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Abstract. Owing to their efficient photoinduced electron/hole separation, inorganic
semiconductors have been extensively considered as some of the most promising
materials to convert solar light into electricity or chemical energy. Therefore, there is
much interest on developing stable and photoactive materials. Bismuth oxides and, in
particular, those built up of [Bi202]2* layers show an efficient charge separation and,
thus, high photocatalytic activities. To explore possible synergetic effect of Bi metallic
nodes and the electron-rich linker squarate, the Bi2O2(C404) or IEF-3 (IMDEA Energy
Framework) was hydrothermally prepared and fully characterized. As determined from
X-ray structure, [Bi202]?* layers are interconnected by squarate ligand, having the Bi
local environment a pronounced effect of 6s? lone pair. IEF-3 shows a high thermal
and chemical robustness under relevant industrial aggressive media. A large panel of
physicochemical methods were applied to recognize IEF-3 as an UV-absorbing n-type
semiconductor, showing a photocurrent response similar to a-Bi2Os, but offering
further possibilities of tuning of to electrochemical properties by modification of the
ligand. In such a manner, the well-known compositional and structural versatility of
MOFs may be applied in a future for a fine tuning of covalently bonded semiconductor
systems.

INTRODUCTION.

Production and storage of sustainable energy are some of the priority challenges of
the XXIst century in the field of energy (1, 2). A promising alternative to produce green
energy is the use of solar light for the generation of electricity or the production of solar
fuels (3-5). Therefore, there is much interest on developing stable and active materials
with sunlight response. Due to the occurrence of photoinduced electron/hole
separation, inorganic semiconductors have been considered over the years as one of
the most promising materials in this domain (6, 7).

In this line, bismuth oxides have got a high recognition in the field of ultra-violet (UV)
and visible light photocatalysis (8). Bi2Os exists as five different phases, namely a, B,
Yy, © and w with different crystal structure and physico-chemical properties (12).
Interestingly, these Bi2Os polymorphs exhibit visible light responses with bandgap
values between 2.1 and 2.85 eV (13-15), attracting a considerable attention as
semiconductors for photovoltaics, photocatalysis and optoelectronics (9-11).

Further, BiOX (X = Cl, Br, 1) and Bi2XOs (X = W, Mo) families exhibit [Bi2O2]?* layers
(Figure 1), which are believed to be the responsible for photocatalytic activity, owing
to their efficient charge separation properties. Basically, cationic substructure
corresponds to unique electronic properties, explained by valence bands appearing
due to the Bi orbitals at more negative potentials than O 2p. The interlayer space is
capable to accommodate the array of small X anions (X- = HCOO, Cl, Br, I; X2 = COs,
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BO2(OH), (OH)NOs, S, Se, Te) (16-22). By its modification, rich opportunities for
bandgap engineering are opened, reaching the broad optical bandgap range of 1.8-
3.4 eV, that matches to the desired photons energies of absorbed UV-visible part of
the spectrum. The simplicity of preparation of such materials, using popular
solvo(hydro)thermal synthesis at moderate temperatures (typically, 100—-200 °C), good
yields and tunable particles size and morphologies, result in demonstrated capacities
towards energy or environmental applications (16,19,20). It includes partial or full
water photolysis into H2 and Oz, and photodecomposition of small organic water
contaminants (e.g. dyes or drugs).

Figure 1. A projection of BiOCI shows representative [Bi2O2]?* layers with X = Cl atoms residing in
interlayer space (bismuth, oxygen and chlorine atoms are depicted as orange, red and green spheres,
respectively).

However, one of the limitations of inorganic semiconductors is the poor tunability of
their structure to alter their physico-chemical properties to enhance visible light
photoresponse (23). In this regard, the elementary Bi-O chromophore, present in
bismuth oxides, can also be incorporated in other materials. In particular, metal
organic frameworks (MOFs) are crystalline coordination polymers built-up from
inorganic unit (e.g. atoms, clusters, chains, layers) and organic polydentate ligands
(e.g. carboxylates, phosphonates, azolates), that could include Bi-O motives within
their structure. In this context, MOFs enjoy from some of the properties of inorganic
semiconductors, such as the occurrence of photoinduced charge separation, but with
the advantage of a high chemical and structural versatility, offering a wide range of
possibilities to tune their optical properties (24-26). Bismuth coordination polymers are
known to be robust and possess prerequisites for photocatalytic-aided conversion of
guest molecules (27-31).

