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“‘New Concepts” Statement

We present a general approach to predict band alignment of metal-organic
frameworks. In this approach, hydrogen interstitial defects are employed as probes
into chemical bonding of the hybrid inorganic-organic materials. An effective hydrogen
defect energy level is identified as a charge neutrality level which can be used to line
up the electronic band structure. Our work provides a practical and reliable formalism
to efficiently screen and design complex, hybrid/multi-component materials with proper
band-edge positions for applications such as photocatalysis, photovoltaics, and
electrochemistry.
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Data Availability Statement

The data supporting this article have been included as part of the Supplementary
Information (SI).
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Band alignment, namely the prediction of band-edge positions of
semiconductors and insulators in aqueous solutions, is an impor-
tant problem in physics and chemistry. Such a prediction is espe-
cially challenging for structurally and chemically complex, multi-
component materials. Here we present an approach to align band
structure of metal-organic frameworks (MOFs) on an absolute en-
ergy scale which can be used for direct comparison with experi-
ments. Hydrogen defects are used as probes into the chemical
bonding of the hybrid inorganic-organic materials. An effective
hydrogen defect level, defined as the average of the charge-state
transition levels of the defects at the secondary building unit and
at the linker, is identified as a charge neutrality level to align band
structures. This level captures subtle chemical details at both the
building blocks and provides results that are in agreement with
experiments in a wide range of different MOFs. We also compare
with results obtained from using other approaches involving sur-
face calculations and average pore-center electrostatic potentials.

Introduction

Metal-organic frameworks (MOFs) are covalently bonded hybrid
materials composed of inorganic secondary building units (SBUs,
which are metal atoms or clusters) and organic linkers. Due to
their high and tunable porosity, large surface area, structural flex-
ibility, physical and chemical stability, and variable chemical func-
tionality, MOFs have been of interest for gas storage, gas separa-
tion, and catalysis, among many others.."# In applications such as
photocatalysis, photovoltaics, and electrochemistry, the ability to
predict band-edge positions of MOFs on an absolute energy scale
is essential to understanding the underlying mechanisms and to
materials design. In catalysts or sensors based on MOF/oxide
composites,? for example, proper band alignment that ensures
efficient charge separation and transfer is critical to their perfor-
mance. Yet, as discussed below, reliable prediction of band align-
ment in solids is inherently challenging; it is more so in MOFs.

Center for Computationally Assisted Science and Technology & Department of
Physics, North Dakota State University, Fargo, North Dakota 58108, United States.
E-mail: khang.hoang@ndsu.edu

From the perspective of band theory, MOFs can be treated as
conventional semiconductors or insulators.®Z One can predict
the valence-band maximum (VBM) and conduction-band mini-
mum (CBM) with respect to the vacuum level by applying the
slab approach which involves both bulk and surface (slab) cal-
culations.®?) Band edges predicted from such an approach can,
however, be highly sensitive to details of surface termination and
composition. Computational treatment of MOF surfaces using
first-principles calculations are also challenging due to the large
unit cell sizes, making the exploration of multiple surfaces and
surface terminations impractical. On the other hand, MOF sur-
faces in real samples, on which electrochemical measurements of
band edges must be performed, are often ill-defined. Besides,
one may wonder if the consideration of external MOF surfaces
is at all justified when internal MOF surfaces are vast and even
more relevant in measurements and in applications. In that con-
text, Butler et al.’s approach'}? offers a simple solution according
to which the vacuum level can be determined from the average
electrostatic potential at the center of a MOF pore. This approach,
however, works only for porous MOFs with large pore sizes. As
will be shown later, both these approaches do not perform well
when results for MOFs are directly compared with experiments.

