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Metal-organic frameworks (MOFs) are appealing candidate materials to design new photoelectrodes for
use in solar energy conversion because of their modular nature and chemical versatility. However, to
date there are few examples of MOFs that can be directly used as photoelectrodes, for which they must
be able to afford charge separation upon light absorption, and promote the catalytic dissociation of
water molecules, while maintaining structural integrity. Here, we have explored the use of the organic
linker anthraquinone-2, 6-disulfonate (2, 6-AQDS) for the preparation of MOFs to be used as
photoanodes. Thus, the reaction of 2, 6-AQDS with Bi(i) or a combination of Bi(i) and Fe(m) resulted in
two new MOFs, BiPF-10 and BiFePF-15, respectively. They display similar structural features, where the
metal elements are disposed in inorganic-layer building units, which are pillared by the organic linkers by
coordination bonds through the sulfonic acid groups. We show that the introduction of iron in the
structure plays a crucial role for the practical use of the MOFs as a robust photoelectrode in
a photoelectrochemical cell, producing as much as 1.23 mmol H, cm™2 with the use of BiFePF-15 as
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been able to unravel the charge transfer mechanism, which involves the formation of a radical
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Introduction

Within the current environmental and energy crisis that our
society is facing, there is clearly a pressing need to develop and
deploy new materials and technologies that will allow us to
implement alternative sustainable energy sources. Hydrogen, as
an energy vector, is arguably playing an essential role in the
transition from the use of fossil fuels to clean and renewable
energies. However, it is essential that hydrogen production is
sustainably achieved, for which solar powered photo-
electrochemical cells (PECs) are highly attractive, since they
exploit sun light for the electrocatalytic rupture of water
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intermediate species, exhibiting a longer-lived lifetime by the presence of the iron-oxo clusters in
BiFePF-15 to reduce the charge transfer resistance.

molecules to generate hydrogen. To achieve this goal, highly
photoactive materials with adequate transport properties are
required to be used as photoelectrodes in PECs.

These materials must be able to efficiently harvest solar
energy for electron-hole charge separation, followed by charge
migration to the surface where the molecules react. To this end,
several classes of materials are currently being investigated as
photoelectrodes for solar energy conversion and hydrogen
production, such as metal oxides, organic polymers, or hybrid
organo-inorganic materials." Metal-organic frameworks,
MOFs, are a class of materials formed by combining metal
atoms and organic linkers through strong coordination bonds
to create robust, periodic structures. Thanks to their enormous
structural, topological, and chemical versatility, MOFs are being
widely investigated in numerous fields. Thus, the modular
nature of MOFs allows a rational selection of their building
components to modify their activity for the selected application,
ranging from gas separation,” water harvesting,® drug delivery,*®
or heterogeneous catalysis,® including photo-”* and photo-
electrocatalysis.’ Thus, we previously demonstrated that a judi-
ciously selected organic linker plays a central role in the
photoelectrocatalytic hydrogen production.'® In particular, we

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Single- and bimetal MOFs have been synthesized with the
same anthraquinone based linker.

found that a bismuth MOF incorporating a hole-transport
linker produced hydrogen through a process involving the
formation of an anionic radical intermediate. Following up, we
have now synthesized two new MOFs with the use of
anthraquinone-2, 6-disulfonic acid (2, 6-AQDS) as organic linker
(Scheme 1). We have selected the commercially available 2, 6-
AQDS linker due the rich redox chemistry of anthraquinones,
which in addition are well-known to form radical species™
under photoexcitation."** We have also continued to focus on
bismuth MOFs,***® which are recently receiving increasing
interest due to the low-toxicity and high natural abundance of
this metal element.*®