Considering the above mentioned, the main objective of this work is to prove that larger
X anions could be linked to [Bi2O2] layers to fine-tune the optical properties of the
resulting material, while retaining the desired cation substructure. Thus, as X anion,
we have selected the squarate ligand, which is a highly conjugated system of C-C
and C-O bonds in cyclobutene cycle with a compact rigid planar geometry. Its close
linkage, guaranteed by short C40a4, eventuates in close proximities between metal
centers, correlating to magnetic structuring (33) and zero thermal expansion (34, 35).
Additionally, m-electron density is easily polarizable, which is valid for squarate.



Further, its average electronegativity (x = 2.96, as defined by Allen (38)) is
intermediate between soft X anions like x(S)>x(Se)=2.55 and hard x(BO2(OH))>
X(Ch> x(CO3)> 3.19. In other words, one could anticipated that squarate will lift up the
valence bands closer to conductance bands than any other reported inorganic oxo-
ligand. From other side and despite their interesting properties, squarate has been
scarcely used as ligand in MOFs. To the best of our knowledge, only three works
report squarate-based MOFs (with Sn, Fe and Ca, respectively), (32, 36, 37) exhibiting
interesting performances in separation processes and heterogeneous catalysts, with
however no information about their optical properties.

Therefore, we report here the hydrothermal synthesis of the first Bi-squarate MOF
(IEF-3; IEF for IMDEA Energy Framework), investigating not only its structural and
spectroscopic features, but also its bonding and electronic organization together with
its photocatalytic performances, using a combined experimental and computational
approach. The photoelectrochemical characterization of IEF-3 showing the currents of
charge separation opens the way the development the general strategy to find tune
the photocatalytic properties of Bi2Os to semiconductor by appropriate selection of the
organic ligands.

MATERIALS AND METHODS

Synthesis of IEF-3 (C406Bi2). A mixture of Bi(NOz)3-5H20 (1.084 g, 2.23 mmol, Alfa
Aesar, 98%), 3,4-dihydroxycyclobut-3-ene-1,2-dione (squaric acid, 0.765 g, 6.70
mmol, Across Organics, 99%) and deionized water (15.3 mL) was stirred in air for 15
min to afford uniform suspension. The mixture was transferred to a 23 mL Teflon-lined
steel autoclave and heated up to 160°C for 12 h, kept isothermally for 48 h and cooled
down to 30 °C at a rate of 0.18 °C min-. The resulting pale-grey solid was filtered out,
obtaining a yield of 49.2 % (0.6169 g) based on Bi source.

General Procedures. All chemicals were purchased from commercial sources and
used as received without further purification. Attenuated total reflectance Fourier
transformed infrared spectroscopy (ATR-FTIR) data were collected on a Nicolet 6700
instrument. Scanning electron microscopy (SEM) images toward the morphology
studies were collected on a Hitachi TM-100 microscope at of 15 kV accelerating
voltage. Energy dispersive X-ray analysis (EDX) was used to quantify bismuth content
by Hitachi SwiftED-TM EDX system. Thermogravimetric analysis (TGA) and
Differential scanning calorimetry (DSC) were carried out using a TA instruments SDT
Q-600 simultaneous thermal analyzer under air or argon flow of (100 mL min-1) with a
heating rate of 5 °C min-1. Raman spectrum was recorded in a range of 50-2000 cm-
1 on a JASCO NRS-5100 spectrometer equipped with 532 nm laser source operating
at 0.7 mW power. Solid state UV-vis absorption spectra were measured on a Perkin-
Elmer Lambda 1050 UV/Vis/NIR spectrometer equipped with integrating sphere using
BaSOs as reflectance reference. Elemental analysis was performed on bulk sample
on a Thermo Scientific Flash 2000 simultaneous analyzer. The powder X-ray
diffraction (PXRD) pattern of the final product was recorded at room temperature on a
Malvern Panalytical Empyrean diffractometer, equipped with a PIXcel one-
dimensional hybrid pixel technology position-sensitive device detector and operated



with Ni-filtered CuKa radiation (A= 1.54178 A). The sample was loaded in a Si-cut flat
specimen sample holder and the data were collected in a range of 10-125° 26.

