing a blue powder
instantaneously. Afterward, the new suspension was stirred for
24 h and maintained with vigorous reflux. Finally, the pro-
duced blue powder was recovered by simple filtration and
dried in an electric furnace for 24 h at 100 °C, this yielded the
HKUST-1 material. Experimental data are in the ESI at SI1.†

For the synthesis of Cur@HKUST-1 composite, the same
method than that for HKUST-1 was employed, with the only
difference that in the ballon flask containing the BTC linker
and NaHCO3 also were added 9 mg of Cur (0.024 mmol),
which is equivalent to 10% molar ratio of the BTC linker, and
this variation produced the Cur@HKUST-1. Experimental data
are located at SI1.†

2.2. Instrumental

The X-ray diffraction experiments for the synthesized powders
(XRD) were conducted in a Bruker D2-phaser diffractometer
(40 kV and 40 mA with CuKα radiation, λ = 1.5406 Å) in a 2θ
range from 5° to 60° with a step size of 0.005° and an inte-
gration time of 6 s per step. For the identification of functional
groups, a Bruker Alpha-2 FTIR spectrophotometer was
employed, in a range of 4000–600 cm−1 with a resolution of
2 cm−1 at room temperature. The thermogravimetric analysis
(TGA) was carried out using a PerkinElmer thermogravimetric
analyzer model TGA-4000, in a temperature range from 25 to
900 °C, using nitrogen as the carrier gas and atmosphere. For
the determination of Cur encapsulated into HKUST-1, the
residual solvent mixture from the synthetic methodology were
analyzed using UV-vis spectroscopy employing an IMPLEN
GMBH spectrophotometer model NP80 Mobile, in a wavelength
interval from 200 to 700 nm. The determination of the bandgap
value was carried out by the Tauc plots constructed from the
diffuse reflectance data obtained from UV-vis spectroscopy in
the solid state. The spectrophotometer used for this means was
a UV-vis NIR Cary 5000 model equipped with an integrating
sphere for diffuse reflectance measurements. The hydrogen pro-
duction was registered using a Thermo-Scientific gas chromato-
graph equipped with a thermal conductivity detector and a
fused silica capillary column (30 m × 0.53 mm) using nitrogen
as the carrier gas. In the photocatalytic and photo-electro-
chemical experiments, the samples were illuminated using a led
lamp with emission in the visible region of the electromagnetic
spectra, in the 400–700 nm interval (Lamp details: Gu10 6w
3000k 120v Philips Dimmable 400 Lumen).

2.3. Electrochemical measurements

The electrochemical tests were carried out employing a poten-
tiotast/galvanostat AUTOLAB model PGSTAT302N with FRA
module, using a conventional three electrode cell and the

same lamp employed in the hydrogen production. An Ag/AgCl
3 M KCl electrode (0.207 vs. NHE) and a graphite sheet were
employed as reference electrode and counter-electrode,
respectively. For the construction of the working electrode, the
materials were deposited on a conductive FTO substrate by a
simple drop-coating method. To achieve this, a suspension
composed of 20 mg of the materials, 2 mL of ethanol, and
20 µL of Nafion® resin solution was prepared; then, the sus-
pension was dropped on the FTO surface. The photocurrents
were registered at 0.746 V vs. RHE, for 600 s in intervals of 120
s in light and 120 s in darkness. In the same way, the electro-
chemical impedance spectroscopy (EIS) experiments were
carried out at 0.746 V vs. RHE. These potentials are −0.1 V
lower than the open-circuit potential (OCP) value of the
materials and were imposed to achieve a more visible photo-
current derived from the activation of Cur@HKUST-1 and
HKUST-1 under light irradiation and under the influence of an
external potential. Finally, potentiodynamic electrochemical
impedance (PEI) tests were carried out in a potential window
without faradaic currents (from 0 to 1.6 V vs. RHE) at a fre-
quency of 500 Hz.

2.4. Computational experiments

The encapsulation of Cur mainly in the open metal sites of
HKUST-1, was achieved using the MOLDRAW software21 in
order to create the structural computational model of
Cur@HKUST-1. The proposed initial geometry was completely
relaxed (for angles and bond distances) to obtain the
minimum energy structure (optimized geometry). The optimiz-
ation of the initial geometry was carried out employing the
antiferromagnetic phase of HKUST-1, according to that reported
previously.4 The calculation employed for the determination of
the Cur@HKUST-1 model was constructed with periodic bound-
ary conditions and was computed in the CRYSTAL17 software22

employing the hybrid functional HSE0623 and the pob-DZVP
basis set.24,25 Geometry optimizations were obtained using a 2 ×
2 Monkhorst–Pack, TOLINTEG was fixed in 7 7 7 9 30, which is
the truncation criteria for bielectronic integrals. These values
correspond to the overlap threshold for Coulomb, the pene-
tration threshold for Coulomb, and the overlap threshold for HF
exchange integrals, and the fourth and fifth parameters corres-
pond to the pseudo overlap on the Hartree–Fock exchange
series. The default values for optimization converge criteria were
used.26 The Cur structure was optimized in the software
GAUSSIAN09,27 employing as theory level the hybrid functional
HSE06, and the cc-pVDZ basis set, and the HOMO–LUMO ener-
gies were determined. The software Avogadro28 was employed to
visualize the optimized structure of Cur and its HOMO–LUMO
orbitals.