Bismuth MOFs based on sulfonate linkers have already been
reported,”™ and the rich coordination chemistry of this
element results in a large number of possible coordination
environments and secondary building units when it is incor-
porated into MOF networks,>*?*> a determinant factor in the
materials' chemical stability and robustness.?® Herein, we also
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demonstrate that the modification and adjustment of the
inorganic part of the MOF by combining different metal
elements, namely bismuth and iron leads to a remarkable
improvement in the stability and activity of the materials when
used for hydrogen generation in a PECs. The selection of iron is
motivated by the versatile photoredox chemistry of this highly
abundant and non-toxic element. Thus, the two newly reported
compounds own structures consisting of inorganic metal-
sulfonate layers, pillared by the anthraquinone moieties.
However, only the multi-metal MOF containing both bismuth
and iron in the layers exhibits the required stability and
robustness during the photoelectrochemical reactions, reach-
ing photocurrent density values as high as 0.03 mA cm™ 2. As
a proof of concept to demonstrate the potential of the materials
as photoanode, we show that up to 1.23 mmol H, cm > h ™" are
produced in a PECs with BiFePF-15 as anode.

Results and discussion

The first of the newly reported compounds, denoted BiPF-10, was
synthesized through the reaction of bismuth nitrate with 2, 6-
AQDS disodium salt (Scheme 1). The chemical formula of the
compound according to the single-crystal determined structure is
[Bi(OH)(AQDS)(H,0)], which is consistent with the results of the
chemical elemental analysis of the bulk sample (calc. C: 27.55%,
H: 1.49%, S: 10.51%, exp. C: 27.33%, H:1.68%, S: 10.37%). BiPF-
10 crystallizes in the triclinic P1 space group. Bismuth atoms,

Fig. 1 Single-crystal X-ray diffraction structure representation of layer and full structure of (A and B) BiPF-10 and (C and D) BiFePF-15. Color
scheme: bismuth and iron are magenta and blue polyhedra, respectively. Sulfur and oxygen atoms are yellow and red balls, and carbon atoms are

represented as black sticks. Hydrogen atoms are omitted for clarity.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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with coordination number eight, are arranged forming [Biy(-
OH),(H,0),(-S03),] dimeric units, which are further linked
together through six bridging sulfonate groups (Fig. 1a), creating
two-dimensional layered inorganic secondary building units,*
which are pillared by the anthraquinone molecules (Fig. 1b). The
synthesis of the second compound, denoted BiFePF-15, was
carried out in one step, by mixing bismuth and iron nitrate along
with Nay(2, 6-AQDS). The compound crystallizes in the mono-
clinic C2/c space group. Inorganic layers are similarly formed in
BiFePF-15, consisting of bismuth and iron cations coordinated to
oxygen atoms (Fig. 1c). Bismuth atoms are also in coordination
number eight, with Bi-O bond distances ranging from 2.154(12) A
t0 3.078(2) A, while iron atoms are octahedrally coordinated, with
Fe-O distances ranging from 1.920(1) A to 2.093(1) A. The inor-
ganic layers are formed with the metal-coordination polyhedra
hold together through p-O and 13-0 atoms, and through sulfo-
nate groups. The anthraquinone molecules connect the inorganic
layers forming the three-dimensional structure. Noting that the
position of the hydrogen atoms cannot be determined from the
single crystal diffraction data analysis, the p-O and 13-0 atoms
might belong to -OH~, -O°~, or -OH, species. Based on bond
distances and angles, and charge neutrality considerations, we
have attributed the p-O atom that is bridging two bismuth atoms
as a water ligand, the p-O bridging bismuth and iron atoms as —
OH ", while the p*-O atom bridging one Bi, Fe, and Fe, as ~OH
and the -0 bridging Bi, Bi, and Fe as -0*". To support this
assignment, we completed a DFT based optimization including
the hydrogen atoms at these locations, and the resulting opti-
mized structure is in good agreement with the experimentally
determined one (Fig. S1t). Therefore, the MOF chemical formula
is determined to be [Bi,Fe,(OH),0,(H,0)(AQDS),], which is also
in agreement with the results of the bulk sample C, H, S
elemental analysis (exp. C: 23.81%, H: 1.26%, S: 9.06%, calc. C:
24.09%, H: 1.30%, S: 9.19%) and inductively coupled plasma
atomic emission spectroscopy (exp. Bi: 32%, Fe: 7.0%, calc. Bi:
30%, Fe: 8.1%).