PXRD Structure Solution. The experimental pattern was indexed (Mzo = 34) (39) to
a monoclinic system, using peak positions in the region of 26 = 14-59 by volume
dichotomy algorithm, as implemented in DICVOLO04 (40). The intensities of individual
reflections were extracted by Le Bail fitting (Rp = 3.7%, Ruwp = 5.1%) using the P2i/c
group setting. Positions of Bi and O atoms were determined by direct methods (41).
All asymmetric unit contents were localized by inspection of Fourier difference maps.
The final solution was checked with Platon software (42) and C2/m space group was
suggested by displacing C and O atoms. More symmetric model was engaged into re-
refinements to yield Rp = 4.0%, Rwp = 5.2%, GoF = 1.92 residual factors, as
established by Rietveld (43). No signs of structural distortions compatible with previous
P2i1/c space group were detected, therefore, the higher symmetry solution was used
hereafter.

Cyclic voltammetry measurements were carried out using a standard three-
electrode electrochemical cell using a fluoride-doped tin oxide (FTO)-coated glass
substrate with IEF-3 as working electrode, a platinum wire as the counter electrode
and a standard calomel electrode (SCE) as the reference electrode. IEF-3 was
deposited on FTO-coated glass substrate by the doctor blade method using a
suspension of IEF-3 (75 mg) in acetone (1 mL) and a-terpineol (0.5 mL). The
employed electrolyte consisted of a dry acetonitrile solution of tetrabutylammonium
hexafluorophosphate (0.1 M; TBAPFg) solution. The solution was deaerated flushing
Ar at least 15 min before the measurement.

Photocurrent experiments were performed using the same configuration and three-
electrode and electrolyte solution as for cyclic voltammetry. Oxygen was removed from
the cell by bubbling an Ar stream through the electrolyte. Irradiation was performed
using an optical fiber connected to a 300 W Xe lamp. The photocurrent was measured
under dark and upon illumination polarizing the working electrode at potentials from
1.6t0 -0.2 V. Analogous experiments were performed adding to the electrolyte solution
methanol (300 L) or a 0.1 N aqueous solution of Ce(NH4)2(NO3)s (10 pL).

Impedance spectroscopy measurements were carried out using also the standard
three-electrode electrochemical cell. In these measurements, the working electrode
consisted of a glassy carbon electrode supporting IEF-3. A drop of IEF-3 was
deposited on the glassy carbon electrode from a mixture containing IEF-3(10 mg) in
acetylacetone with Palaroid-b72 (9:1; total volume 0.2 mL) as a binder. The electrolyte
consists of an acetonitrile solution of TBAPFs (0.1 M). Prior to the measurements, the
electrolyte was purged by Ar to remove air. X-ray photoelectron spectra (XPS) were
recorded on a [SPECS Ispectrometer equipped with a MCD-9 detector using a
monochromatic Al X-ray source.

Computational Methods. Density functional theory (DFT) total energies and
equilibrium geometries were plane-wave-based pseudopotential code ABINIT (44).
The generalized gradient approximation (GGA) in Perdew-Burke-Ernzerhof
parametrization, revised for solids and surfaces in combination with optimized norm-
conserving Vanderbilt pseudopotentials, (45) were used. A convergence study
revealed that a Monckhorst-Pack grid of 4x8x8 (40 k-points) sufficient for calculations
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with respect to energies. The electronic (ionic) force was converged until 5x10-°
Ha/bohr A-L. The plane-wave cutoff for calculations was set to 40 Ha based on energy
convergence tests. For a band structure calculation, the band path, that included all
special k-vector points and lines, was generated using SeeK-path tool (46).

