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Photocatalysis appears as one of the most promising avenues to shift towards sustainable sources of
energy, owing to its ability to transform solar light into chemical energy, e.g. production of chemical
fuels via oxygen evolution (OER) and CO, reduction (CO,RR) reactions. Ti metal-organic frameworks
(MOFs) and graphitic carbon nitride derivatives, i.e. poly-heptazine imides (PHI) are appealing CO,RR and
OER photo-catalysts respectively. Engineering of an innovative Z-scheme heterojunction by assembling
a Ti-MOF and PHI offers an unparalleled opportunity to mimick an artificial photosynthesis device for
dual CO,RR/OER catalysis. Along this path, understanding of the photophysical processes controlling the
MOF/PH]I interfacial charge recombination is vital to fine tune the electronic and chemical features of the
two components and devise the optimum heterojunction. To address this challenge, we developed
a modelling approach integrating force field Molecular Dynamics (MD), Time-Dependent Density
Functional Theory (TD-DFT) and Non-Equilibrium Green Function DFT (NEGF-DFT) tools with the aim of
systematically exploring the structuring, the opto-electronic and transport properties of MOF/PHI
heterojunctions. We revealed that the nature of the MOF/PHI interactions, the interfacial charge transfer
directionality and the absorption energy windows of the resulting heterojunctions can be fine tuned by
incorporating Cu species in the MOF and/or doping PHI with mono- or divalent cations. Interestingly, we

demonstrated that the interfacial charge transfer can be further boosted by engineering MOF/PHI device
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Accepted 21st August 2024 junctions and application of negative bias. Overall, our generalizable computational methodology

unravelled that the performance of CO,RR/OER photoreactors can be optimized by chemical and
DOI: 10.1039/d4sc03630a electronic tuning of the components but also by device design based on reliable structure—property

rsc.li/chemical-science rules, paving the way towards practical exploitation.

Introduction the last decad-e a.s prom'irilent OER cz#alysts owing to t.h-eir
strong absorption in the visible (VIS) region, easy processability,
Photocatalysis, with its remarkable capability to efficiently long-lived photogenerated states, and high stability upon
harness and convert solar light into chemical energy, stands out ~ operating conditions.” In particular, the highly condensed g-
as one the most relevant technologies for the usage of envi- C3;N4 known as 2D layered poly-heptazine imides (PHI) mate-
ronmentally and friendly energy carrier.”> Oxygen evolution rials (Fig. 1a) can host different doping metal ions in their
reaction (OER)** and CO, reduction reaction (CO,RR)>® are porosities to tune their photophysical properties.**™'* Besides its
among the most appealing catalytic processes since they involve ~ promising OER electrocatalysis performance,’ our recent
the production of H, and CH;OH respectively, representing an ~ computational study supported by experimental testing
important source of green fuels meanwhile mitigating the revealed PHI-Co”" as an excellent OER photocatalyst, which was
environmental negative impact of the greenhouse gas CO,. attributed to a favorable OER thermodynamics and to a red-
Graphitic carbon nitride (g-C3N,) materials have emerged over ~shifted absorption in the VIS region.” On the other hand,
metal-organic frameworks (MOFs) have been recently envis-
aged as promising CO,RR photocatalysts.'>” The high chem-
“ICGM, Univ. Montpellier, CNRS, ENSCM, Montpellier, 34293, France. E-mail:  ical and pore size/shape tunability of this family of hybrid
guillaume. maurini@umontpellier.fr materials offers a unique opportunity to design host porous
bLabz?ratory of Theoretical Chemistry, Facul?y of Che'mistty and Biology, University of frameworks with high CO, affinity. Moreover, their potentially
Santiago de Chile (USACH), 9170022, Santiago, Chile . .
T Electronic  supplementary information (ESI) available. See DOI: large porosity can not Only enable effective transport (?f
reactants/products but also host Cu-based co-catalysts.'® Typi-
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} These authors contributed equally to the work. cally, the 3D Ti-MOF MIP-177 made of Ti;,O45 clusters, formate
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Fig.1 (a) llustration of the MOF (MIP-177(Ti)) structure along the [001]
direction and of the PHI-M layered structures. Representation of (b)
the standard heterojunctions that can be envisaged by assembling
MOF and PHI-M (M = metal ions), and (c) the innovative target Z-
scheme MOF/PHI-M heterojunction for a simultaneous photo-
catalytic CO,RR/OER process. Note that the labelling Type I-PHI and
Type II-PHI denotes that the electron transfer directionality is pointing
towards the PHI.

ions, and 3,3',5,5-tetracarboxydiphenylmethane (mdip) ligands
(Fig. 1a) was shown to exhibit high photoconductivity’®** and
good catalytic activity for the dehydrogenation of formic acids.*
Further, its constitutive 1.1 nm-sized channel along the c-
direction is large enough to host concomitantly Cu ions/
complexes and CO, species. The incorporation of Cu single-
atom catalysts in the MOF pores (Cu species@MOF) has been
demonstrated as an effective strategy to enhance the stability,
reaction product selectivity, and catalytic activity of this family
of materials.””>* More specifically, recent Density Functional
Theory (DFT) calculations revealed that the incorporation of Cu
species in the pores of MIP-177, especially as Cu’ (Cu' @MOF)
boosts the CO,RR activity, as evidenced by its calculated low
energy barriers for CO, conversion to CH;OH.*