2.5. Photocatalytic experiments

For the photocatalytic hydrogen evolution experiments (see
Scheme SI1†), 100 mg of the studied material (HKUST-1 or
Cur@HKUST-1) was dispersed into 200 mL of distilled water,
employing a 250 mL Pyrex reactor as a container. The suspen-
sion was bubbled with nitrogen to eliminate all the oxygen dis-
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solved; afterward, it was illuminated with visible light
(400–700 nm) for 180 min, registering the produced hydrogen
each 30 min. Herein, to determine the net photocatalytic
activity of the studied Cur@HKUST-1 composite, and to avoid
adding more variables that could affect the photocatalytic
activity of the studied materials, the employment of sacrificial
agents was considered.29–31

3. Results and discussion

Herein the photosensitizer Cur was in situ infiltrated into the
HKUST-1 material to yield the Cur@HKUST-1 composite, to
determine if this conjoint would provide better photoelectroca-
talytic behavior for the water splitting reaction to generate
molecular hydrogen, in comparison to uninfiltrated HKUST-1
material. The next sections would provide enough evidence to
assure the obtaining of the Cur@HKUST-1 composite, as
follows.

3.1. UV-vis spectroscopic evidence of Cur infiltration into
HKUST-1 and determination of infiltration degree

The residual solvents of the Cur@HKUST-1 synthesis were
measured through UV-vis spectroscopy to corroborate the infil-
tration degree of Cur into HKUST-1. The pure Cur in UV-vis
spectral region showed two bands at 265 and 427 nm, which
are attributed to π → π* and a combination of π → π*/n → π*
transitions, respectively (Fig. 1a, orange line).32

Nevertheless, the bands observed in the residual solvent of
the Cur@HKUST-1 synthesis correspond to Cur coordinated to
copper in solution and the positions of the observed bands
shifted to different wavelengths (Fig. 1a, green line). Indeed, in
the literature has been reported that the coordination of Cur
with copper cause two maximums of absorption, and a decre-
ment in the absorbance,32,33 as we observed in the residual
solvent of synthesis (Fig. 1a, black line).

Such a result indicated that the coordination of Cur with
copper occurred since the initial stages in the synthesis of the
Cur@HKUST-1 composite due to the chelate effect. Thus, all
the available Cur in the system should be coordinated, no
matter that in solution and in the solid state. The one co-
ordinated in the solid state is towards open metal sites in
HKUST-1 as adduct or chelate.

Because of these preliminary results observed in the experi-
ments, the quantitative analysis of the infiltration degree was
carried out by elaborating a new calibration curve including
both Cur and CuII species in the same media. The new con-
structed curve was obtained by taking the absorbances of
newly prepared solutions of CuII ions interacting with Cur at
concentrations of 0.875, 1.75, 4.73, 8.75, and 17.5 ppm at
265 nm, in an stoichiometric amount of 1 : 1 [CuII]:.28 The
linear regression of the plot concentration vs. absorbance
showed an R2 of 0.999 (Fig. 1b), indicating a linear increment
of the absorbance with the concentration of Cur → CuII. Thus,
the model employed in the quantitative analysis of the infiltra-
tion of Cur to HKUST-1 presented a high reliability.

The initial concentration of Cur in the reaction mixture was
875 ppm and after the synthesis process it was detected a final
Cur concentration of 657 ppm, indicating the infiltration of
218 ppm, which corresponds to the 25% of the total Cur
added to the reaction mixture. Such a result indicated a low
infiltration degree since the initial amount of employed Cur
was 10% molar (875 ppm) in relation to the linker BTC.
Consequently, the infiltrated Cur corresponds only to the 2.5%
molar (218 ppm) in relation to the BTC linker.

The obtained yield for Cur@HKUST-1 composite was
62.7%, which was slightly lower (7.3%) than the observed for
pristine HKUST-1 (70%). The observed yield diminishment for
the composite compared to HKUST-1, directly correlates with
the amount of Cur → CuII coordination compound observed
in the mother liquors (Fig. 1a, green line). Therefore, the 10%
molar amount of guest molecule is coordinated towards Cu,

Fig. 1 (a) UV-vis spectra of pristine Cur, Cur → CuII, and Cur in the residual solvent of the Cur@HKUST-1 synthesis. (b) Linear regression of the ppm
vs. absorbance plot in an stoichiometric amount of the 1 : 1 [CuII]:28 system measured at 262 nm by UV-vis spectroscopy.

Paper Dalton Transactions

8982 | Dalton Trans., 2025, 54, 8979–8992 This journal is © The Royal Society of Chemistry 2025

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
M

ay
 2

02
5.