RESULTS AND DISCUSSION

Synthesis and characterization of IEF-3. IEF-3 was hydrothermally synthesized at
160 °C using 6-fold excess of squaric acid. It is known that, Bi(NOsz)s-5H20 hydrolyzes
under acidic condition over 20-650 °C to basic salts, comprising [BisO4(OH)4]¢* and
{[BisOs(OH)s]>*}2 polynuclear cations (47). Under basic conditions (e.g., addition of
urea), Bi202CO3 was detected as the final decomposition product. In contrast, here, in
presence of the squaric acid, IEF-3 product was obtained at pH = 1.9 as
microcrystalline powder with size distribution 40+10 uym (Figure 1a). The structure of
IEF-3 was solved by direct methods from high resolution PXRD. Initially, P21/c space
group was assigned to the unit cell, allowing Bi, O and partially C placement from the
electronic density. The rest of C atoms were located from series of difference Fourier
map. Elemental analysis of IEF-3 is consistent (exp. C = 8.94(2)% wt., calc. = 8.55 %
wt. from CHN analysis and calc. Bi = 76.9% wt., exp. = 74.3 % from EDX) with the
framework structure determined from the PXRD data. Rietveld method refined model
with stoichiometric formula unit was checked with Platon software (42) and C2/m
symmetry setting was suggested (Figure 2). As figure-of-merit differed only
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Figure 2. Left: Observed microcrystal morphology of IEF-3 solid (scale bar is equal to 30 ym). Right:
Rietveld refined PXRD pattern of IEF-3 (final C2/m is adopted).

marginally for both refined models, the high symmetry solution was eventually
adopted. As one can see from Figure 3, [Bi202]?* cations are organized in binodal (Bi
and O) ribbons propagating along c-axis.



Figure 3. View of the IEF-3 structure projected onto (110) plane, the local coordination environment of
Bi atom is highlighted with black lines (a), also given in enlarged form (b), the contacts larger than 2.7
A are shown as dashed lines. An isosection of the calculated electron localization function surface (n =
0.65), showing Bi 6s2 electron lone pair (c).

Bi---Bi separation equals to 3.517(3) A and Bi-O-Bi bond angle 107.0(7)°. Bond
valence distances span over an 2.15(1)-2.22(2) A interval. Neighbor Bi atoms are
double-capped with squarate anions and apical oxygen atoms are distant from Bi
centers by 2.418(8) A. The anionic rigid moieties join to adjacent ribbons, engaging all
four oxygen atoms, therefore, acting as pas-briding ligand. Additionally, lateral
interaction of Bi atom and adjacent squarate residue is detected at a distance of
3.04934(5) A. The complete metal environment (consisting of seven oxygens) is
asymmetric, since all contacts are distributed within one hemi-sphere around the
central atom. Typically, it may indicate the effect of 6s? lone electron pair on the
coordination polyhedron, which should be AB<E (BiO~E, in the particular case), as
required by valence-shell electron-pair repulsion (VSEPR) theory. This detalil is
noticeable in view of correlation of Bi3* 6s? lone electron pair with electronic structure
of photocatalysts. As previously mentioned, Pb2* or Bi3* 6s lone pair is engaged in
valence bandgap engineering for the modification of the optical absorption without
losses of photocatalytic activity (48). In other cases, unshared electron pair may also
certainly impact on the photocatalytic activity. For instance, Wu et al. assumed that
distorted BiO7E coordination induces local dipoles, facilitating the charge separation
process (49). Curiously, Sn20(C404)(H20) geometry is affected by stereo-active lone
pair of Sn2+,(50) while for Pb(H20)(C404) the closest sphere of Pb2* is
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Figure 4. ATR-FTIR (top) and Raman (bottom) spectra of IEF-3.

Table 1. Summary of observed ATR-FTIR bands and Raman peaks assignment to vibrational modes

T
1600

of IEF-3.
Bi202(C404) Tentative assignment
IR Raman
1559, 1540 1561 Big v(CO)
1490, 1452
1127 B2g v(CC)
744 Aig ring breathing
647 Eg 800p(CO)
638 Big v(CC)
576 540 v(Bi-O)
336 5(C=0)
201
igi Lattice vibration modes

117




compactly filled with bridging water molecules and mono- and bidentately coordinated
ligands (51).