The powder X-ray diffraction (PXRD) patterns of BiPF-10 and
BiFePF-15 match the ones calculated from the single crystal
determined structures, and demonstrate the phase purity of the
samples (Fig. S2t), which is also supported by the SEM images,
where homogeneously shaped crystals were observed (Fig. S3A
and Bf). In the case of BiFePF-15, EDS results were also in
agreement with the proposed formula (Fig. S3C¥), evidencing
the presence of both bismuth and iron in the BiFePF-15 crystals.
The thermal stability of BiPF-10 and BiFePF-15 was investigated
by thermo-gravimetric analysis (TGA), showing that the mate-
rials are thermally stable up to above 400 °C (Fig. S4A and Bf).

The UV-vis diffuse reflectance spectra collected for the solid
samples was used to investigate the absorption range and the
optical band gaps of BiPF-10 and BiFePF-15 (Fig. S51). Compared
with BiPF-10, BiFePF-15 exhibited a broader absorption across the
UV-vis spectral range (Fig. S5A1). By means of Tauc-plot method
the band gap energy of BiPF-10 and BiFePF-15 were determined
as a direct transition (ca. 2.8 and 2.6 eV, respectively, Fig. S5BY),
and showing the effect of presence of iron in the structure.

Following, we tested the photoelectrochemical activity of both
materials. The negative value of the photopotential
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measurements (Fig. S6t) under open circuit conditions is
indicative of the photoactive and a n-type semiconducting
behavior of both BiPF-10 and BiFePF-15. To ensure that the
materials are stable under the conditions required for the pho-
toelectrochemical studies, the PXRD patterns of both MOFs were
collected after being soaked in a 0.5 M Na,SO; aqueous solution
(pH = 9), which is the selected electrolyte and hole scavenger
during hydrogen evolution reaction (HER) with PEC. Remark-
ably, BiFePF-15 did not show any significant change in the peaks
position or intensity (Fig. S7Bf). In addition, SEM images
(Fig. S7Ct) did not show any obvious sample degradation. On the
contrary, the PXRD pattern of BiPF-10 after being soaked for 1 h
already shows a marked loss of crystallinity, and after 3 h, no
signals of the original pattern are visible (Fig. S7At). Thus, the
use of BiPF-10 as photoelectrode is hampered by its limited
chemical stability under photoelectrochemical working condi-
tions. On the contrary, the incorporation of iron atoms into the
inorganic SBU seems to play a stabilizing role of the structure.
Thus, BiFePF-15 demonstrates to be structurally robust and
chemically stable for use in PECs. Moreover, the photovoltage
measurements (Fig. S6) of these two systems reveals the higher
photoresponse and a much faster charge transfer of BiFePF-15,
indicative of the active role of iron atoms. Linear sweep voltam-
metry under chopped illumination test shows positive values of
the photocurrent (Fig. 2A), supporting the prospective use of
BiFePF-15 as photoanode in a PEC process.” In addition, the
chronoamperometry curve recorded with a 1.0 V bias potential
vs. reversible hydrogen electrode (RHE) (Fig. 2B) shows the
stability of BiFePF-15, reaching photocurrent densities of ca. 0.03
mA cm > after 3600 s, and a drop of the current to zero when
light is off.

We also performed electrochemical impedance spectroscopy
(EIS) measurements under dark and illumination conditions
with BiFePF-15 to investigate the changes in the charge transfer
resistance of the analyzed material-electrolyte interface. Fig. 2C
shows the Nyquist plots acquired at 1.0 V vs. RHE, where the
material shows the higher photoresponse previous to the rise of
the dark current. As expected for a photoelectrode, the
measured semicircle is clearly smaller under illumination than
the one recorded under dark conditions at the same applied
bias. The observed difference is indicative of a drastic decrease
in the charge transfer resistance, associated with an enhanced
charge transfer at the BiFePF-15/electrolyte interface of the
photogenerated holes under anodic conditions.>®

