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Mn,V,0;: An Earth Abundant Light Absorber for Solar

Water Splitting

Qimin Yan,* Guo Li, Paul F. Newhouse, Jie Yu, Kristin A. Persson, John M. Gregoire,*

and Jeffrey B. Neaton*

As fossil fuels become increasingly depleted and expensive,
effective use of solar energy has become an urgent task at the
forefront of materials research. Among many different alterna-
tives, the generation of chemical fuels offers a promising way
to capture and store solar energy.l? To deliver an efficient,
integrated solar fuels device, new light-absorbing materials
must be identified that meet stringent criteria with respect to
bandgap, band edge energies, and electrochemical stability.
For a solar water splitting device with a single light absorber,
a bandgap in the range of 1.7-2.2 eV is desirable for capturing
a sizeable fraction of solar radiation while providing sufficient
photovoltage to drive water-splitting and other reactions.’! For
tandem light absorber designs, bandgaps in the range of 0.9-
2.0 eV are of prime interest, as combining light absorbers from
the low end and high end of this range can provide efficient
capture of solar radiation and produce sufficient photovoltage.
For this tandem strategy, several p-type semiconductors such as
Si, InP, and WSe, have been successfully demonstrated as the
low-gap component material, further motivating the discovery
of an n-type semiconductor with 1.6-2.0 eV gap. To perform
photoelectrolysis, the conduction and valence bands of the
single or tandem photoabsorber must also straddle the redox
potentials of both the hydrogen evolution reaction (HER) [0 V
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vs the normal hydrogen electrode (NHE)] and oxygen evolu-
tion reaction (OER) (1.23 V vs NHE). Metal oxide semiconduc-
tors have been extensively researched for this application due
to their chemical and electrochemical stability under oxidizing
conditions, but the demanding set of requirements on band
energetics has not been met by known metal oxides.?!

Bandgaps of metal oxides are usually too large to absorb more
than a small fraction of the solar spectrum, primarily because
their valence band edges are usually derived from the oxygen 2p
orbitals located at much higher potential (and lower electronic
energy) than the H,0/0, potential of 1.23 V versus NHE.P! The
large bandgap results in poor solar absorption efficiency, and
this issue is compounded by the wasted photovoltage for water
oxidation. Efforts have been made in the doping/codoping of
currently available metal oxide photocatalysts (such as TiO,®
and SrTiO;)), as well as in the fabrication of oxynitrides, to
push the valence band maximum (VBM) to higher energy via
hybridization between O 2p and N 2p states.¥l Unfortunately,
the doping process can lead to recombination centers, dramati-
cally decreasing the mobility of photogenerated carriers and
limiting photocatalytic activity.’! Incorporation of nitrogen, on
the contrary, usually compromises the electrochemical stability
of parent oxides.['% To overcome the intrinsic limitations of cur-
rently available materials for photocatalytic and optoelectronic
applications, it is highly desirable to develop new metal oxides
with optimal bandgaps and band edge energies, motivating the
exploration of ternary and higher order composition spaces.

In this work, we identify Mn,V,0; as a complex oxide exhib-
iting excellent optoelectronic properties with near-optimal
bandgap and band alignment to the HER and OER standard
potentials. With formal valences of Mn*? and V**, Mn,V,0; is
experimentally found to assume a distorted honeycomb struc-
ture, which exhibits a high-temperature phase (B-phase) and a
low-temperature phase (o-phase).'!2 In the B-phase, Mn,V,0,
crystallizes in the monoclinic structure (space group C2/m)
while in the o~phase, it adopts the triclinic structure (space
group P1). At room temperature, Mn,V,0; is paramagnetic,
with a paramagnetic-antiferromagnetic transition at T= 16 K.['!
The o—f phase transition temperature is close to room temper-
ature (T = 296 K).''l In this Communication, we focus on the
high temperature phase -Mn,V,0;, which has recently been
shown to grow readily at room temperature using a molten salt
method.l']