Here we develop an approach inspired by and based on the
universal alignment of hydrogen levels in semiconductors, insula-
tors, and solutions discovered by Van de Walle and Neugebauer!
and related to the concept of charge neutrality level (CNL).11A18
In elemental and simple compound semiconductors and insula-
tors, CNL is often defined as an effective energy level at which
the bulk electronic states are equally valence-band-like (or donor-
like) and conduction-band-like (acceptor-like); it has been argued
to be an intrinsic property of the materials. Energies that can be
identified with CNL such as the charge-state transition level of in-
terstitial hydrogen defects have been shown to lie at a common
reference level from which band edges in different materials can
be aligned 11712521 The hydrogen interstitial (+/—) transition
level, which probes the anion- and cation-derived dangling bond
states in a compound semiconductor (formed by the strong inter-
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action between the hydrogen and the host material), was found to
be approximately at 4.5 eV below the vacuum energy level [which
can be identified with the H" (aq.)/H,(g) electrode in water, 4.44
eV below the vacuum level]. Y In addition to the hydrogen defect
levels, energies directly associated with dangling bonds in mate-
rials can also serve as a CNL. 110822 1n oyr approach, we make
use of the charge-state transition levels of hydrogen interstitials
at the SBU and at the linker in MOFs. An effective defect level,
which captures the chemical bonding at both the inorganic and
organic building blocks, is identified as a CNL which is then used
to align the calculated band edges.

We demonstrate our approach on two series of MOFs; one
includes PCN-222(2H) and its metal-substituted analogs PCN-
222(M) with M = Mn, Fe, Ni, Cu, Zn, or Pt, and the other
includes MOF-5, MIL-125, UiO-66, and ZIF-8. PCN-222(2H),
also known as MOF-545 or MMPE-6, has the space group
Ps/mmm and is composed of a ZrgOg-based cluster as SBU and
tetrakis(4-carboxyphenyl)-porphyrin (H,-TCPP) as linker.2372>
PCN-222(M) has the same crystal structure but with the two H
atoms in the inner ring of the TCPP linker being replaced with
M. The difference between the compounds in the PCN-222 se-
ries is thus just at the organic linker. In the second series, MOF-5
(Fm3m) with the formula ZnsO(BDC)3 has the Zn,O cluster as
SBU and 1,4-benzenedicarboxylate (BDC) as linker. 26l MIL-125
(I4/mmm) has the formula Tig (12-0)g (U2-OH) 4 (BDC)g, %7 and
Ui0-66 (Fm3m) is Zrg(13-0)4 (u3-OH) 4 (BDC)g,28 where 11,-O or
u3-0 is a structure in which the oxygen atom is bridging two or
three metal atoms, respectively. Finally, ZIF-8 (143m) is a zeolitic
imidazolate framework, CgH;oN4Zn, with the Zn?* ion regarded
as SBU and 2-methylimidazolate (2-mIM) as linker.22

Methodology

First-principles calculations are based on density-functional the-
ory (DFT) with the projector augmented wave method=%31! and
a plane-wave basis set, as implemented in vAsp.22 For PCN-
222(2H) and PCN-222(Zn), we use the Perdew-Burke-Ernzerhof
(PBE) functional,23 whereas for PCN-222(M) with M = Mn, Fe,
Ni, Cu, or Pt, we use the PBE+U method# with the effective Hub-
bard U parameter for the transition-metal d orbitals set to 6 €V for
M = Fe, Ni, or Pt, 7 €V for Cu, and 10 eV for Mn. For MOF-5, MIL-
125, Ui0-66, and ZIF-8, we use the the Heyd-Scuseria-Ernzerhof
(HSE) hybrid functional®® with the lattice constants calculated
at the PBE (for MOF-5 and UiO-66), PBE+U (MIL-125; U = 6
eV), or HSE (ZIF-8) level; the internal coordinates are all fully
relaxed within HSE. The screening length is set to the standard
value of 10 A, whereas the Hartree-Fock mixing parameter (@)
is adjustable. The density functional and associated parameters
are chosen to reasonably reproduce the electronic structure and
to match the experimental band gap reported in the literature. In
all the calculations, the energy cutoff is set to 500 eV and spin po-
larization is included. Structural relaxations are performed with
the force threshold chosen to be 0.02 eV/A. Only the T point is
used for the integration over the Brillouin zone. A denser k-point
mesh is used to obtain high-quality density of states.