Notably, the CO, reduction mechanism implies many
complex multi-electron redox steps with the intricate eight-
electron/proton coupling steps towards the formation of
CH,;0H, one of the most appealing energy vector, and therefore
calls for an efficient charge generation and separation.”® The
construction of an innovative Z-scheme heterojunction by
assembling CO,RR MOF and OER PHI photocatalysts is envi-
sioned as an innovative strategy to boost the solar CO, conver-
sion into CH3OH. Such an unprecedented MOF/PHI
heterojunction is expected to ensure the transport of the elec-
tron produced at the lower antenna OER site (PHI) towards the
hole of the higher antenna CO,RR site (MOF) as well as a charge
separation at the heterojunction interface to avoid a charge
recombination of the photogenerated carriers.>”>* Notably, the
band alignment of the two associated photocatalysts ultimately
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governs the efficiency of this charge separation process and
thus drives the functionality of the corresponding hetero-
junction, as illustrated in Fig. 1b.** For a Type-1 heterojunction
the charge flow of both holes and electrons is pointing towards
the material with a lower gap, which acts as catalyst for both
reduction and oxidation reactions. For a Type-II heterojunction,
electrons or holes are transferred from one of the components
to the other, thus contributing to a more efficient charge
separation, whereas in the broken gap Type-III type of align-
ments no charge transfer (CT) takes place between the two
components. Despite Type-II heterojunction is the most
common architecture considered for photocatalytic processes,
the need of an efficient charge transfer for both electrons and
holes from one component to the other where the oxidation/
reduction processes occur significantly reduces its efficiency.
Indeed, when the donor valence band (VB) and the acceptor
conductance band (CB) edges are close enough in energy, it is
possible to promote the photogenerated electrons from the CB
of the donor to the VB of the acceptor, thus forming the so-
called Z-scheme architecture (Fig. 1c). This type of hetero-
junctions is of particular interest in the field of photocatalysis
since it is expected to enhance the oxidation/reduction ability of
the photogenerated electrons/holes, meanwhile avoiding the
charge recombination due to the circuit close achieved by the
donor-to-acceptor charge transfer (as represented by the central
red arrow in Fig. 1b).>** This process mimics the phenomena
of photosynthesis where the electron transfer between photo-
systems involved in the process exhibits an identical Z-pathway
as the one depicted in Fig. 1b.**** The Z-scheme heterojunction
thus ensures the selectivity of the charge transport of the elec-
trons produced in both components.?**

MOF-based heterojunctions built by assembling MOFs with
other co-catalysts, e.g. metal oxides, metal disulfides, or nano-
carbon materials among others have been already exploited in
the field of photocatalysis.**** The unparalleled MOF/carbon
nitride heterojunctions offer the opportunity to mitigate the
intrinsic fast hole recombination of g-C;N, derivatives by
providing alternative electron transfer pathways,">** thus
paving the way to catalyze complex reactions such as H,
production,* CO,RR,* or pollutant degradation.*® Besides the
MOF/PHI systems we envisage here specifically for the target
CO,RR and OER applications, the development of an effective Z-
scheme MOF-based heterojunctions has been only rarely
considered in the field of photocatalysis so far,"”** mainly due to
the lack of understanding of the charge transfer at the interface
of the heterojunction, hardly achieved by conventional experi-
mental techniques. Modelling can shed light on the photo-
physical processes governing the charge generation and
separation within such a complex heterojunction. However,
although, quantum calculations have been routinely applied to
explore the electronic and catalytic properties of PHI'>****%° and
a myriad of MOFs including our selected MOF MIP-177 (ref. 19,
21 and 51) individually, we are not aware of any theoretical
studies on MOF/PHI heterojunctions.

This mostly comes from the complexity to construct a reli-
able atomistic MOF/PHI interface model of the corresponding
heterojunction alongside its expected large size (>10k atoms)
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that still makes unfeasible the application of standard quantum
methods to probe its electronic properties due to prohibitive
computational costs. To address this challenge, we devised
a numerical approach integrating force-field Molecular
Dynamics (MD) and DFT/Time-dependent DFT (TD-DFT)/Non-
Equilibrium Green Function Theory (NEGF)-DFT simulations
to systematically explore the interfacial structuring and elec-
tronic charge transfer between the two components of the het-
erojunctions assembling the pristine and Cu” loaded-MIP-177
(Cu"@MOF) with the pristine PHI-H and its metal-ions doped
derivatives PHI-K" and PHI-Co®".This approach starts with the
construction of large-scale atomistic interfacial models for the
diverse MOF/PHI heterojunctions by assembling the MIP-177
[001] surface (c-oriented along the main channel) and PHI
structures via force-field MD simulations in order to gain
insight into the interactions between the two components and
the interfacial structuring. DFT and TD-DFT methods are then
applied on representative MOF/PHI heterojunction cluster
models cut from these force field optimized MOF/PHI hetero-
junction models to determine their opto-electronic properties
including their band alignhment and their absorption charac-
teristics. NEGF-DFT simulations further compute the charge
transport within a device built by sandwiching the MOF/PHI
interface cluster models between two Au electrodes to mimic
the scenario of a photocatalytic cell.***® It is worth mentioning
that despite most of computational works dealing with model-
ling of MOF/graphitic carbon composites have been devoted to
analyze the interactions between the two components and
eventually adsorbed guest molecules by employing both large
scale atomistic composite model**** or cluster®**” models; this
is the first time that a complete study of such MOF/carbon
nitride interactions is reported at different scales including
their implications in the opto-electronic and electronic trans-
port properties. Besides delivering unprecedented insight into
the interfacial structuring and the electronic transfer taking
place in MOF/PHI heterojunctions, this innovative computa-
tional methodology evidenced the incorporation of Cu ions in
the MOF pores and the doping of PHI by Co ions as a suitable
strategy to enhance the heterojunction stability and light har-
vesting capacity, meanwhile offering the possibility to promote
a Z-scheme electron transfer between components via the
application of a negative bias.