To understand the relevant structural, electronic, and mag-
netic properties of B-Mn,V,0;, we perform spin-polarized
first-principles calculations based on density functional theory
(DFT) using the Vienna ab initio software package (VASP)!l
with the projector augmented wave (PAW) pseudopotentials;
the generalized gradient approximation (GGA) of Perdew,
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Burke, and Ernzerhoff (PBE);"”! and the screened hybrid func-
tional of Heyd, Scuseria, and Ernzerhoff (HSE).'l A PBE + U
approach is also used to address the on-site Coulomb interac-
tions in the localized d orbitals through an additional Hubbard-
type U term, with values of 4.0 eV for Mn and 3.1 eV for V
as reported for isovalent binary metal oxides.'”] Within the
HSE framework, the mixing parameter for the Hartree—Fock
exchange potential is modified from 25% to 18%. Although
formally, the generalized Kohn—Sham system associated with
the HSE functional are rigorously not expected to yield quan-
titative bandgaps—as they are, in principle, lacking important
exchange and correlation effects and electron-hole interac-
tions!!®—this mixing parameter was selected so as to reproduce
the experimental optical bandgap. (This small change in mixing
parameter has relatively small effect on the lattice parameters
and forces; all lattice optimizations reported here are performed
with the mixing parameter set to 18%.) A 4 x 4 x 6 Monkhorst—
Pack k-point mesh for the integrations over the Brillouin zone
of the conventional unit cell is used for all calculations. We
carry out both bulk and surface relaxations until the forces on
each atom are less than 0.01 eV A~1. We use an energy cutoff of
500 eV, and all calculations are spin-polarized. For our surface
calculations, a 20 A vacuum layer is used and sufficient.

The B-Mn,V,0, phase is a thortveitite-like structure com-
posed of edge-sharing MnO; and staggered V,0, Dbi-tetra-
hedra with a linear V-O-V configuration.''] The low-temper-
ature orphase differs in that it exhibits bent X-O-X linkages
(X = Mn, V) and a unit cell with lower symmetry and larger
volume."!l The 3-Mn,V,0; primitive cell is shown in Figure 1.
With C2/m symmetry, the thortveitite phase contains five
unique lattice sites: Mn (4g), V (4i), O1 (2d), O2 (4i), and O3
(8j).'Y Our geometry relaxations with DFT-HSE lead to lattice
parameters and Wyckoff positions in excellent agreement with
experiment!!l (see Table 1). Each Mn atom is coordinated by
a distorted oxygen octahedron, with nearest neighbor distances
ranging from 2.09 to 2.28 A, obtained from our structural
optimization with DFT-HSE. Each V atom is at the center of a
slightly distorted oxygen tetrahedron, with calculated V-O bond
lengths ranging from 1.71 to 1.76 A. The two VO, tetrahedra
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making up each V,0; bitetrahedron exhibit a staggered confor-
mation with a linear V-O-V configuration. We also carry out
a comparison of different functionals and methods, including
PBE, PBE + U, and HSE. We find that DFT-PBE underesti-
mates the equilibrium lattice parameter a and overestimates b
and c relative to experiment.®! PBE + U improves upon PBE,
and HSE leads to the best agreement with experiment (Table 1).
A detailed discussion of our calculations of the electronic
structure and magnetic properties appears in the Supporting
Information.

Next, we turn to experiment and synthesize a bulk powder
from a 1 mL aqueous solution containing 0.25 M each of MnCl,
and VCl; and 15 vol% diethylene glycol. The stirred solution
is placed in a crystallization dish and allowed to evaporate in
a hood for 10 h to concentrate the metal salts. Approximately
50 pL of the concentrated precursor solution is pipetted into a
ceramic micro crucible in a thermal gravimetric analysis (TGA)
instrument (TA Instruments QG600), heated at 10 °C min™! to
600 °C and held there for 1 h under 100 SCCM 20% O, in Ar.
The resulting powder appears to have high optical absorption
with a deep burgundy hue, and comparison of XRD meas-
urements and simulated powder pattern reveals a primarily
B-Mn,V,0; with a small fraction of &-Mn,V,0; (Figure S1,
Supporting Information). The optically dense powder is charac-
terized by diffuse reflectance spectroscopy using an integrating
sphere (Model ISP-50-8-R-GT, Ocean Optics Inc), UV-vis illu-
mination from a (200 W Newport Hg-Xe arc lamp) and a fiber
coupled Spectral products SM 303. The spectral absorbance is
calculated using the Kubelka—Munk radiative transfer model
under the assumption of a wavelength-independent scattering
factor, and the resulting Tauc plot for direct allowed bandgap
analysis is shown in Figure 2a. For several repeat experiments
and different variations of precursor chemistry and thermal
processing, the extrapolated direct bandgap is consistently
within 0.1-1.75 eV. The sample of Figure 2a exhibits a bandgap
of approximately 1.8 eV, which places f-Mn,V,0; into the target
bandgap range for high efficiency solar hydrogen generation.