We model interstitial hydrogen defects (H;) in MOFs using a su-
percell approach in which an extra hydrogen atom is included in a
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periodically repeated finite volume of the host materials. The su-
percell size is from 240 host-atoms (MIL-125) to 630 host-atoms
[PCN-222(2H)] plus the interstitial hydrogen atom. H; can exist
in the neutral, positive, or negative charge state, which is sim-
ulated by controlling the total number of valence electrons in
the supercell; vAsp automatically applies a compensating homo-
geneous background charge over the entire charged supercell to
eliminate Coulomb divergence. In the defect calculations, the lat-
tice parameters are fixed to the optimized bulk values, but all the
internal coordinates are relaxed. This is to avoid spurious elastic
interactions with defects in neighboring supercells.

The formation energy of H; in effective charge state ¢ (where

q = +,0,— with respect to the host lattice) is defined as2037
Ef(H[q) = Eyor(H;?) — Eqor(bulk) — pigy 1
+q(Ey + 1e) + A7,

where Etm(H?) and Eiy(bulk) are the total energies of the
defect-containing and perfect bulk supercells, respectively. ujj =
%E (Hz) + py is the hydrogen chemical potential, representing the
energy of the reservoir with which a hydrogen atom is being ex-
changed; E(H;) is the total energy of an isolated H, molecule at
0 K. In the following presentation and unless otherwise noted, we
assume that the MOF host is in equilibrium with H, gas at 1 bar
and 400 K which results in yyg = —0.23 eV, based on the tabulated
data in Ref. [38l This choice is somewhat arbitrary as we are not
interested in the actual value of the formation energy. . is the
chemical potential of electrons, i.e., the Fermi level, represent-
ing the energy of the electron reservoir, referenced to the VBM in
the bulk (Ey). AY is the correction term to align the electrostatic
potentials of the bulk and defect supercells (to eliminate the spu-
rious effects caused by the application of the neutralizing back-
ground mentioned above) and to account for finite-size effects on
the total energies of charged defects, following the approach of
Freysoldt et al.?? as implemented in the sxdefectalign code.4%

The thermodynamic transition level between charge states ¢;
and ¢ of H;, €(q1/q2), is defined as the Fermi-level position at
which H/' and H”* have equal formation energies, i.e.,*”

Ef(H?;u, =0)— Ef(H?; 4, =0
e(q1/q2) = (H, e =0) (e ), )
9 —q1

where E/(H/;p, = 0) is the formation energy of H/ when the
Fermi level is at the VBM (u, = 0). This €(q1/¢2) level, corre-
sponding to a defect level, would be observed in experiments
where the defect in the final charge state ¢, fully relaxes to its
equilibrium configuration after the transition. Note that €(q1/¢>)
is independent of the choice of the atomic chemical potential.

The calculation of A? in Eq. requires knowledge of the total
(electronic + ionic) static dielectric constant (&), which can be
obtained from the macroscopic ion-clamped static dielectric ten-
sor. 4! We find &f* = )" = & = 1.72 in MOF-5, 3.63 in UiO-66,
or 2.90 in ZIF-8, whereas )" = & = 3.27 and & = 2.26 in MIL-
125. For the PCN-222 series, due to the exceedingly demanding
computational cost of the dielectric tensor calculation, we assume
g =€) = €5 =3.00 in the calculation of A7, comparable to the
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experimental value of ~2.3 measured at 103 Hz in solvent-free
Al-PMOF#2Lanother MOF which also possesses the TCPP linker.
Since in this work we are interested in the effective (+/—) level,
which is the average of the local £(+/—) levels at the SBU and at
the linker, any deviation from actual g, values for PCN-222 would
result only in negligible changes in the calculated (4/—) level.
This is because A7 is largely canceled out in the total-energy dif-
ference involving Hl+ and H; . We find that the correction to the
effective (+/—) level is only 20-30 meV in the case of PCN-222,
MIL-125, and ZIF-8 or 50-60 meV in MOF-5 and UiO-66.