Computational method
Construction of the MOF/PHI-M heterojunction models

MIP-177 surface slab models. The experimentally-
determined crystal structure of MIP-177 (ref. 19) was first
geometry optimized (atom positions and cell parameters fully
relaxed) at the DFT level using the Vienna Ab initio Simulation
Package (VASP, 5.4 version).”® These calculations considered the
generalized gradient approximation (GGA) Perdew-Burke-Ern-
zerhof (PBE) functional® and Grimme's DFT-D3 method® for
the empirical dispersion (see ESI Section S1.1.11 for computa-
tional details).

The resulting DFT-optimized cell parameters were found to
be in good agreement with the corresponding experimental
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data.” A MOF surface model was cleaved from the DFT-
optimized crystal structure along the crystallographic [001]
plane to envisage the exposition of the hexagonal channel to
PHI (M = H, K" and Co®"). A length of ~50 A along the z-
direction was considered to avoid surface to surface interac-
tions while a vacuum of ~20 A was also added in this direction
to prevent interactions between the slab and its periodic
images. To achieve zero net dipole moment the surface was
rebuilt accordingly. Since the surface termination state of the
MOF is not known experimentally, herein, the slab models were
terminated following the same strategy we employed previously
for UiO-66(Zr)** with the metal (Ti) exposed to the surface
terminated by a OH~ groups while the remaining H' atoms
form a terminal formate group resulting from the cutting of the
organic linker (see Fig. S11). An additional MOF surface model
was also constructed along the crystallographic [110] plane and
used to rank the energy stability of these two possible surface
models (see ESI Fig. S1 and S371). Theoretically, different surface
models can be created by cleaving the MOF along distinct
crystallographic planes. Herein, we considered two MOF
surfaces cleaved along the [001] and [110] crystallographic
planes in such a way to offer an optimum exposure to the PHI
along the hexagonal channel of 11 A and the narrow pore of 3 A
respectively where the CO, molecules are expected to migrate in
order to access the catalytic active sites present in the MOFs
pores.

These MOF surface models were then DFT-geometry-
optimized using the same level of theory and parameters than
for the bulk MOF. The surface energy for the two slab models
(Esurf) was further calculated using eqn (1):

Eop— Egab — zijslabEbulk (1)

where, Eg., and Ep,p are the energies of the slab and bulk
crystal while Ngp,p is the number of atoms in the slab, and A is
the total area of the slab.®® The [001] surface with an associated
energy Eg.s = 53.6 ] m >, was found to be more energetically
favourable than the [110] surface (Egys = 74.2 ] m~2) and was
therefore selected to construct the heterojunctions formed with
PHI-M.

The atomic partial charges for the MOF [001] slab surface
model were calculated using the density derived electrostatic
and chemical (DDEC6) method as implemented in the CHAR-
GEMOL module.® The universal force-field (UFF) parameters®
were selected to describe the inter-molecular interactions for
the MOF slab model while the UFF parameters for the intra-
molecular interactions were adjusted to reproduce the struc-
tural features of both DFT-optimized MOF crystal structure and
DFT-optimized MOF surface slab model (see ESI Section S1.1.2F
for computational details and parameters). The x- and y-
dimensions of the resulting slab surface model were then
expanded twice to achieve a dimension of 47.1 x 47.1 x 61.5 A
for further processing the construction of the MOF/PHI-M
heterojunctions at the force field level.

PHI-M models. The periodic PHI-M (M = H, K" and Co>")
structure models with a dimension of 21.4 x 12.4 x 17.5 A
made of 5 layers with interlayer spacing of 3.3 A were first

© 2024 The Author(s). Published by the Royal Society of Chemistry
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geometry optimized at the DFT level (see ESIf for details).
Fig. S5t illustrates the DFT-optimized geometry of the three
explored PHI-M. One observes that the metal-doping induces
a substantial distortion of the PHI-layer compared to the well-
ordered arrangement of PHI-H, this effect being more
pronounced for PHI-K' (see Section $1.1.31 for detailed
analysis).

The atomic partial charges for PHI-M were equally calcu-
lated using the DDEC6 method.®® For the description of the
PHI-M at the force field level, the intra-molecular potential
parameters of the liquid simulation-all atom (OPLS-AA),* force
field were slightly adjusted to reproduce the DFT-optimized
PHI-M structures. Note that the intermolecular potential
parameters for the PHI structure were directly taken from
OPLS,* while these terms for K and Co>" cations were taken
from UFF.* The corresponding overall parameters are listed in
Table S9.t

The simulation box of these PHI-M structure models was
reshaped in the x and y directions 47.1 x 47.1 x L, (L, = 35,
29.1, 30.1 A for M = H, K', and Co*", respectively) to match the
lattice parameters of the MOF slab model prior to construct the
heterojunction MOF/PHI-M models.