 D
ow

nl
oa

de
d 

on
 1

/2
3/

20
26

 7
:2

0:
32

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5dt00564g


ca. 7.5% in solution, and the remaining ca. 2.5% as the
Cur@HKUST-1 composite. The 7.5% contribution from the
Cur → CuII coordination compound leads to a 7.5% reduction
in available metallic centers for HKUST-1 assembly, and conse-
quently, a 7.5% lower composite yield. Evidence strongly indi-
cates Cur → CuII in solution as the coordination compound
and in the solid state as the Cur@HKUST-1 composite.

3.2. X-ray diffraction analysis between HKUST-1 and
Cur@HKUST-1

The diffractograms obtained from the crystalline powders of
Cur@HKUST-1 and bare HKUST-1 and their comparison with
the simulated XRD pattern of HKUST-1 obtained from the
CCDC (755080) are gathered in Fig. 2. Both HKUST-1 and
Cur@HKUST-1 showed the typical diffraction peaks of this
structure, confirming a successful synthesis. It is worth noting
that Cur@HKUST-1 has no additional diffraction peaks com-
pared to HKUST-1, indicating that another crystalline phase of
Cur is not present. Besides, we did not observe modifications
in the structural parameters of HKUST-1, probably due to the
low amount (ca. 2.5%) of infiltrated Cur. On the other hand,
we calculated the crystallite size of Cur@HKUST-1 and
HKUST-1 using the Scherrer equation, both presenting a crys-
tallite size of 35 nm, indicating that the addition of Cur is not
affecting the crystallinity of the composite. This parameter is
important to analyze since it is well-known that a high crystal-
linity improves the charge transport in materials; thus, a decre-
ment in crystallinity associated with the infiltration process
could be undesirable for the photocatalytic properties of the
final materials.34

3.3. FTIR spectroscopy, thermogravimetric, and
microstructural analysis

We employed FTIR spectroscopy, thermogravimetric analysis
(TGA), and microstructural characterization to confirm the

successful synthesis of the Cur@HKUST-1 composites and to
elucidate the supramolecular host–guest interactions.

The FTIR spectra of the composite exhibited absorption
bands corresponding to the characteristic functional groups of
HKUST-1, confirming the formation of the host framework. No
significant absorption bands attributable to Cur were detected,
which was ascribed to the low degree of infiltration of the
guest molecule, as determined by UV-Vis spectroscopy.
Additionally, the FTIR analysis indicated a low content of both
physisorbed and chemisorbed water, suggesting that Cur
molecules replaced water in the MOF cavities, thereby confirm-
ing guest encapsulation.

Thermogravimetric analysis supported these findings by
revealing a reduced amount of encapsulated water within the
HKUST-1 structure. A more detailed evaluation showed that
chemisorbed water was displaced to a greater extent than phy-
sisorbed water upon Cur loading, implying that Cur preferen-
tially occupies the open metal sites of the framework, which
are typically associated with chemisorbed water. Moreover, the
Cur@HKUST-1 composite exhibited lower thermal stability
compared to pristine HKUST-1, further corroborating the suc-
cessful infiltration of Cur molecules.35

Finally, scanning electron microscopy (SEM) revealed
notable changes in the microstructure of HKUST-1 after the
infiltration process. The modified morphology appeared more
porous, which may influence key photocatalytic properties of
the composite, such as its specific surface area.

Detailed analyses of these characterizations are provided in
the ESI, sections SI2–SI4 (Fig. SI1–6, Table SI1).†

3.4. Textural properties

The N2 adsorption–desorption isotherms (Fig. 3) were col-
lected at −196.15 °C (77 K) for HKUST-1 and Cur@HKUST-1
(preactivated/degassed at 150 °C for 12 h) while the BET
surface area of the materials and porosity properties are listed
in Table 1. HKUST-1 presented a type-1 isotherm, which is

Fig. 2 Diffractograms of Cur@HKUST-1 (green), HKUST-1 (blue) syn-
thesized in this work, and the HKUST-1 monocrystal 755080 CCDC
reference (black). Fig. 3 Collected isotherms for HKUST-1 and Cur@HKUST-1.
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characteristic of (sub)microporous materials (pore diameters
<2 nm),36,37 as has been reported previously for this
material.38–40 In contrast, Cur@HKUST-1 showed an initial
part characteristic of type-I isotherms and a subsequent type-
IV isotherm shape presenting a desorption branch with a pro-
nounced N2 hysteresis loop. The hysteresis loops observed in
isotherms are related to pore (cavity) blocking, which is
another piece of evidence suggesting the encapsulation of Cur
into HKUST-1, cavitation could also explain the presence of
hysteresis loops.36–38 On the other hand, type-IV isotherms are
characteristic of meso(macro)porous materials (pore diameter
2–50 nm and bigger).36,37 This suggests that Cur induces
additional porosity in the Cur@HKUST-1 composite. The
large, multifunctional Cur molecule likely contributes to this
porosity both by partially inhibiting the growth of the original
HKUST-1 3D architecture as a capping agent, and therefore by
acting as a pore wall. The extent of this inhibition is related to
the degree of Cur infiltration.