Finally, to align the band edges on an absolute energy scale,
we assume the universal alignment of hydrogen defect levels.1
For comparison, band alignment is also determined by referenc-
ing to the vacuum which involves both bulk and surface calcula-
tions#3*42l or by referencing the DFT-calculated band edges to the
spherical average of the total electrostatic potential at the cen-
ter of the pore of the MOFs using the MacroDensity code 1040
Slab calculations for the (001) surface of PCN-222(2H) and PCN-
222(Cu) are carried out using supercells of 2358 and 2334 atoms,
respectively, and a vacuum layer of about 32 A; see the slab mod-
els in Fig. S1 in Supplementary Information. An energy cutoff of
300 €V and only the I point are used in these slab calculations.

Results and Discussion

In the following, we present results for bulk properties of the
MOFs obtained in first-principles calculations, with a focus on
their atomic and electronic structure, which serve as a basis for
the understanding of hydrogen defects and the determination of
electronic band alignment. We then discuss structural, electronic,
and energetic properties of hydrogen interstitials in the MOF
hosts. Finally, we discuss band alignment predicted using our
approach based on hydrogen defect levels and compare with ex-
periments#767 and with that obtained using existing approaches.

Bulk atomic and electronic structure

Different proton topologies have been proposed for the
ZrgOg-based SBU in PCN-222(2H). These include [Zrg(us-
0)5(H>0)g137",23 [Zrs (u3-OH)g (OH)g 13,24 and [Zrg (13-0) 4 (u3-
OH)4(OH)4(H,0),413* %8 Planas et al.®? originally proposed the
mixed hydroxyl/water topology for ZrsOg-based SBU in NU-1000.
We find that PCN-222(2H) with eight terminal water molecules
has the lowest energy; PCN-222(2H) with eight bridging and ter-
minal hydroxyl groups or with the mixed hydroxyl/water topol-
ogy is higher in energy by 1.08 €V or 0.37 eV per SBU, re-
spectively. The proton topology [Zre(u3-0)g(H,0)g]¥" is thus
adopted for bulk PCN-222 compounds in our calculations.

Tables S1 and S2 summarize the structural and electronic prop-
erties of the MOFs. In PCN-222(2H), there are two H atoms in the
inner ring of the TCPP linker; Fig. S2(a). In PCN-222(M), the two
H atoms are substituted by a metal (M); see Fig. S2(b) for M =
Ni. M is four-fold coordinated with N in a slightly distorted square
planar and most stable as high-spin Mn?*, high-spin Fe?*, low-
spin Ni%t, Cu?t, Zn?*, or low-spin Pt2t. In each PCN-222(M),
there are two M—N bonds with almost equal bond lengths; see
Table S1. The M—N distance follows the trend of the Shannon
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Fig. 1 Total and atom-decomposed electronic densities of states in PCN-
222(2H). The zero of energy is set to the highest occupied state.

ionic radius of the metal ions.? For all the MOFs, the calculated
lattice constants are within 3% of the experimental values.

Figure [1| shows the density of states of PCN-222(2H); the re-
sults for PCN-222(M) are reported in Fig. S3. In PCN-222, both
the VBM and CBM consist predominantly of the 2p states of the
C and N atoms residing in the central ring of the TCPP linker;
see also the charge density isosurface in Fig. S2. The central
ring would thus play an important role in processes that involve
charge transfer. Only in the case of PCN-222(Fe), there is a sig-
nificant contribution from the Fe 3d states to the VBM. For MOF-
5, MIL-125, and UiO-66, see Fig. S4, which have the same BDC
linker, the VBM is predominantly the C 2p states (and, in the case
of Ui0-66, a small contribution from the O 2p states); the CBM is
predominantly the C 2p and O 2p states (MOE-5), the Ti 3d states
and some contributions from the C 2p and O 2p states (MIL-125),
or the C 2p and O 2p states and some contributions from the Zr
4d states (UiO-66); Figs. S5 and S6. In ZIF-8, the VBM and CBM
are predominantly the C 2p states at the linker; Fig. S6.