MOF/PHI-M heterojunction models. The PHI-M structures
were added on top of the MOF surface with an initial separating
MOF/PHI-M distance of 5 A. The non-bonded MOF/PHI-M
surface interactions were described by the sum of coulombic
and Lennard-Jones (L]) van der Waals terms, while the system
was treated as fully flexible with the intra-molecular parameters
described above for each individual system. The LJ cross-
interaction parameters were estimated using the Lorentz-Ber-
thelot mixing rule.®” These short-range interactions were trun-
cated at a cutoff radius of 14 A while the long-range electrostatic
interactions were handled using the Ewald summation tech-
nique.®® These MOF/PHI-M models undergo an equilibrium
procedure comprised of a maximum of 10 000 steps of energy
minimization, 1 ns of MD NPT simulations, and 1 ns of MD NVT
simulation to obtain equilibrium configurations. The equilib-
rium configuration of the system can be verified by plotting the
total energy of the system as a function of time (Fig. S77). All the
simulations were performed at 298 K using a Berendsen ther-
mostat and a pressure coupling was applied anisotropic for the
area in the x-y plane and z-dimension using a Parrinello-Rah-
man thermostat.

These MD simulations were performed using the GROMACS
(version 5.1.4) simulation package.*®® Analysis of the MOF/PHI-
M interactions as well as the PHI-M structuring was gained by
averaging the data collected over the MD runs.

DFT and TD-DFT calculations on representative MOF/PHI-M
heterojunction cluster models

A representative heterojunction cluster model for the three
MOF/PHI-M interfaces was cut from the corresponding force
field MD-optimized heterojunction models. The MOF region
comprises a Ti;,0;5 oxocluster with terminal Ti-OH functions
in interaction with PHI-M while the lateral sides and bottom
sides are terminated by formate moieties and methylidene

© 2024 The Author(s). Published by the Royal Society of Chemistry
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groups to ensure the charge neutrality of the cluster model (see
Fig. 3a). The PHI-M region is represented by a PHI ring hosting
in the case of PHI-K' and PHI-Co** one cation, whereas the
initial connections between the PHI rings were saturated by H
atoms. For the construction of the Cu*@MOF model, the MOF
structure was loaded with Cu' in such a way that two neigh-
boring Ti atoms initially bounded to one formate group are
coordinated by two OH groups and one Cu' along the [001]
direction following a scheme as the one adopted by R. J. Behm
and coworkers to model Cu’ loaded UiO-66(Zr) materials.>> The
overall shape of the MOF is unchanged and uniform Cu’
loading is obtained along the c-direction (Fig. S81). The Cu"
species was incorporated in the MOF/PHI-Co®" heterojunction
cluster model following the same procedure to generate the
Cu'@MOF/PHI-Co”" heterojunction cluster model.

These heterojunction cluster models were geometry opti-
mized at the DFT level using the procedure detailed in ESI
(Section 1.2.1),1 and they are illustrated in Fig. 3b. The elec-
tronic structure characterization of the heterojunction cluster
models was further pursued by relying on a hybrid DFT-Har-
tree-Fock (HF) scheme. We first checked that the calculated
opto-electronic properties (i.e. band edge energies, energy gaps
and absorption features) of the isolated MOF and PHI-M cluster
models were able to reproduce its corresponding bulk proper-
ties (see Table S11, Fig. S9 and S107). Unrestricted calculations
were performed for the PHI-Co*"-based heterojunction cluster
models (MOF/PHI-Co and Cu'@MOF/PHI-Co) in their high
spin configuration (S = 3/2) since it is more stable with respect
to their low spin state (1.59 eV of difference between the ground
state energies of the high vs. low spin configurations of the
isolated PHI-Co”' cluster), in line with the electron para-
magnetic resonance (EPR) measurements previously reported
for PHI-Co®>" compounds.*® Furthermore, the spin polarized
calculations employed for the geometry optimizations of these
clusters also converged in their high spin configurations.

Simplified TD-DFT (sTD-DFT) formalism implemented in
the grimme-lab/stda set of tools™”* was applied to the MOF/
PHI-M heterojunction cluster model (owing to its relatively
large size and large number of states needed to cover the full
UV-VIS-nIR spectrum) to assess their excited state properties.
We carefully checked that the sTD-DFT approach leads to
similar simulated absorption characteristic than that obtained
by means of a full TD-DFT implementation (see Fig. S11, S12
and Table S127).