The calculated surface area of HKUST-1 was 970 m2 g−1,
whereas Cur@HKUT-1 presented a diminished surface area
of 863 m2 g−1. At the same time, the total pore volume of
HKUST-1 decreased from 0.68 in the pristine material to
0.63 cm3 g−1 in the composite (≈7.35% diminishment), in
agreement with TGA, corroborating the encapsulation of Cur.
It is worth mentioning that a high surface area is beneficial for

photocatalytic reactions since it increases the contact of the
active sites with the reaction media. However, materials with
high porosity, such as MOFs, could present a diminishment of
photocatalytic activity due to a high porosity associated with a
high volume of unpolarized void space, hindering the charge
transport and promoting the recombination rate.41 In this way,
the decrement in the surface area of Cur@HKUST-1 could be
beneficial for photocatalytic properties and is also another
piece of evidence confirming the encapsulation of the guest
molecule. Regarding the average pore diameter, HKUST-1 and
Cur@HKUST-1 presented similar values, 2.8 and 2.9 nm, evi-
dencing that microporosity predominates over mesoporosity in
Cur@HKUST-1.

3.5. Bandgap modulation determined by solid-state UV-vis
spectroscopy

The Fig. 4a depicts the UV-vis spectra in solid state of
Cur@HKUST-1 and HKUST-1, denoting typical bands of
HKUST-1 at ≈300 and ≈700 nm, attributed to BTC → Cu and
Cud(z2) → Cud(x2−y2), electronic transitions.

42

Nevertheless, Cur@HKUST-1 presented a lower absorbance/
quenching in the band attributed to Cud(z2) → Cud(x2−y2) tran-
sition, suggesting a different chemical environment in the
open metal sites. Thus, Cur interacting with open metal sites
could be responsible for this effect, evidencing a possible
Cur → Cu bonding scheme, and energy transfer from Cur to
the CB of HKUST-1, composed mainly by the SBU.4 The elec-
tronic transition Cud(z2) → Cud(x2−y2) occurs due to the elec-
tronic transfer from the occupied d(z2) orbitals to the partially
occupied d(x2 − y2).43 However, the coordination of guest
species in the open metal sites must produce the interaction
of rich-electron species with the partially occupied d(x2 − y2)
orbital, increasing its electronic density. Consequently, in the
Cur@HKUST-1 system the d(x2 − y2) orbitals must have a

Table 1 Textural properties of HKUST-1 and Cur@HKUST-1

MOF
SBET
(m2 g−1)

Vm
(cm3 g−1)

Total pore
volume
(cm3 g−1)

Average
pore diameter
(nm)

HKUST-1 970 223 0.68 2.8025
Cur@HKUST-1 863 198 0.63 2.9033

Fig. 4 For HKUST-1 (blue line) and Cur@HKUST-1 (green line): (a) UV-vis spectra, and energy orbitals diagram indicating comparative electronic
promotion between the studied systems, as well as quenching of the band ≈700 nm, attributed to Cud(z2) → Cud(x2−y2), due to the infiltration of Cur;
(b) bandgap determination by Kubelka–Munk transformation, bandgap modulation due to infiltration of Cur was just slightly observed.
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higher occupancy degree, avoiding the Cud(z2) → Cud(x2−y2) tran-
sition and therefore decreasing the absorbance of this band,
as we observed in the UV-vis spectra. Noteworthy, additional
bands attributed to loaded Cur were absent probably due to
the low infiltration degree.

Additionally, the optical bandgap of the materials was
studied employing the Tauc plots (Fig. 4b) and eqn (1).

ðFðRÞhvÞn ¼ Aðhv� EgÞ ð1Þ
where F(R) is obtained from the Kubelka–Munk function, hv is
the energy of the incident photons, A is the absorbance, Eg is the
bandgap value (eV), and n is a constant depending on the type of
electronic transition, 1/2 for an allowed indirect electronic tran-
sition and 2 for an allowed electronic direct transition.44 We cal-
culated the bandgap value of HKUST-1 and Cur@HKUST-1 as an
allowed indirect transition according to previous computational
studies.4 The encapsulation of Cur did not significantly modify
the energy value of the transition BTC → Cu related to the
inherent bandgap of HKUST-1. Indeed, an optical bandgap could
not be determined due to the low infiltration degree obtained.
Nevertheless, the sensitization effect occurs, but this evidence is
going to be highlighted in the next sections.

3.6. Electrochemical experiments

Nonetheless that optical bandgap modulation due to Cur infil-
tration was not clearly observed (Fig. 4), the chronoamperome-
try experiments were employed to corroborate the sensitization
effect of Cur toward HKUST-1 (Fig. 5). To achieve this,
HKUST-1 and Cur@HKUST-1 were supported on a conductive
FTO glass employing simple dripping deposition; then, the
(photo)currents of the materials were measured at −0.1 V
related to the OCP of the studied materials (about 0.850 V vs.
RHE). A reduction potential was imposed for comparative pro-
posals since it is necessary to observe significative photocur-
rents to corroborate the sensitization effect. At the same time,