The band gap is from 1.60 €V for PCN-222(Fe) to 1.98 eV for
PCN-222(Pt), 3.84 eV for MOF-5, 3.55 €V for MIL-125, 3.96 €V
for UiO-66, and 5.07 eV for ZIF-8; see Tables S1 and S2. The cal-
culated values are in good agreement with experiments 47767172
We find that the calculated band gap of PCN-222 is not sensi-
tive to the Hubbard U value used in the PBE+U calculations as
long as it is in a reasonable range for the transition metals (about
5-7 €V), except in the case of PCN-222(Mn) where a larger U
value is needed to have a better match with the experimental
band gap. The HSE functional with the standard « value (0.25)
is found to overestimate the band gap of PCN-222. For exam-
ple, HSE (o = 0.25) calculations give a band gap of 2.25 eV, 2.47
eV, or 2.35 eV for PCN-222(2H), PCN-222(Ni), or PCN-222(Zn),
respectively, much larger than that reported in experiments. We
use smaller « values in the case of MOF-5 (o = 0.05), MIL-125
(a =0.22), Ui0O-66 (a =0.18), and ZIF-8 (o = 0.20).

We note that the band edges as shown, e.g., in Fig. [1] are not
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Fig. 2 Local structure of (a) H;} at the SBU in PCN-222(2H); H; at the linker in (b) PCN-222(2H) and (c) PCN-222(Ni); H; at the SBU in (d)

i

MOF-5, (e) MIL-125, and (f) UiO-66, visualized using vesTa. 2. Color code: red = O, brown = C, pink = H, light blue = N, blue = Ti, green = Zr,

and gray = Ni. The hydrogen defect is represented by a small blue sphere.

yet referenced to any absolute energy level. Also, in the context
of this work, it is helpful to emphasize that MOFs are hybrid ma-
terials composed of inorganic SBUs and organic linkers, and their
atomic and electronic structure can generally be regarded as a
superposition of the SBU part and the linker part with the lat-
ter having a smaller band gap (i.e., the band edges are predomi-
nantly composed of electronic states from atoms at the linker).

Interstitial hydrogen defects

We model a hydrogen interstitial (H;) by adding a hydrogen atom
to an interstitial site in the bulk supercell. In each MOF, H; con-
figurations at inequivalent interstitial sites in all possible charge
states (+, 0, —) are investigated. In the following, we present only
the lowest-energy configurations at the SBU and at the linker.

At the SBU, H; is bonded to an u3-O atom [in the case of PCN-
222(2H), PCN-222(M), and UiO-66; see Figs.[2(a) and [2()] with
the O-H distance of 0.97 A or to an -0 atom [in the case of
MIL-125; Fig. e)] with the O-H distance of 0.96 A. The hydro-
gen defect significantly disturbs the metal-oxygen bonding. For
example, HlJr (i.e., the addition of an H ion) at the SBU of PCN-
222(2H) changes the Zr-O bond lengths at the O site it is attached
to from 2.07 A and 2.13 A in the perfect bulk to 2.24 A and 2.43
A, respectively. HY (H;) turns one (two) Ti** ions in the Ti-based
SBU of MIL-125 into Ti**. H; breaks one of the Zn-O bonds in
MOE-5 and forms bonding with the oxygen originally at the cen-
ter of the Zn,O cluster which now becomes p3-like [Fig. d)];
the O-H distance is 0.98 A. In ZIF-8, H; breaks one of the Zn-N
bonds and forms bonding with the nitrogen (H;L; N-H: 1.01 10\)
or with the zinc (H; ; N-H: 1.57 A); Figs. S7(a) and S7(b). Since
the SBU of ZIF-8 contains only the Zn?* ion, H; at the SBU is thus
nominally at the boundary between the SBU and the linker.

4 Journal Name, [year], [vol.], 1

At the linker, H; is bonded to an N atom in the inner ring of the
TCPP linker in the case of PCN-222(2H) and PCN-222(M); see
Figs.[2(b) and [2(c). The N-H; bond is out of the linker plane and
the angle is different for different PCN-222 compounds. H? H)
even changes the oxidation state of the metal ion at certain M-
substituted TCPP linkers (specifically, M = Ni or Cu). In the case
of MOFE-5, MIL-125, UiO-66, and ZIF-8, H; joins one of the CH
sites and forms a CH, unit that is in perpendicular to the benzene
(or imidazole) ring, see Figs. S7(d) and S7(c), and disturbs the
chemical bonding at the BDC (2-mIM) linker.