Further insight into the structural details are revealed using FTIR and Raman
spectroscopies (Figure 4). Typically, a bias of vibration mode registered with IR-
spectroscopy is ~4 cm1 (5x10#4 eV), sufficiently small to follow changes in local
geometries of molecular fragments. As determined by unit cell contents and the
symmetry (52), 10A4+8Bg Raman active modes are generally possible, and eleven of
those are observed in the present study (Table 1). The most energetic characteristic
combinational vibrational mode v(C=C) + v(C=0) is not observed from the present
data. The band, centered at 1540 cm, is responsible for Big v(CO) vibration of
squarate anion. Notably, it is red-shifted in accordance with Eq 800p(CO) by ca. 20 cm-
1 with respect to the uncoordinated anion (53), that might indicate some covalent
contribution to Bi—-O(-C) bonding. Weak doublet at 1106 and 1070 cm are mainly
scissoring of v(C=C) bonds. Broad peak at 540 cm-! does not fall close into predicted
or observed frequencies of C404 anion vibrations, but it matches for stretching of short
Bi—O bonds, albeit in v(Bi-O) was observed at 489 cm! for BiOl photocatalyst (54).
Indeed, Bi-O interatomic distances in BiOl are longer (2.34 A) (55), indicating a higher
iconicity when compare with those determined for IEF-3 (2.15(8)-2.22(2) A).
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Figure 5. TGA-DSC traces of IEF-3 recorded at open air (left) and argon (right) atmospheres.

The thermal stability of |IEF-3 was checked with TGA under argon and air

atmospheres. Under oxidative environment, the material resists up to 265 °C land then, Comenltado [PH3]: No hay termodifraccion de este
material???




collapses due to pyrolysis of the ligand (Figure 5a), while without oxidizer the auto-
reduction process takes place at 364 °C (Figure 5b). One can propose the following
equations for the degradation of IEF-3 either under inert atmosphere (Eqn. 1) or
oxidant conditions (Eqn. 2):

2C406Bi2 + 502 = 2Bi203 + 8CO2 (Eqn. 1)
C406Bi2 = 2Bi + 2C0O2 + 2CO (Egn. 2)

The latter results in the formation of spherical microparticles of metallic bismuth of size
~50 pym, as observed by SEM (Figure S1). To the best of our knowledge, this is the
first example of self-reduction reported for squarate systems under inert atmosphere.
This might be exploited in future as a route for preparation of metallic nano- or
microparticles. Overall, thermal stability in oxidizing atmosphere is comparable to
other bismuth-carboxylate MOFs that do not collapse until 400 °C (27).

The chemical stability of IEF-3 material was also assessed by suspending the solid in
different media, mimicking industrially relevant aggressive working conditions. As it
can be fetched from the comparison of powder patterns of pristine and treated
powders (Figure 6a), IEF-3 remains intact under acidic (pH = 2.5) and basic (pH =
10.2) conditions, and protonic and aprotic organic solvents (Figure 6b), suggesting
stability of operation in corrosive solutions. A few reference independent researches
on Bi-containing arylcarboxylate MOFs show a similar chemical resistance to either a
range of low pHs (30,56) or solvents (57), but combined studies have never been
performed before. This exceptional chemical stability is probably associated first, with
the dense character of the solid and the absence of unsaturated metal sites, limiting
the degradation to the contact surface. Further, when referring to the bond valence
sums (BVS) as a simple measure of bond strength in IEF-3, equatorial Bi—O2 and
apical Bi-O1 are the strongest ones (0.41-0.86 valence units, v.u.), indicating a high
degree of covalency and thus, a high stability.
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Figure 6. Stability tests on IEF-3 under acidic/basic conditions (a) and widely used chemical solvents

(b).

As we mentioned above, there are many examples of inorganic solids based on
[Bi202]?* fragments exhibiting photocatalytic properties. This motivated us to evaluated
the optical properties of IEF-3. Thus, the optical bandgap was determined from the



Tauc plot on the Kubelka-Munk processed diffuse reflectance UV/vis data (Figure 6).
IEF-3 exhibits an indirect type of transition, ahv ~(hv — Eg)¥/2, in agreement with our
DFT calculations. The deduced optical bandgap (3.0 eV) is one of the smallest well
amid reported for [Bi2O2]X materials (where X = BO2(OH) (18), COs (19) or (OH)NOs
(20). This result supports well our initial hypothesis of a probable red-shifted optical

absorption of bismuth squarate.
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Figure 7. Left: Tauc plot of UV-vis diffuse reflectance spectrum analysis of IEF-3. Note: dashed lines
are used as eyes guide-lines for the sake of clarity. Right: Solid state emission spectrum of IEF-3.
Observed peaks are denoted with capital Latin letters.