a methodology of back-illumination was used since it
diminishes the charge transport resistance of the film in the
work-electrode, increasing the observed photocurrent.45 Both
materials presented an increment in the cathodic current, evi-
dencing the excitation of electrons from the VB to the CB of
HKUST-1 and Cur@HKUST-1 under visible light irradiation.
Interestingly, Cur@HKUST-1 presented a higher photocurrent
than HKUST-1. This is suggesting an effect caused by the infil-
trated Cur in the electrical and semiconductor properties of
the HKUST-1, since the band gap value seems to be practically
the same for both materials (Fig. 7). All this corroborates the
photosensitizer effect of Cur, loaded into HKUST-1, and pre-
dicts a higher activity in photocatalytic applications. After a
second irradiation cycle, both materials maintained practically
the same photocurrent than the obtained in the first cycle,
indicating a good photo-stability. Indeed, several published
studies have employed this tool to corroborate the sensitiz-
ation effect of related systems, although no new bands were
observed in the UV-Vis spectra (Fig. 6).11,46

Electrochemical Impedance Spectroscopy (EIS) was utilized
to analyze the charge transfer resistance at the electrode–elec-
trolyte interface. An increase in charge transfer resistance was
observed suggesting a higher degree of charge recombination,
which was attributed to the hydrophobic nature of the encap-
sulated Cur. This hydrophobic effect is thought to weaken the
supramolecular interactions between Cur@HKUST-1 and
water (Cur@HKUST-1⋯H2O). These findings indicate that the
encapsulation of guest species in MOFs, while beneficial in
some aspects but may also negatively impact certain photo-
catalytic properties.

Despite the increased recombination, EIS also revealed an
improvement in charge transport, a feature commonly associ-
ated with the infiltration of guest molecules into MOF struc-
tures. This dual behavior highlights the potential of Cur-
loaded HKUST-1 as a platform for the development of novel
MOF-based conductive materials.

Potentiodynamic measurements confirmed that both pris-
tine HKUST-1 and the Cur@HKUST-1 composite exhibit n-type
semiconductor behavior, consistent with previous
reports.3,47,48 Furthermore, the encapsulation of Cur did not
significantly alter the conduction band (CB) position of
HKUST-1, and consequently, the valence band (VB) remained
unchanged, see Fig. SI7.† The estimated redox potentials of
the composite were 0.55 V (CB) and 4.0 V (VB) versus RHE,
indicating that the material retains suitable redox potentials
for driving the water-splitting reaction.49

Additionally, charge carrier density was estimated using the
Mott–Schottky equation. The results showed a decrease in
carrier concentration for the composite, in agreement with the
EIS findings that suggested a higher charge recombination.

For a more detailed discussion of these characterizations,
refer to SI5 (Fig. SI7 & Table SI2).†

3.7. Computational experiments

We proposed two geometric configurations for the
Cur@HKUST-1 composite, in which the encapsulated Cur can

Fig. 5 Chronoamperometry experiments in light/darkness for HKUST-1
and Cur@HKUST-1, evidencing an enhanced photosensitization for the
composite.
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adopt two distinct conformations. The first conformation,
referred to as cis–cis, and the second, as trans–trans, were
designated based on the structural arrangement of Cur (Fig. 6a
and 7a, respectively).50

In Fig. 6 it is presented the optimized geometry for the
Curcis–cis@HKUST-1 composite. Although this geometry is less
stable compared to the trans–trans geometry, it has been
reported that this conformer could be stabilized in polar sol-
vents such as water or ethanol, which are precisely the solvents
employed in the synthesis of the studied Cur@HKUST-1 com-
posite.51 The optimized geometry for the Curcis–cis@HKUST-1

composite indicated that it is possible to store Cur in one
single cavity of HKUST-1 due to the compact structure of the
cis–cis rotamer.52 At the same time, the main supramolecular
interaction detected in the Curcis–cis@HKUST-1 system was a
coordination bond type CvOCur → CuHKUST-1 of about 2.05 Å,
which is like the distance of the coordination bonds between
the BTC linker and the Cu2+ cations (OBTC → Cu, 1.93 Å), indi-
cating similar stability. It is worth mentioning that in the
Curcis–cis@HKUST-1 system the coordinative bond CvOCur →
CuHKUST-1 is occupying one of the chemisorbed water sites,
matching the TGA results.

Fig. 6 (a) Chemical structure of the cis–cis rotamer of Cur and (b) optimized geometry for the Curcis–cis@HKUST-1 composite.

Fig. 7 (a) Chemical structure of the trans–trans rotamer of Cur. (b) Optimized structure of the system Curtrans–trans@HKUST-1. Supramolecular
interactions between Cur and HKUST-1 (c) HOCur → CuHKUST-1, (d) πCur → cationCuHKUST-1, and (e) nHO–Cur → πHKUST-1.
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In contrast, placing the trans–trans rotamer of Cur in
HKUST-1, made it impossible to set this structure in just one
HKUST-1 cavity. Indeed, the optimized geometry for
Curtrans–trans@HKUST-1 adopted a geometry placing it along
two HKUST-1 cavities, approximately occupying 1.5 cavities.
This is possible since the cavities of HKUST-1 are intercon-
nected (Fig. 7b). On the other hand, Fig. 7c–e show the main
supramolecular interactions associated with the infiltration of
Cur into HKUST-1, which are a coordination bond HOCur →
CuHKUST-1 (distance 2.26 Å), a πCur → CuHKUST-1 interaction
(distance 2.46 Å), and a nHO–CUR → πBTC–HKUST-1 interaction
(distance 2.76 Å, angle 81.52°). It is worth emphasizing that
the determined value for the latter interaction corresponds to
those reported in the literature (distance 2.8–3.8 Å, ∠ ≤ 90°).53

At the same time, the distances of these interactions are like
the coordination bond distance of the OBTC → Cu (1.93 Å),
indicating a similar stability between these moieties.