Figure 3| (and Figs. S8 and S9) show the formation energy of
H; in MOFs. In all the MOF compounds, H; defects show char-
acteristics of positive-U defect centers with the charge-state tran-
sition level £(+/0) < e(+/—) < €(0/—), except H; at the SBU in
ZIF-8 which shows a weak negative-U character (see Fig. S9). U
(not to be mistaken with U in the PBE+U method mentioned ear-
lier) can be defined as the energy difference between £(0/—) and
€(+/0) and is related to electron localization and structural re-
laxation.73 We find that U of H; at the linker is larger than that
at the SBU which indicates that at the linker the electronic states
are more delocalized and/or the chemical bonding is more con-
strained (which results in a smaller relaxation energy when an
electron is added to or removed from a charge state). Overall,
the positive-U character is consistent with the small difference in
lattice relaxation observed between different charge states of H;.

In the non-zeolitic MOFs, H; is always energetically most fa-
vorable when the extra H' ion is bonded to an oxygen at the SBU,
resulting in a protonated u,-O or u3-O unit, as seen in Figs. a)
and d)—(f). This is similar to Hj’ in metal oxides where the
proton is also attracted to oxygen. 97475 H" also has the low-
est formation energy in a wide range of Fermi-level values among
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Fig. 3 Formation energies of H; in select MOFs. H{ (H;) have posi-
tive (negative) slopes and horizontal lines correspond to H?. The local
g(+/-) levels of H; at the SBU and at the linker are marked by large
solid red and blue dots, respectively; the global (+/—) level (determined
by the lowest-energy H and H;") and the effective (+/—) level [i.e., the
average of the local £(+/—) levels at the SBU and the linker] are marked
by the vertical gray and red dotted lines, respectively.

all H; configurations at all possible lattice sites. The site pref-
erence of H? and H;, on the other hand, is more sensitive to
the specific metal species at the SBU and/or the linker. H? and
H; are energetically most favorable at the linker in the case of
PCN-222(2H) [see Fig. 2[(b)], PCN-222(M) [M = Fe, Ni, or Cu;
Fig. ()], MOEF-5 [Fig. S7(d)], and UiO-66, and at the SBU in
the case of PCN-222(M) [M = Mn, Zn, or Pt; similar to the HlJr
configuration shown in Fig. a)] and MIL-125 [similar to the Hi+
configuration shown in Fig. e)]. The reason for the difference
can be ascribed to the electronic configuration of the metal ion at
the linker in PCN-222: Mn?" has half-filled d orbitals (3d°), Zn?*
is fully-filled (34'0), and Pt** has 5d orbitals which all make the
addition of electron(s) to the linker a high-energy process. In the
case of MIL-125, the ability of Ti** to easily be reduced to Ti>*
makes it a low-energy process to accommodate extra electrons in
H? and H;" at the Ti-based SBU. In zeolitic ZIF-8, Hl+ and H; are
energetically most favorable at the (nominal) SBU; Fig. S9.
Defect levels induced by hydrogen interstitials in the band gap
region of the MOF host include the local €(+/0), e(+/—), and
€(0/—) levels introduced by H; at the SBU and H; at the linker;
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Fig. 4 Band edges of PCN-222(2H) and PCN-222(M) based on the ef-
fective (+/—) defect level (thick red bars) or the global (+/—) defect
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imental band edges (symbols) are included for comparison.#255