Encouraged by these results, we proposed a proof of concept
for photoelectrochemical H, generation using BiFePF-15 as
photoanode. This photoelectrochemical measurements were
carried out under simulated 1 Sun solar irradiation (AM 1.5)
during a chronoamperometry at 1.0 V vs. RHE. The PEC cell was
connected to a gas chromatograph (GC), and an argon current
of 50 cm® STP min " flow through the cell was employed both to
purge and to remove the gas inside and carry the reaction
products to GC. A hydrogen flow was detected upon irradiation,
showing a constant evolution, and reaching an accumulated
value of 1.23 mmol cm™? after 1 h irradiation and start to
decrease after switching off the lamp (Fig. 2D). This result
supports the potential of BiFePF-15 as photoanode in a PEC,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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after 3600 s, producing the sudden drop in current. (C) Electrochemical

View Article Online

Chemical Science

B) 0.06

mACm
o' o o
o o o
w ) (4]

0.01 -

Current density (
o
o
N

0.00

0 600 1200 1800 2400 3000 3600
D) 1400 Time {s)
=1200
(=]
: /
510001 _
Light off
800
600
400
ol

0 10

Light on

H, accumulation

30 40 50 60 70

Time (min)

20

(A) Linear sweep voltammetry under chop illumination, (B) chronoamperometry curve recorded at 1.0 V potential vs. RHE. Light was off

impedance spectra under dark and light, and (D) accumulated hydrogen

production in a PEC with BiFePF-15 as photoanode, at 1.0 V potential vs. RHE.

and it is among the few reported examples of bare MOFs
employed as photoelectrodes.*®*"~°

To understand the observed photoelectrochemical perfor-
mance and the kinetic implications on the overall reaction
pathways, we have completed a set of photophysical studies. We
first recorded the photoluminescence spectra of the MOFs, and
compared with that of the organic 2, 6-AQDS linker. As shown in
Fig. S5C,t there is a marked decrease in the intensity of the
emission signals of the MOFs, as compared to the linker,
indicating a slower radiative recombination rate of the photo-
generated carriers for BiFePF-15 and BiPF-10, especially for
BiFePF-15.*" The decay traces (Fig. S5Dt) were used to estimate
the lifetime values, finding that they are shorter for the organic
linker (1.68 ns) and BiPF-10 (2.54 ns) than for BiFePF-15 (4.50
ns), in good agreement with the photoluminescence results.

In addition, we performed nanosecond transient absorption
spectroscopy (TAS) experiments. Measurements were registered
both in absence and presence of Na,SO; aqueous solution
under inert atmosphere, to ensure comparable conditions to
those employed for H, production experiments. For the
measurements in absence of sulfite see Fig. S8-S12.7 TAS
experiments in the presence of Na,SO; as sacrificial agent were
carried out to investigate the intermediates involved in the
photocatalytic reactions (Fig. 3A and S13-S171). In the presence
of Na,SO;, we observe for BiPF-10 and BiFePF-15 transient
absorption peaks between 350-425 nm (with maximum at 385
nm) and 450-550 nm (with maximum at 520 nm) (Fig. 34, S14,
S15 and S17t). These characteristic bands were also observed
for the naked ligand (Fig. S131) and are consistent with

© 2024 The Author(s). Published by the Royal Society of Chemistry

previously reported anion radical 2, 6-AQDS"~ (and other AQ
derivatives).*>** Both MOFs showed a more intense absorption
band at 385 and 520 nm (Fig. S171) than the naked ligand while
keeping the same ratio between both peaks, indicative of the
same transient species 2, 6-AQDS"" in all spectral range. This
transient species exhibited much longer t for BiFePF-15 (273 ps
for its maximum at 520 nm calculated from the first slope of the
curve, Fig. S15D7) than BiPF-10 (~100 us, Fig. S14D%) or the
ligand (~80 ps, Fig. S13D¥) under inert atmosphere (Fig. 3B and
S16t). Here, Fe-O units in BiFePF-15 plays an important role to
enhance the photocurrent and reduces the charge transfer
resistance (Fig. 2) and promote a noteworthy slow-down of the
electron-hole pair recombination for BiFePF-15, which remains
active even above 600 ps after pulse (Fig. S15A7). Related finding
has been reported for iron containing MOFs,**¢ which are also
known to directly excite upon visible light irradiation due to the
existence of Fe-O clusters.?” All these characteristic, besides its
intrinsic chemical stability (Fig. S7t), help to explain the
enhancement in the efficiency for BiFePF-15 under visible light
(Fig. 2). In general, AQ and its derivatives form colored radical
anions upon single-electron reduction, which can be used for
photocatalytic transformations.***® This is also observed at eye-
catching in our samples, which upon UV light exposure leads to
a color change from yellow to orange-red (Fig. 3C). The opto-
lectronics properties of BiFePF-15 were then calculated using
Time Dependent Density Functional Theory (TD-DFT).
Regarding the electronic structure of the BiFePF-15 MOF, the
total density of states (DOS), Fig. 4, shows that the valence band
maximum (VBM) is composed by O 2p states hybridized with Fe