The light emission properties were investigated with steady-state luminescence
spectroscopy. Upon Aex=350 nm excitation, IEF-3 shows several emission lines
(denoted as A-F; see Figure 7). A-band at 425 nm is close by energy to fundamental
absorption. The B-F bands are likely attributed to squarate-ion transitions, as assigned
previously (58).

Considering the structure of IEF-3 in where Bi3* cations are also coordinated to
oxygen, it was assumed that the photochemical behavior of IEF-3 could be somehow
similar to that of bismuth oxides. The yellow powder a-bismuth oxide p-type



semiconductor with a bandgap of 2.85 eV (10) was used as reference. Thus, to gain
information on the electrochemical properties of IEF-3, cyclic voltammetry was initially
performed on the IEF-3 in degassed CHsCN using TBAPFs as an inert electrolyte. In
the first part of the voltammetry, polarization towards negative potentials allowed
recording three reductions peaks (denoted as R1, Rz and R? in Figure 8) at potentials
of -0.50, -0.84 and -1.11 eV, respectively. These reduction peaks appear to be
reversible since the corresponding oxidation peaks were recorded when the bias
potential was decreased. Observation of the corresponding anodic peaks associated
to the reduction waves indicated the existence of reversible redox peaks in IEF-3
material. From these electrochemical data, an estimation of the reduction potential of
the conduction band (CB) minimum of IEF-3 in equilibrium with an electrolyte solution
corresponding to R1 was estimated as -0.18 V. After correction, this value is in
relatively good agreement with the periodic DFT calculation for the energy of the CB
minimum. From this value and the optical bandgap energy (determined from the Tauc
plot of the absorption spectrum of 3.0 Ev), the oxidation potential of the valence band
(VB) maximum was estimated to 2.82 V.
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|Figure 8. ICyclic voltammetry of IEF-3/FTO in deareated CHsCN using TBAPFs as electrolyte. Scan
was initiated towards negative potential. The three observed reduction waves have been labelled in the
plot as Ri.

For an in-depth characterization of IEF-3, XPS was carried out (Figure 9). The
expected Cls, Ols and Bi4f peaks were observed. In addition, an estimation of the
valence band potential, based on the extrapolation of the first XPS peak of the
spectrum after correction with the workfuncion of the instrument, gave a value for the
VB) maximum about 2.99 eV. This experimental VB value based on XPS is in
reasonable agreement with that one determined by cyclic voltammetry.

To put these CB and VB potential values into context, it should be mentioned that
precedents in the literature have reported for a-Bi2Os values of -0.07 and 2.69 eV,
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respectively (59). Accordingly, characterization of IEF-3 indicates that this material has
somewhat a larger bandgap, which is associated with an increase in the reduction

potential of the CB minimum, as well as a slight increase in the oxidizing power of the
VB maximum.

a) 28000 ., b) ..
) Cis ) 0001 o4g
26000 -
50000
24000
45000
22000 -
2 w
. 2 40000
Q20000 o
18000 35000
.
18000 4=t 30000 4
14000 S P S S S S 25000
2 : T
280 282 284 286 288 290 292 526 528 530 532 534
Binding energy (eV) Binding energy (eV)
C) 100000 g 4¢ d}
90000 - 180
80000 -
70000 Bidt,,
50000 | N\ Bi4f,, 160
w0000 / "l ,"(\‘\ Q@ 1
S o000 ] / \ o O 14
\ A
20000 4 ’,‘ \ /.' \ 130
20000 / N N 120 -
10000 —— -
l— g
N 110 ' "3.40 eV
155 160 165 170 e || —t 0 5 10 520

Binding energy (eV) Binding energy (eV)

Figure 9. High resolution XPS peaks measured for IEF-3, corresponding to C1s (a), O1s (b), and Bi4f
(c), as well as the onset part of the XP spectrum from where the VB potential was estimated.