This geometry required occupying two sites of chemisorbed
water due to the coordination bonds between Cur and the
open metal sites. The occupation of two open metal sites by
Cur is higher than determined by TGA characterization, indi-
cating that the Curcis–cis@HKUST-1 shows a better agreement
with the experimental results, consequently, this system makes
the most significant contribution to the real structural con-
figuration of the composite. However, the real value of chemi-
sorbed water determined by TGA differs by a bit more than
one water molecule in the original HKUST-1 compared to the
Cur@HKUST-1 composite. Thus, the difference between the
experimental and the theoretical values for the
Curcis–cis@HKUST-1 system is attributed to a small amount of
Curtrans–trans@HKUST-1 system in the real structure of the
composite.

Following our results, Munasinghe et al., determined that
the encapsulation of Cur into HKUST-1 occurs through the for-
mation of a coordination bond type HOCur → CuHKUST-1 and
CvOCur → CuHKUST-1. Nevertheless, these previous geometries
employed only partial structural models using the SBU of
HKUST-1 without periodic boundary conditions.17

Finally, a comparison between the structural parameters
of HKUST-1 (HKUST-1NS), Curcis–cis@HKUST-1, and
Curtrans–trans@HKUST-1 is presented in section SI6 (Fig. SI8 &
Table SI3).†

The HOMO–LUMO of Cur were calculated to understand a
possible mechanism of sensitization promoted by Cur that
was observed and discussed in the electrochemical section.
Both the HOMO and LUMO orbitals are localized along all the
carbons and oxygens composing the structure of Cur, except
for the –CH3 groups in the methoxides (Fig. 8). The calculated
energies for these orbitals were −5.26 and −2.41 eV, respect-
ively, matching the previously reported values in the literature
(−5.76 and −2.76 eV).10 With these, the determined HOMO–
LUMO gap for Cur is 2.85 eV, which corresponds to a wave-
length of 435 nm, being in the visible region of the electro-
magnetic spectrum confirming the sensitizing effect promoted
by Cur. Meanwhile, the energies of the VB and CB of HKUST-1
were −7.19 and −3.16 eV, respectively.

In this way, the plausible mechanism of charge transfer
should imply the excitation of electrons between HOMO–
LUMO in Cur and subsequent electron transfer from LUMOCur

to CBHKUST-1, according to that described in the literature,
related to the sensitization effect.9 Therefore, in the photo-
catalytic process, oxidant species should be localized in the
HOMOCur, whereas the reduction process should occur only in
the SBU of HKUST-1. Indeed, the transference of electrons
from HOMOCur to CBHKUST-1 could be facilitated due to the
short distance between the atoms composing HOMOCur and
the SBU of HKUST-1, composing the CB,4 by CvOCur →
CuHKUST-1 or C-(H)OCur → CuHKUST-1 interactions.

3.8. Photocatalytic test

To track the effectiveness of Cur in enhancing light harvesting
and photocatalytic activity of HKUST-1, the developed
materials were evaluated toward photocatalytic hydrogen evol-
ution (PHE). Such a reaction is crucial to reach a sustainable
society due to hydrogen is a clean or green fuel just providing
water as combustion product, with higher energetic power
than fossil fuels.54 These tests were conducted to evaluate a
direct sensitization effect of Cur in HKUST-1, without the
usage of sacrificial agents, mainly to avoid any potential
masking due to other possible interactions (sacrificial
agent⋯Cur@HKUST-1). The results indicated that
Cur@HKUST-1 developed a higher photocatalytic activity com-
pared to HKUST-1, corroborating the effectiveness of Cur
enhancing light harvesting. In the first 60 min of the reaction,
Cur@HKUST-1 presented a hydrogen evolution 1.2 times
higher than HKUST-1 (585 vs. 483 µmol g−1, respectively) just
by infiltrating 2.5% of Cur into the HKUST-1. Nevertheless, as
the reaction advanced, the photocatalytic activity of both
materials decreased, indicating instability (Fig. 9). For com-
parison purposes, we previously determined the photocatalytic
activity of similar systems H2O@HKUST-1 and
DMF@HKUST-1, which presented practically the same hydro-
gen evolution after 180 min of reaction.4 Therefore, the
Cur@HKUST-1 composite clearly evidenced higher photo-

Fig. 8 Charge transfer mechanism proposed for the Cur@HKUST-1
composite.
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catalytic activity than pristine HKUST-1 (H2O@HKUST-1),
demonstrating a higher stability of the Cur@HKUST-1 system
in comparison to DMF@HKUST-1. Such a result is attributed
to the hydrophobic environment promoted by Cur in the
whole material, surface and cavities, and corroborated through
TGA, FTIR, and EIS.