NEGFT-DFT calculations on the device heterojunction models

For computing the transport properties across the device het-
erojunctions we relied on the same computational strategy we
applied in our previous works to study relatively large
junctions.”””* Within this approach, the geometry optimized
heterojunction cluster models described above were sand-
wiched between gold electrodes represented by semi-infinite
Au(111) wires (see a schematic representation of the device
heterojunction in Fig. S141) maintaining periodic conditions in
all three directions. In this system, we considered 5 x 5 Au(111)
slabs. The distance between neighboring Au(111) wires in the
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transport and transverse directions was maintained longer than
12 A to avoid interactions with their corresponding images
along these axes. The unit cell dimension of the device heter-
ojunction model was geometry relaxed along the transport
direction and kept fixed in the transverse directions. In these
device heterojunction models, PHI-M interacts with the Au
electrode via van der Waals contacts, while the termination of
the bottom part of the device heterojunction cluster model
(MOF side) is adjusted in a way to form Au-O covalent bond
with the Au-electrode, as achieved by releasing its terminal
methylidene moieties, thus allowing the neighboring O atoms
to contact the Au surface (see Fig. S147). Although few examples
of oxygen-gold bonds have been described in the literature, the
formation of O-Au bonds, which form self-assembled mono-
layers with properties similar to S-Au bonds, has recently been
reported.”> We systematically explored the impact of the
number of Au-O bonds formed between Au and the MOF (from
one to three contact points) for the MOF/PHI-K" system, on the
transmission and current-voltage (/-V) characteristics of the
device heterojunction (see Section S1.3f). This systematic
exploration enabled to define that the device junction charac-
teristics involving two contact points between the MOF and Au
converge with respect to the ones bearing three contacts (see
Fig. S15 and 167} for more details). This guided the application
of such two-contacted MOF-Au geometry for the other device
MOF/PHI-M heterojunctions. All calculations were performed
using the Keldysh non-equilibrium Green's function formalism
combined with DFT (DFT-NEGF)”*”® as implemented in the
Quantum ATK package.” More theoretical details about the
models employed to compute the transport properties along the
device heterojunctions are provided in Section S1.3 of the ESL.{
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Results and discussion

An illustration of the force field MD-constructed MOF/PHI-M
heterojunction models is delivered in Fig. 2a alongside their
density profile plotted along the direction normal to the MOF
[001] surface (Fig. 2b), i.e. the z-axis. MOF is located at the center
of the simulation box with the PHI-M on the left and right sides
of MIP-177. The atomic density profile for PHI-H exhibits sharp
peaks separated by about 3.3 A supporting the well-ordered
organization of its constitutive layer including the one in
direct contact with the MOF surface. The behavior of PHI-K"
and PHI-Co®>* sharply differs with a much less-structured
atomic density profile associated to the disordering of their
layers driven by the presence of the cations in their pores, that is
even more pronounced for PHI-K'. This trend remains the
same than that observed for the DFT-optimized pristine PHI-M
structures (Section S1.1.3 of the ESI}), in particular the MOF
surface does not induce a higher degree of twisting of the PHI-
M layers (see Table S101). The atomic density of the three PHI-
M systems further decays to zero at the proximity of the MOF
surface. Interestingly, we can distinguish a zone (highlighted by
dashed lines in Fig. 2b) where the MOF and both PHI-K' and
PHI-Co** atoms overlap. This is not the case for PHI-H. The
overlap length is slightly longer for PHI-K" (~3.3 A) compared
to PHI-Co?" (~2.5 A) demonstrating that the higher degree of
structural disordering of PHI-K' enables the PHI-backbone to
more effectively pack at the MOF surface. The calculated MOF/
PHI-M interaction energy calculated from the equilibrium MD
simulations confirmed that the MOF/PHI-K' and MOF/PHI-
Co”" heterojunctions are more stabilized than MOF/PHI-H (see
Table S13t). The atomic density plots also show that both K"
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and Co*" can distribute close to the MOF surface thus contrib-
uting to the enhancement of the MOF/PHI interactions. Anal-
ysis of the radial distribution functions (RDF) plotted for the
most representative MOF/PHI-M interacting atom pairs
(Fig. 2c) confirmed that in addition to the interactions between
the hydrogen atom of PHI-M and the oxygen atom of the OH
groups present at the MOF surface, both cations establish
strong interactions with the same oxygen atoms of MOF asso-
ciated to an average separating distance of ~2.8 A.

Furthermore, since the RDF plots show MOF/PHI separating
distances above 2 A, van der Waals-type interactions dominate
the heterojunction interface. These overall predictions there-
fore support that the metal-doping of PHI leads to a higher MOF
surface/PHI affinity, a priori favorable for the electron transport
between the two components.

The DFT-optimized heterojunction cluster models shown in
Fig. 3b, lead to a good qualitative description of the PHI struc-
turing and nature of the MOF/PHI-M interactions evidenced
above for the MOF/PHI-M heterojunction models, as evidenced
by the radial distribution functions and interaction energies of
the heterojunction cluster models reported in Fig. S17 and
Table S14,7 respectively. This observation supports the reli-
ability of the cluster model to gain insight into the MOF/PHI-M
heterojunction systems and discard the formation of any
chemical bond between the two components at the interface
which could be potentially neglected by the use of non-reactive
force field MD simulations initially employed to construct the
atomistic model of the heterojunction interface. The electronic
coupling between MOF and PHI was thus found to be more
pronounced for the metal doped PHI-M, as revealed by the DFT-
derived charge density mixing plot for the corresponding MOF/
PHI-M heterojunction cluster models (see Fig. S181). We
further performed Electrostatic Potential (ESP) charge pop-
ulation analysis to gain complementary information on the
charge transfer at the MOF/PHI-M interfaces. The resulting ESP

/7

et | pepee |
/\1<>|~,|))1L§" - ¢ Q g"«i@‘ 3:2;0?1
s ;