see Fig. [3| (and Figs. S8 and S9). In the spirit of Van de Walle
and Neugebauer’s rationalization,!' the local &(+/—) level can
be regarded as a probe of the chemical bonding at the SBU (or at
the linker) and corresponding to the midpoint between the local
anion-like and cation-like derived dangling bond states formed
by the strong hydrogen defect-host interaction at the inorganic
(organic) building block as described earlier. In addition, we de-
fine the global (4/—) level as an energy level determined by the
lowest-energy H;” and H; configurations in the entire MOF. These
H' and H; configurations are not necessarily the two charge
states of the same defect; i.e., HIJr is at the SBU but H; can be
at the SBU or the linker; see above. Note, however, that our pur-
pose is not to investigate hydrogen interstitials as possible pre-
dominant point defects, but to use them as probes into the chem-
ical bonding. In that context and in order to take into account
the multi-component nature of the MOFs, we also introduce the
effective (+/—) level, obtained by taking the average of the local
€(+/—) levels at the SBU and at the linker. This effective hydro-
gen defect level is thus not a thermodynamic transition level.
Note that, in the materials under consideration, some local
€(0/—) levels are located above the CBM [see Figs. [3| and S8],
except those in ZIF-8 (Fig. S9). In this case, the charge-state tran-
sition level occurs as a resonance in the conduction band and the
negative charge state (H;") may thus be thermodynamically un-
stable (although H;™ is structurally stable). As previously demon-
strated and discussed in the literature, 1118 however, this should
pose no problem for the formalism outlined by Van de Walle and
Neugebauer ! which our current approach is based upon.

Electronic band alignment

By assuming that the universal alignment of hydrogen levels.
holds in the case of the MOFs, we set the global and effective
(+/-) levels [referred commonly to as the “H(+/—)” level] to
the HT (aq.)/H,(g) electrode level. The calculated VBM and CBM
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Fig. 5 Band edges of PCN-222(2H) and PCN-222(M) obtained using
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red bars), (ii) bulk and slab calculations (symbols), and (iii) average
electrostatic potentials at the center of the MOF pore (thin yellow bars).

can now be aligned on an absolute energy scale, e.g., with ref-
erence to the vacuum or the normal hydrogen electrode (NHE)
level. Figure |4 shows the band edges (vs. NHE) of the PCN-222
series where E. (Vvs. NHE) = —4.44 — EJ* (eV vs. vacuum); i.e.,
the global and effective (+/—) levels are at 0 (V vs. NHE). Our
results, also listed in Table S1, are in excellent agreement with
experimentally reported band edges.4Z*>> More importantly, the
results based on the effective (+/—) level reproduce much bet-
ter the overall chemical trend seen in experiments, compared to
those obtained based on the global (+/—) level. Note that the
difference between the PCN-222 compounds is at the linker.

In experiments, the band-edge position of a semiconductor can
be determined through the flatband potential (V,) which is ob-
tained in an electrochemical measurement where the material is
in contact with an aqueous environment, i.e., involving a ma-
terial/water interface. The measurement is performed at a pH
value which corresponds to the point of zero charge (PZC), i.e.,
at which the interface has zero net charge. The calculated band
edge (e.g., E.), on the other hand, involves a material/vacuum
interface in the slab calculation approach, or the (+/—) level in
our current approach which is obtained in the absence of aqueous
solutions in the MOF pores. The connection between E. and Vg,
for an n-type semiconductor can be described asZ0/77

Ec = Vip +Age + ApH + Adipole7 3

where Vg, is the flatband potential, i.e., the Fermi level of the
material in the aqueous environment; A is the difference be-
tween the Fermi level and the CBM; A,y takes into account the
pH dependence of the band-edge position in the environment,
which can be approximated by the Nerst equation; and Agjpele iS
related to interface dipoles that develop due to the interaction
of the semiconductor with the aqueous solution. Among these
terms, Apg = 0 at the PZC, by definition. And since Vi, + Ay is
experimentally measured, the difference between the calculated
and measured band edges is thus just Agipole-