3.9. Stability evaluation of the composite

As it was mentioned in the Introduction section, the con-
ditions for photocatalytic reactions led to the formation of the
linear coordination polymer CuBTC·3H2O, developing
decreased photocatalytic properties compared to HKUST-1.4

This phase transition occurred due to the infiltration of water
in the crystal lattice of the host, diminishing its dimensionality
from 3D to 1D, therefore releasing the guest molecules in the
cavities, such as residual solvents, for example, DMF.4 To
demonstrate the higher stability of Cur@HKUST-1 compared
to bare HKUST-1, XRD experiments were carried on with the
recovered powders (Cur@HKUST-1REC and HKUST-1REC,
respectively) from the photocatalytic reaction described in the
previous section (Fig. 10). In addition, Cur@HKUST-1REC and
HKUST-1REC were also compared with DMF@HKUST-1REC
described in our earlier work.4 In the diffractograms of the
mentioned materials, the appearance of the CuBTC·3H2O crys-
talline phase suggested structural instability in all three
materials. Nevertheless, the plane (2 2 0) detected at 9° (2θ)
was attributed to residual HKUST-1 in all the diffractograms.
Therefore, to quantify the residual proportion of HKUST-1 for
the active materials, it was carried out the determination of
the area below the curve of these peaks and the peaks related
to CuBTC·3H2O. By this means, we determined the residual
proportions of Cur@HKUST-1REC, HKUST-1REC, and
DMF@HKUST-1REC being of 9.9, 5.9, and 4.7%, respectively.
Consequently, the infiltration of 2.5% of Cur into HKUST-1
maintained in a higher extent the initial structure of HKUST-1
before the activity test of the initial materials in 69.9 and

114% compared with HKUST-1REC and DMF@HKUST-1REC,
respectively. We attributed such a result to the hydrophobic
environment provided by Cur, which hinders the infiltration of
water into HKUST-1, as it was stipulated in our initial hypoth-
esis. It is worth emphasizing that even though Cur@HKUST-1
is still an unstable material, the observed results confirmed
that the infiltration of guest species into MOFs pores and cav-
ities resulted a suitable strategy to enhance its stability.
Therefore, this result represents a further step in the correct
direction to develop photocatalytic systems based on MOFs
with enhanced stability.

Four reaction cycles were evaluated (Fig. 11) to investigate
the stability of the Cur@HKUST-1 composite. After each cycle,
a progressive decrease in photocatalytic activity was observed,
consistent with experimental characterization indicating the
instability of the material under hydrogen evolution con-
ditions. Nevertheless, although the chemical structure of
Cur@HKUST-1 is modified during the photochemical reaction,
the resulting composite material—CuBTC·3H2O (90%)/
Cur@HKUST-1 (10%)—exhibited photocatalytic activity com-
parable to that of pristine HKUST-1, particularly during the
second reaction cycle. These findings suggest that the infiltra-
tion of curcumin into HKUST-1 contributes to attain an
improved stability.

3.10. Comparison of Cur@HKUST-1 with other MOF systems
for photocatalytic hydrogen evolution

Making a direct comparison between the photocatalytic activi-
ties of different MOFs and related materials is challenging
mainly because their variable stabilities in water.55 Therefore,
MOF’s stability and the experimental conditions, including the
use of sacrificial agents, significantly affect hydrogen pro-
duction. Hence, to assess a fair contrast about the hydrogen
evolution rate (HER [=] μmol h−1 g−1) of the current
Cur@HKUST-1 composite against similar materials is worth to

Fig. 10 XRD patterns of Cur@HKUST-1, HKUST-1, Cur@HKUST-1REC,
and HKUST-1REC. The plane (2 2 0) attributed to HKUST-1 was high-
lighted with a red circle.

Fig. 9 Photocatalytic hydrogen evolution determined for HKUST-1 and
Cur@HKUST-1.
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stipulate that the composite of study has been irradiated with
visible light, in comparison with other materials that have
been irradiated with UV, or UV-vis light sources, this mainly
due to the photosensitizing nature of Cur. Some of the best
systems for this means of developing high HER are hetero-
structures (PtNP@Pd–PCN-222(Hf) HER = 22 674,
MOF-808@TpPa-1-COF (6/4) HER = 11 880) or heterojunctions
(Pt@MIL-125/Au HER = 265), often including very expensive
additions such as Pt, Pd, Hf, Au, their combinations
(PtNP@Pd–PCN-222(Hf)), among others, this in comparison
with Cur, which is an organic compound and of a cheaper
nature. Table 2 gathers some comparisons of bare materials
with very good HER values, and some other materials with
varying HER values, that were enhanced by the inclusion of
sensitizing agents, as is the case of Cur@HKUST-1 composite.
Just to emphasize the usefulness of the infiltration strategy,
also in this table are very good examples of HER increment
due to this infiltrant@MOF strategy, e.g. the PCN-222(Hf)
system that has not observable HER, to the final engineered
structure of the PtNP@Pd–PCN-222(Hf), where the inclusion of
Pd metals in the cavity of the porphyrinic ligand turned on the
HER to reach 2476, and finally with the inclusion of platinum
nanoparticles (PtNP) to the highest HER value of 22 674. Some
other more modest examples are the PCN-9(Co) that with the
inclusion of Pt4+ enhanced the HER from 4.8 to 33.5, or the
case of BDC–Zn with HER of 47.5, to the relatives with methyl
orange or methylene blue that reached 1138 and 1259, respect-
ively. To finally reach the current example, where HKUST-1
provided a HER of 161, and the infiltrated system
Cur@HKUST-1, augmented to 195, just by a 2.5% infiltration
of the Cur sensitizer, also providing augmented stability in the
composite. All these comparisons and analysis clearly revealed
that the infiltration of species in reticular systems, as the
MOFs, is a very powerful strategy to obtain emergent properties
such as the photocatalytic hydrogen evolution.