MOF/PHI-K*

MOF/PHI-H
/ Y,

\_ \\MOF/PHI-CQZ“/Cu'@MOF/PHI-Co2+

Fig. 3 Schematic illustration of the heterojunction cluster model
cleaved from the force field-based MOF/PHI-M composite hetero-
junction (top); and lateral and top views of the DFT-optimized MOF/
PHI-M heterojunction cluster models (bottom panel).
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charges reported in Table S157 evidences that while a charge
transfer occurs from PHI-H to MOF (0.06 e ), both the incor-
poration of Cu’ into the MOF and the metal loading of PHI
leads to an opposite charge transfer (CT) directionality, i.e. from
Cu'@MOF to PHI-M, which amounted up to 0.06 e in the case
of the Cu"@MOF/PHI-Co*" heterojunction cluster model (see
Table S157). To gain insight into the origin and consequences of
the charge transfer in the MOF/PHI systems, their energetic
alignments were investigated by plotting the projected density
of states (PDOS) for both components and compared it with the
redox CO,/CH;O0H and H,0/O, potentials (see Fig. 4).
MOF/PHI-H heterojunction cluster model displays a Type-II
alignment where the PHI plays the role of light harvester
transferring electrons to the MOF. Although this picture
contradicts the target Z-pathway depicted in Fig. 1b, it is
important to highlight the requirement of a large number of
photogenerated electrons to achieve the complex multi-electron
process required in CO,RR. The VB of PHI-H and the CB of
MOF lie 0.5 eV below and 0.3 eV above the CO,/CH;0H and O,/
H,0 potentials, respectively, thus exhibiting a suitable align-
ment to promote both CO,RR and OER. Doping PHI with K
leads to a destabilization of the VB edge of PHI due to the
localization of holes around the metal ions, as it is observed in
the frontier molecular orbitals (FMOs) depicted in Fig. S19.7 As
a result, the energy offset between the VB of PHI and the OER
potential is reduced (up to 0.1 eV), as it can be observed in Fig. 4.
A stabilization of the CB edge for PHI-Co®" arises from the
electron localization around the metal ions (see Fig. S1971) that

a) g0  MOFPHIH  MOF/PHIK” MOF/PHI-Co?* Cu* @MOF/PHI-Co?*

CO,/CH,0H
— 45| 1
3 |
> 50| MOF — | " 1 (PHI-Co2Y, —1
g S0 pHIH —— [PHI-K (PHI-Co?*) - Fu-@MOF
2
-
H,0/0,
-6.0 } L <<.
-6.5 t 3 \ N
b) -7.0 =
MOF PHI-H MOF PHI-K* MOF PHI-Co? - PHI-Co*
E e m— e'f\—
OER I
CO,RR 5
_ T —
Type-1I-MOF Type-I-PHI Z-scheme

Fig.4 (a) Projected density of states (PDOS) along the MOF (right) and
PHI (left part of the graphs) regions for all considered heterojunction
cluster models, as obtained from Mulliken population analysis. Hori-
zontal dashed lines represent the energies for the CO,/CH3zOH and
O,/H,0 reaction potentials with respect to the vacuum level. Note
that o and B stands for the spin up and down contributions, respec-
tively, of the PHI-Co?* based heterojunction cluster models; and (b)
schematic representation of the respective types of interfacial ener-
getic alignments obtained from the PDOS analysis.
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translates into a Type-I alignment (see Fig. 1b) for the MOF/
PHI-Co>" heterojunction, where the PHI-Co>" component acts
as a charge reservoir. Notably, despite the reduction of the
energy gaps should cause in principle an enhancement of the
VIS region absorption, it becomes somehow detrimental for
promoting CT separation within the heterojunction. Nonethe-
less, the incorporation of Cu' in the MOF pore produces
a significant destabilization of the VB edge of the MOF which
turned the Cu*@MOF/PHI-Co*" heterojunction energetics into
a type of alignment very similar to the Z-scheme depicted in
Fig. 1b since the VB and CB edges of Cu*@MOF and PHI-Co>*
respectively are close enough in energy (~1.2 eV). It is note-
worthy to mention that the destabilization of the MOF's states
driven by the presence of the incorporated Cu' is already
observed for the Cu'@MOF/PHI-H heterojunction (see
Fig. S207). Overall, these calculations suggest that the concep-
tion of a Cu"@MOF/PHI-Co*>* heterojunction results in a low
band gap in tandem with an architecture which mimics a Z-
scheme similar to the one of artificial photosynthesis. Never-
theless, this energetic alighment scheme was obtained from
a ground state perspective. We further investigated the optical
properties of all considered MOF/PHI-M heterojunctions via
TD-DFT calculations with the aim of analyzing the CT processes
induced upon light irradiation. Fig. 5 displays their simulated
UV-VIS absorption spectra alongside the identification of the
most important contributions to the dominant excited states of
the lowest energy absorption region.