One of the most convincing and safest ways to determine the photocatalytic behavior
of a semiconductor is the observation of photocurrent upon illumination of electrodes
of the material under different conditions. Aimed at establishing its semiconducting
properties, photocurrent measurements of IEF-3 films were performed. IEF-3 films
were prepared by the doctor blade method, depositing a suspension of the solid in a-
terpineol onto a transparent conducting FTO electrode. Upon irradiation of IEF-3-FTO
electrodes immersed into an acetonitrile solution of TBAPFs using Pt wire as counter
electrode and Ag/AgCl as reference electrode, generation of photocurrent, whose
intensity increased upon increasing the polarization voltage, was observed. Figure 10
illustrates the photocurrent response under different conditions.
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deaerated 0.1 M acetonitrile solution of TBAPFs in the absence of any additive (black line) or in the
presence of MeOH (red line) or Ce(NHa4)2(NOs)e (blue line) upon illumination with the output of a 300 W
Xe lamp.

As it can be seen in Figure 9, the current intensity shows a significant increase from
0.00843 to 0.06734 mA as the voltage increases from 0 to 1.6 V upon illumination of
the IEF-3/FTO electrode with the output of a 300 W UV-vis Xe lamp. The intensity of
the photocurrent decreases with the polarization voltage applied to the photoelectrode,
changing from positive to negative at a voltage of about 0.45 V. This voltage
corresponds to the onset potential to extract electrons from the IEF-3 semiconductor.
It was observed that the photoresponse of the electrode depends on the presence of
electron donor or acceptor compounds in the electrolyte. Thus, upon addition of
methanol, both the dark current and the photocurrents increase considerably by a
factor of 4.3, reaching a photocurrent intensity of 0.3 mA at 1.6 V. This behavior
indicates that in the presence of methanol, IEF-3 acts as photocatalyst (see Scheme
1). Thus, in the presence of the well-known hole quencher methanol, photocurrent
increases as consequence of the ability of this sacrificial agent to donate electrons,
quenching holes generated after photon absorption and occurrence of photoinduced
electron/hole separation. Due to the fast hole quenching by electrons provided by
methanol, higher photocurrent intensity is reached.

It can also be seen in Figure 10 that for high photoresponses, appearance of a
capacitive effect on the IEF-3 film is observed and, then, the photoresponse increases
somewhat upon consecutive cycling due to the build-up of charges on the IEF-3 layer.
This capacitative effect is observed for voltage values above 1.3 V and becomes much
less important for lower polarization voltages.
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As expected for a semiconductor undergoing charge separation upon photon
absorption of energy higher than the bandgap, the presence of electron acceptors
results in much smaller photoresponse (Figure 10). Thus, opposite to the effect of
methanol, if Ce(IV) is present in the electrolyte solution, both dark current as well as
photoresponse become considerably decreased as consequence of the scavenging
of electrons upon irradiation of IEF-3 in the presence of Ce (IV), resulting in a much
lesser number of electrons available for the photocurrent (Scheme 1).
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Scheme 1. Characteristic behavior of IEF-3 as semiconductor, as determined by the observation of
photocurrent, whose intensity increases in the presence of methanol (a) and decreases in the presence
of Ce(NH4)2(NOs)s (b). i) Light absorption, ii) photoinduced charge separation, iii) hole quenching, iv)
photocurrent, and v) electron quenching.

Further electrochemical characterization of IEF-3 films was performed by measuring
impedance spectroscopy in the range of frequency from 900,000 to 5 Hz. The Nyquist
plot of the experimental results allowed to determine the interfacial and internal
resistance of the IEF-3 film by fitting the experimental data to a model with two parallel
resistances and capacitances (see Figure S2 and S3). The results were compared
with those of an analogous film of a-Bi2Os. Supporting information provides also the
values corresponding to the electrolyte-solid interface resistance and the internal
resistance for these two IEF-3/FTO and a-Bi2Os/FTO films, determined by the best
fitting of the experimental data to the model. Based on these values, one can conclude
that both IEF-3 and a-Bi2Os materials exhibit similar impedance for the interfacial solid-
electrolyte charge transfer, while the internal resistance and capacitance were
significantly improved for the IEF-3 film compared to the Bi2Os one.

Therefore, available photocatalytic characterization indicates that IEF-3 exhibits an
analogous behavior as a-BizOs semiconductor, with somewhat larger bandgap and
reduction and oxidation potentials. IEF-3 undergoes charge separation upon
irradiation in the UV range, photogenerated electrons and holes being able to
participate into reduction and oxidation processes, respectively.