4. Conclusions

The infiltration of 2.5% of Cur into HKUST-1 was achieved suc-
cessfully. The main evidence that confirms the encapsulation
of Cur into HKUST-1 is a decrement in the thermal stability
and surface area of Cur@HKUST-1 compared to bare
HKUST-1. At the same time, the preservation of the HKUST-1
structure in the Cur@HKUST-1 composite was demonstrated
by XRD and FTIR experiments.

The infiltration degree of 2.5% in the Cur@HKUST-1 com-
posite was determined by UV-Vis experiments, indicating a low
affinity of HKUST-1 toward Cur, since an initial amount of
10% mol was employed, still just one quarter of this was
loaded. This could be due to the inherent steric hindrance of
the large guest, whether that cis–cis or trans–trans Cur rota-
mers were assessed.

Employed characterization tools indicated that encapsu-
lated Cur is coordinated to the open metal sites of HKUST-1;
provoking different effects in the Cur@HKUST-1 composite:

(i) Cur in residual solvents is coordinated to copper, indi-
cating a high affinity of the guest molecule toward the open
metal sites.

(ii) TGA indicated a lower amount of chemisorbed water,
compared with bare HKUST-1.

(iii) UV-vis experiments in the solid state showed a quench-
ing effect of the band attributed to the transitions Cud(z2) →
Cud(x2−y2), which depends on the chemical environment in the
SBU (open metal sites), an effect attributed to Cur → CuHKUST-1

interaction.
(iv) The optimized geometries calculated for Cur@HKUST-1

using DFT methods in periodic boundary conditions indicated
that the coordination of OH/CvO groups in Cur to open metal

Fig. 11 Photocatalytic hydrogen evolution of Cur@HKUST-1 after four
reaction cycles (1st cycle green, 2nd cycle red, 3rd cycle dark blue, 4th

cycle purple; HKUST-1 was just assessed the 1st cycle, light blue).

Table 2 Hydrogen evolution rate (HER) comparison for Cur@HKUST-1
and related materials

Material

H2 evolution
rate (HER)
[μmol h−1 g−1] Ref.

MIL-125–NH2 4327 56
Pt@MIL-125/Au Schottky junctions 265 57
PCN-9(Co) 4.8 58
Pt4+@PCN-9(Co) 33.5
BDC–Zn 47.5 59
(Methyl orange)@BDC–Zn 1137.8
(Methylene blue)@BDC–Zn 1259.4
MoS2@ZIF-8 68.4 60
TpPa-1-COF 2121 61
MOF-808@TpPa-1-COF
(6/4, MOF–COF hybrid heterostructure)

11 880

PtNP@MIL-100(Fe) 98 62
PtNP@UiO66–NH2(Zr) 257
PtNP@MIL-125–NH2(Ti) 367
PtNP@Pd–PCN-222(Hf) 22 674
Pd–PCN-222(Hf) 2476
PCN-222(Hf) Not observable
HKUST-1 161a This work
Cur@HKUST-1 195a

a 1st cycle of HER lasting 3 h, see Fig. 11.
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sites in HKUST-1, resulted the lowest energy geometries for
the Curtrans–trans@HKUST-1 or Curcis–cis@HKUST-1,
respectively.

In chronoamperometry experiments under visible light
irradiation, Cur@HKUST-1 presented a higher current density
than pristine HKUST-1, corroborating the sensitization effect.
Consequently, Cur@HKUST-1 also produces a higher hydrogen
evolution rate (HER) than pristine HKUST-1, demonstrating
the effectiveness of infiltration as a strategy to develop
materials with enhanced visible light harvesting.

Nevertheless, Cur’s infiltration incremented the charge
transference resistance observed through EIS experiments and
MS plots; thus, infiltration could also decrease or modify some
photocatalytic properties of materials.

Finally, the Cur@HKUST-1 composite exhibited an increase
in conductivity, compared with HKUST-1, signifying an impor-
tant emerging property that could be further exploited without
the employment of expensive infiltrators, and ecofriendly as is
the case of Cur.
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