One observes that the MOF/PHI-H heterojunction cluster
model exhibits its main absorption band centered at 350 nm
which corresponds to the w—m* conjugated states of PHI-H thus
confirming the light harvesting role played by PHI-H in the
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Fig. 5 (a) Simulated absorption spectra for MOF/PHI-H, MOF/PHI-
K*, MOF/PHI-Co?* and Cu*@MOF/PHI-Co?* heterojunction cluster
models from the top to the bottom, vertical lines depict the intensity of
the vertical excitations which convolute the absorption spectra; (b)
iso-surface plots for the MOs conforming the main contributions to
the vertical excitations pointed with arrows in the simulated spectra. All
the information related with the main excited states conforming the
simulated spectra and their corresponding orbital contributions are
reported in Table S16 and Fig. S21,1 respectively.
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heterojunction; however, in spite of this, both the absorption of
the MOF/PHI-H in the VIS region and the CT towards the MOF
are still limited. PHI metal doping enhances the VIS and nIR
light absorption by red-shifting the main PHI w-7* band and by
the appearance of new absorption bands in the lowest energy
region (see Fig. 5). Interestingly, K' doping boosts the CT
separation of the lowest energy states of the heterojunction
(450-550 nm) due to the confinement of holes on the PHI cores
surrounding the metal ions and the delocalization of electrons
along the MOF surface. On the other hand, the lowest energy
states (400-450 nm) of the MOF/PHI-Co>" heterojunction are
locally distributed in the PHI layer. In this case, the electrons
tend to localize around the Co®" states, thus reversing the
desired flow of the CT which now operates towards the PHI.
Strikingly, the largest impact in the absorption features of the
heterojunction is intrinsically dictated by the incorporation of
Cu' in the MOF moiety, as it is clearly observed in the absorp-
tion spectra calculated for the Cu'@MOF/PHI-H hetero-
junction cluster model (see Fig. S22f). Notably, the
incorporation of Cu’ in MIP-177 extends the energy window of
the Cu’@MOF/PHI-Co** heterojunction to the VIS-nIR
absorption region (A > 600 nm). Indeed, these red photon
absorption bands are formed by local MOF metal-to-core CT
which, together with the blue VIS light local CT bands of the
PHI-Co** layers, enables the Cu'@MOF/PHI-Co>" hetero-
junction to display a panchromatic absorption covering the full
UV-VIS region. However, these bands possess a local excitation
character and therefore, no CT is expected to occur between
MOF and PHI-M upon irradiation, thus leading to an uncom-
plete circuit of charges represented in Fig. 1b. This scenario
would favor the recombination of the photogenerated charges.
To address this limitation, we built a model device by sand-
wiching our heterojunction cluster models between two gold
electrodes (see Fig. 6a) to explore their charge transport prop-
erties upon applying a voltage difference between the elec-
trodes. This approach was inspired from a former work
addressing the transport properties of MOF/fullerene based
heterojunction devices.*

Fig. 6a shows a lateral view of the so-constructed Cu'@MOF/
PHI-Co>" heterojunction device model where the MOF is con-
nected to the bottom Au electrode via two contacts associated
with Au-O bond distances ranging from 1.9 A to 2.2 A (see Table
S17t). The PHI layers are assembled via van der Waals inter-
actions with the top electrode with the shortest contact
distances with the C and N atoms of the PHI of 3.4-3.5 A and
3.2-3.4 A, respectively; which roughly correspond to the sum of
the van der Waals radii for both Au-C (3.4 A) and Au-N (3.2 A).
We have first explored all device heterojunctions in their equi-
librium (no voltage applied). The computed transmission
spectra of the MOF/PHI-M heterojunctions evidence that the
occupied levels are the ones lying closer to the Fermi level, thus
the transport across the device heterojunction is Highest
Occupied Molecular Orbital (HOMO) mediated.

The corresponding PDOS shows that these occupied states are
localized on the MOF region (see Fig. S23 and S24f%), thus
evidencing that the energetic alignment in the device is mainly
driven by the coupling between these MOF states and the Au left

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.6 (a) Lateral view of the Aul| Cu+@MOF/PHI-Co®*|Au based device heterojunction; (b) transmission spectra in the equilibrium for the MOF/
PHI-H (red), MOF/PHI-K* (blue), MOF/PHI-Co®* (magenta), Cut@MOF/PHI-Co?" (green) device heterojunctions, and (c) transmission orbital
shape corresponding to the signal appearing at —0.19 eV in the Cu*@MOF/PHI-Co?" device heterojunction transmission spectrum:; (d) current—
voltage (J-V) curve for the Cu*@MOF/PHI-Co?" device heterojunction; and (e) its respective scheme of the MOF's HOMO mediated transport of
charges for negative (—V) and positive (+V) voltages. Note that for the sake of clarity only the a-spin contributions have reported here, while the
transport properties for both spin components and the rest of the device heterojunctions are collected in Fig. S23 and S33.1

electrode Fermi level, which is at the origin of the pinning
effect.** This phenomenon is well-known to take place in metal-
organic junctions built by employing covalent Au-S bonds.** The
closest transmissions orbital to the Au Fermi level of the targeted
Cu'@MOF/PHI-Co*" is peaked with an energy offset about
en ~ 0.19 eV (as indicated by the vertical arrows of the spectrum in
Fig. 6b), whereas for the rest of the heterojunctions these energy
offsets are slightly larger (¢, ~ 0.28 eV for MOF/PHI-H,
en ~ 0.31 eV MOF/PHI-K" and &, ~ 0.22 eV for MOF/PHI-Co”").
The relatively close HOMO energies of Cu'@MOF/PHI-Co>" with
respect to the rest of the heterojunctions sharply contrast with the
HOMO alignment observed in the heterojunction cluster models
prior to their contact with the Au electrodes (see Fig. 4a), where
the HOMO level of Cu* @MOF/PHI-Co>" is about 1.5 eV up-shifted
when compared to the other systems. Such energetic alignment
independent on the intrinsic HOMO energies of the hetero-
junctions before the contacts has already been reported at both
experimental and theoretical levels for molecular wires bearing
different degrees of conjugation,®* and/or electron donor-
acceptor moieties,** and it is a clear signature of the Fermi level
pinning.