Further, electronic band structure was calculated using periodic boundary DFT
calculations with the goal to correlate electronic fundamental bandgap with
experimentally observed optical absorption onset value. As one can see from the
diagram A(0, 0, 1/2) and Y2(-1/2,1/2,0), points of the first Brillouin zone represent the
VB
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Figure 10. Left: Calculated energy band structure diagram of IEF-3. Valence and conductance bands
are shown in solid blue and red colored lines, respectively. Right: The density of states plot of IEF-3.

zone maximum and CB zone minimum, respectively. The calculated electronic
bandgap is 2.11 eV. This suggests that IEF-3 behaves as an indirect bandgap
semiconductor. Generally, photon-electron interaction for indirect bandgap
semiconductors decreases light absorption efficiency, therefore, a penetration depth
is higher and thicker layer of photocatalyst is required for device fabrication (8). IEF-3
follows the trend along with other Bi2O2X having indirect type of main optical transition
(17, 18, 20).

As frequently (60), this value is slightly smaller, but comparable, than the
experimentally obtained, due to the existence of a derivative discontinuity of the
energy with respect to the number of electrons. [Further analysis of bonding trends
orbitals are involved in hybridization with O2 2p states at the region E-ErF =-2.1...-1.3
eV. This fact is corroborated by the observed short bond distances d(Bi—02) = 2.15 A,
d(Bi—02)) = 2.22 A (i: -x, -y, -z), indicating strong interactions and leading to lower
energy of molecular orbitals. The fact of almost equal contribution states from oxygen
and carbon of the squarate ligand is obviously due to the high conjugation of aromatic
orbitals. Surprisingly, the topmost valence bands are populated with non-bonding
orbitals of bridging oxygen atoms and t-density of the squarate anion. The low-energy
conductance states are almost exclusively represented by anti-bonding states of the
squarate anions with some admixture of anti-bonding O2 and O1 2p states. For BiOX
(X =Cl, Br, 1) (61) or Bi2z02Y (Y = S, Se, Te, NCN) (21, 22, 62) compounds featuring
[Bi2O2]2*, Bi 6s states are strongly overlapped with O 2p and X atom p-states, yielding
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VBs. Due to this feature, bandgap engineering is admitted in a broad range from 3.4
eV (BiOClI) to 1.8 eV (Bi2O2NCN). Further, due to the delocalized nature of conjugated
pi-electron density, squarate anions act rather similar to anions with low
electronegativity uplifting VBs to Er.

From the other side, CBs of reference [Bi2O2]?* layered materials are almost
exclusively composed of dominant empty Bi 2p orbitals with some contribution of O 2p
states. This is not the case for IEF-3, where anti-bonding states determine the
composition of CBs, similarly to organic molecular materials (63).

From other point of view, squarate species act supplying shallow states, modulating
[Bi202]?* electronic structure. This fact might be a reason to revise our ideas for
designing new bismuth-based semiconducting materials for energy or environmental
applications.

CONCLUSIONS

In this work, we have successfully combined the rigid geometry of aromatic squarate
(C404%) with the characteristic topology of [Bi202]?* to yield the called IEF-3 metal-
organic framework. Bismuth coordination environment is unambiguously affected by
the 6s2 lone pair, as experimentally determined and computationally corroborated, in
agreement with classic VSEPR theory. The reduction properties of the squarate ligand
were revealed for the first time. IEF-3 exhibits a high thermal stability and exceptional
chemical robustness in industrially relevant aggressive media. Its interesting light
absorption and emission properties suggested the active role of squarate species,
correlating with computed bulk electronic structure. Overall, photo-electrochemical
behavior of IEF-3 was similar to a-BizOs, an ultraviolet light absorbing n-type
semiconductor. Further, photocurrent measurements in the absence or presence of
guenchers for IEF-3 films provided a firm evidence of the semiconductor behavior of
IEF-3. The electron-enrichment of IEF-3 might be reasoned by electron-donating
function of squarate anions. This fact has a major impact on the tunability of molecular
semiconductor properties, opening interesting avenues for photochemical
applications. In particular [Bi20O2]?* to semiconductors could be designed and modify
using different substitutes and even other related organic ligands.
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