Chem. Sci., 2024, 15, 6860-6866 | 6863
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(A) 2D mapping of the transient absorption spectra (Aexc = 355 nm) of BiFePF-15 in the presence of 0.5 M Na,SOs at different timescales

under N,. (B) Comparative of the normalized transient decay traces after laser excitation at Aeyc = 355 Nm (Anon = 520 nm) for 2, 6-AQDS ligand,
BiPF-10 and BiFePF-15 MOFs in the presence of aqueous 0.5 M Na,SOz under N,. (C) The color change of BiFePF-15 suspension in presence of
0.5 M Na,SOs at different timescale (0-30 s, left to right) upon UV light (355 nm) exposure.

3d and Bi 6s 6p orbitals, while the conduction band minimum
(CBM) is mainly formed by Fe d 2p and Bi 6s 6p orbitals, both
separated by an estimated band gap of 2.45 eV. These results
indicate that the electronic transitions in the range 350-
470 nm, characteristic of photocatalytic experiments, are asso-
ciated with ligand-to-metal charge-transfer (LMCT) excitations
from oxygen to iron atoms.* The main light driven electronic
transition are located in the anthraquinone and from them to
iron atoms. The calculated excitation energies and molecular
orbitals contributing to this LMCT are shown in Fig. S18.1 This
suggests a possible photo-reduction of Fe** to higher electron
density species (Fe’"). The LMCT process is then followed by the
triplet deactivation to generate the corresponding radical anion
(Fig. 3C and S13-5177).

Based on the combination of these experimental results, we
can propose a reaction mechanism, which explains the involve-
ment of charge-/electron-transfer processes in photocatalytic H,
production. Upon light absorption (fs timescale), BiFePF-15
undergoes a charge separation. This generates a singlet excited
state (‘BiFePF-15*, with PL lifetime of 4.50 ns) that undergoes
a triplet excited state (*BiFePF-15%), by intersystem crossing. The
presence of iron in the SBU improves the charge separation effi-
ciency and the lifetime of the transient species, which is playing
a key role in the reaction process. The hole scavenger (SO;>")
interacts with the MOF, injecting charge into the framework with
the subsequent formation of a radical anion intermediate state
(BiFePF-15""), which has a lifetime over 273 ps. Finally, BiFePF-15
radical anion transfers electrons to the electrode where the redox
cycle is closed by H, evolution reaction.

DOS

DOS

-10 -5 0 5 10

E-E; (eV)

2

0
E-E; (eV)

Fig. 4 Density of states (DOS), DOS colours: Fe 3d (Orange), Bi 6s (magenta), Bi 6p (blue) and O 2p (red light) C 2p (green light).
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Conclusions

In summary, here we have demonstrated the suitability of the
use of anthraquinone based linkers to synthesize photoactive
MOFs for direct use as photoanodes in PECs. In particular,
the choice of a mixed-metal system based on the combina-
tion of iron and bismuth with 2, 6-AQDS affords a highly
stable material, with broadened visible light response and
enhanced charge separation efficiency, which results in an
increase in the radical anion lifetime in the presence of
sacrificial agents, and consequently, in a high activity in
a photoelectrochemical cell for hydrogen production, being
among the largest reported for bare MOFs as photoactive
materials.

Data availability

All experimental procedures, spectroscopic data, and all the
relevant data generated and analysed are available in the
manuscript and ESI.f The detailed crystallographic information
can be found in ESI,} and the crystallographic data with CCDC
number 2267791 and 2268781 for BiPF-10 and BiFePF-15,
respectively, are available via CCDC.
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