Indeed, the relatively smaller HOMO offset of the PHI-Co®"
based device heterojunctions (MOF/PHI-Co®" and Cu®@MOF/
PHI-Co”") with respect to the other systems (MOF/PHI-H, MOF/
PHI-K') can be ascribed to their stronger and weaker couplings
with the left and right electrodes, respectively as it is derived
from the charge density difference analysis at the device inter-
faces displayed in Fig. S25.1 The corresponding transmission
orbital of the peak present in the transmission spectrum of
Cu+@MOF/PHI-Co*" indicated by the green arrow in Fig. 6b is
plotted in Fig. 6¢. As already highlighted by the PDOS analysis,
this transmission orbital is localized on the MOF moiety, with
some extent of delocalization on the Au left electrode, which is
a clear fingerprint of the coupling between MOF-Au states (see

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

Fig. 6¢). Similar shape features were observed for the rest of
transmission orbitals belonging to the neighbor energy region
to the Fermi level for all the studied device heterojunctions (see
Fig. S26-5281). We equally checked that all relevant trans-
mission orbitals from the spectra correspond to the HOMO of
the MOF, as they are represented in Fig. S26-S28.1 As a result, in
view of the similar energy and nature of their transmission
orbitals, all device heterojunctions exhibit conductance values
(Go) within the same order of magnitude 10-100 pA (see Table
S18t). We further proceeded to investigate the charge transport
in the device heterojunction upon applying a voltage difference
between the Au electrodes. To this end, we analyzed the evolu-
tion of the transmission spectra with the applied voltage for all
the device heterojunctions (see Fig. S29-31%). Notably, when
a positive voltage is applied, the HOMO offset with respect to
the left electrode Fermi increases, thus leading to large charge
injection barriers, and to a limited current crossing the device
heterojunctions, as it can be evidenced in the current-voltage
(J-V) curve of Cu'@MOF/PHI-Co>" displayed in Fig. 6d. In
contrast, the main HOMO levels appear in resonance with the
voltage windows upon the application of a negative bias about
—0.2 V for Cu'@MOF/PHI-Co>"; thus yielding to a substantial
increase in the current of charges flowing in the PHI-to-MOF
direction and to asymmetric /-V curves, as it is exemplified in
the scheme depicted in Fig. 6e. The magnitude of the applied
negative bias that is required to get the HOMO resonance for
other systems is slightly larger (—0.28 V for MOF/PHI-H,
—0.32 V for MOF/PHI-K" and —0.22 V for MOF/PHI-Co>") and
therefore, identical asymmetric J-V curves were obtained for all
device heterojunctions considered here (see Fig. S327).

HOMO driven transport combined with asymmetric contacts
(chemisorbed/physiosorbed) is often exploited to reach high
rectification ratios (RR),***” which for a given voltage (V) equal to
RR = J(—V)/J(V) providing an estimation of the asymmetry of the
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charge transport. In this regard, Fig. S331 displays the RR values
for all set of device heterojunctions and applied voltages
considered here. As general trend, all device heterojunctions
follow similar RR evolution with the applied voltage. This
unambiguously demonstrates that the device characteristics of
the heterojunction are mainly governed by the nature of the
contacts with the electrodes. These findings highlight the
importance to get a control of the surface terminations exposed
to the Au contacts as a suitable strategy to monitor the device
junction characteristics.

Conclusions

Herein we systematically explored the potential of MOF/PHI-M
heterojunctions to act as effective CO,RR/OER photoreactors.
To this end, a computational strategy was deployed to construct
reliable atomistic MOF/PHI-M heterojunction models and
scrutinize the interactions and charge transfer between the two
components. The enhancement of the MOF/PHI-M compati-
bility and stability was shown to be driven by cation doping the
PHI layers at the origin of a larger electronic coupling between
the components of the heterojunctions. We further demon-
strated that either incorporating Cu' into the MOF pore or
doping PHI by mono-valent or divalent-cation is an effective
route to engineer the Z-scheme required to promote dual
CO,RR and OER catalysis leading to a panchromatic absorption
which extends the energy window up to the nIR region. None-
theless, the localization of the photogenerated charges around
Cu' in MOF and cation sites in PHI-M was revealed detrimental
for the charge transfer between the MOF and the PHI-M upon
irradiation. This conclusion calls for experimental validation in
future work using advanced time-resolved spectroscopies.?®*
We further evidenced that the lack of charge transfer between
the two components can be easily mitigated by the application
of negative bias between the electrodes connected to the het-
erojunctions, due to the pinning of the MOF occupied states
with the electrode Fermi level. Overall, our findings reveal that
the performance and functionalities of MOF/PHI-M based
photocatalytic reactors can be tuned via the combination of
cation doping in PHI and cation incorporation in MOF device
delivering key guidelines for the design of efficient photo-
catalytic cells. Interestingly, the theoretical scheme developed
in this work can be further exploited to investigate the catalysis
of other reactions of interest (i.e. HER) and/or any type of het-
erojunctions with applications of interest beyond the field of
photocatalysis.

Data availability
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