Returning to the theory-experiment comparison in Fig. [} there
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we assume the measurements mentioned in the experimental re-
ports were performed at the PZC; i.e., Ajy = 0. Also, the exper-
imental data points are included as originally reported; i.e., no
adjustment even when some authors assumed the CBM was at
the flatband Vy,, i.e., Ag. = 0, and others assumed Vi, was below
the CBM by 0.1 or 0.2 eV.4755 Finally, the effect of the interface
dipoles is not included in our calculation. It can, however, be es-
timated by using a well known case in experiments. For example,
we can align the calculated CBM of PCN-222(2H) to the experi-
mental values, which gives Agipole a value of 0.1-0.2 eV. Note that
the error bar of our calculations is about 0.1 €V. Also, E. is com-
pared directly with that obtained in flatband potential measure-
ments. Any discrepancies among the measured band gaps (often
determined from absorption spectroscopy) and between the ex-
perimental data and the calculated values would affect only E,.
Figure [5| compares the calculated band edges of the PCN-222
series obtained using three different computational approaches.
The approaches based on bulk and surface calculations and on
average electrostatic potentials at the MOF pore center provide
almost the same results in the case of PCN-222(2H) and PCN-
222(Cu). These two approaches, however, both give the band-
edge values much higher on an absolute energy scale than those
based on the universal alignment of the effective (4/—) level (by
1.00-1.13 eV for PCN-222) and than the experimental values.
Finally, to check the robustness of our approach, we apply the
same procedure to MOF-5, MIL-125, UiO-66, and ZIF-8, which are
significantly different structurally and chemically from the PCN-
222 series. ZIF-8 is selected in particular for its reportedly very
high conduction-band edge on an absolute energy scale, com-
pared to other MOFs.1? Figure E] shows excellent agreement be-
tween the results obtained based on the effective (+/—) level,
also listed in Table S2, and those from experimentally measured
band edges. The average pore-center potential approach appears
to work fine for simple MOFs such as MOF-5 and MIL-125 but
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gives band edges that are about 1.55 eV (0.79 €V) higher than the
experimental values in the case of ZIF-8 (UiO-66). As is evident
in Fig.[6] the discrepancy cannot be fixed by a general shift. These
results, again, show that the effective (4+/—) level of the hydro-
gen interstitials can be used as a CNL and our approach performs
consistently across MOFs with different SBUs and linkers.

It should be noted that Van de Walle and Neugebauer’s original
work on universal alignment focuses primarily on tetrahedrally
coordinated semiconductors without electron lone pairs.!1'In ma-
terials with anion lone pairs discussed in the literature, such as -
Ga,03 and SnO, with three-coordinated oxygen atoms where H;"
is strongly bonded to a lone pair at the ps-like oxygen but “with-
out much influence on the lattice,”2178 the lone-pair H;" configu-
ration may not actually probe the anion- and cation-derived dan-
gling bond states. As a result, a (+/—) level associated with such
an Hf configuration may not correspond to a CNL, and one may
expect an offset between (4/—) levels in materials with and with-
out anion lone pairs.2! In the MOFs, however, H;L at the u,- or
13-0 atom strongly disturbs the local anion-like—cation-like bonds
as described earlier, unlike in 3-Ga;03. Further studies might still
be needed to quantify any offset, if exists, between the (+/—) lev-
els in the MOFs and in tetrahedrally coordinated materials.

Conclusion

We have developed a general approach to align the electronic
band structure of MOFs on an absolute energy scale which can
be used for direct comparison with band edges measured in ex-
periments. In this approach, hydrogen interstitial defects are em-
ployed as probes into the chemical bonding of the host materials.
The effective (+/—) energy level, defined as the average of the
€(+/—) charge-state transition levels of hydrogen interstitials at
the SBU and at the linker of a MOF, is identified as a charge neu-
trality level which can be used to line up the band edges. This
effective hydrogen defect level captures the subtle chemical de-
tails of both the building blocks in the hybrid inorganic-organic
materials. The results based on this approach for a series of sim-
ilar as well as widely different MOFs show excellent agreement
with reported electrochemically measured band-edge positions.
Our approach is conceptually general and applicable to not just
MOFs but can also be extended to other complex, hybrid/multi-
component materials. It will facilitate efficient screening and de-
sign of complex materials with proper electronic band edges for
photocatalytic, photovoltaic, and electrochemical applications.
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