Given this highly promising measured bandgap, we proceed
to analyze the band structure of -Mn,V,0; with DFT-HSE,

' MnOg octahedra
N V,0; divanadate

Figure 1. Structure of -Mn,V,0;. Blue: manganese; red: oxygen; and light pink: vanadium. The conventional unit cell is indicated by the black lines.
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Table 1. Equilibrium lattice parameters, Wyckoff positions of atomic sites, and bandgaps of
B-Mn,V,0; obtained from DFT-PBE, DFT-PBE + U, and DFT-HSE calculations. The experi-
mental crystal structure data from ref. [11] and the experimentally measured bandgap from

our present work are also listed for comparison.

www.advenergymat.de

relative to the VBM. The conduction band
is dominated by V 3d states, with a small
contribution from O 2p states. The absorp-
tion spectrum is obtained by calculating the
dielectric matrix from the DFT-HSE Kohn—

Expt. Theo . R
P Y Sham spectrum, as shown in Figure 2b.
PBE PBE+U HSE At this approximate level of theory for the
a(A) 6.713 6.566 6429 6.625 absorption spectrum, neglecting electron-
b (A) 8.725 8.954  8.759 8.729 hole interactions and assuming HSE pro-
¢ () 4.969 5087 5.067 4.983 V?des a good description of the near-gap qua-
siparticle spectrum, we find good agreement
B (deg) 103.591 102.197  102.201 103.257 . . o .
with experiment; additionally, we predict
. o
Volume (A°) 282.88 29234 27387 28050 fundamental band-edge transitions are
Bandgap (eV) 1.75 0.82 1.20 1.73 dipole allowed, with direct absorption at the
Wyckoff position ~ Mn (4g) (0, 0.8109, 0) - - (0,0.8114,0) bandgap threshold.
v (i) (0.7341,0,0.4032) B ~ (0.7373, 0, 0.4012) To better understand .the v1ab111t.y . of
Mn,V,0; for photocatalytic water splitting
o1 (2d) (0.5,0,0.5) - - (05,0,0.5) A .
_ applications, we compute its band edge ener-
02 (4) (0.9093,0,0.7151) - - (0.9121,0,0.7188) gies relative to vacuum, and discuss these
O3 (8)  (0.7322,0.1614, 0.2123) - - (0.7314, 0.1623, 0.2095) energies relative to the redox potentials of
water. Many-body perturbation theory with

adjusting the mixing parameter for the Hartree—Fock exchange
potential to 0.18 to reproduce the experimental bandgap. Our
calculated band structure appears in Figure 3a. f-Mn,V,0; is
a near-direct bandgap insulator, with the VBM located at the
Z-point, and the conduction band minimum (CBM) at X. The
energy difference between the highest occupied states at X and
Z is within 0.02 eV; hence, we describe the gap as near-direct.
Via a simple fit of the energy-momentum dispersion along
I-X, we predict effective masses of 0.81 and 1.34 m, for holes
and electrons, respectively. The smaller hole-effective mass
compared with that of electron reflects the strong hybridiza-
tion between Mn d and O p states at the VBM. The site- and
l-projected electronic densities of states (DOS) for 5-Mn,V,0,
are plotted in Figure 3b, and reveal a VBM composed of Mn 3d
and O 2p states. The O 2p states spread between 0 and -5 eV

the GW approximation has been the method
of choice in predicting band structures and band edge positions
of semiconductors.?*?2 However, its application to complex
systems is hampered by the high computational cost involved.
Prior works have shown that DFT calculations with hybrid
functionals can provide reliable and, in some cases, quantitative
trends for band edge positions,?*?% and excellent agreement
with GW results has been reported for sp-bonded semiconduc-
tors and several oxides.?? We compute bulk band edge posi-
tions relative to the vacuum level by combining our HSE bulk
calculations and PBE + U surface slab calculations. In the bulk,
the electronic eigenvalues are referenced to the average electro-
static potential (ionic plus Hartree). Following prior work,22:2:26]
our calculations are carried out in a supercell with a surface
slab region and a vacuum region (Figure 4a). The vacuum level
can be defined by the potential far away from the surface slab,
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Figure 2. a) Tauc plot for direct allowed bandgap analysis. b) Calculated absorption spectrum of f-Mn,V,0; summed over all possible direct valence-
to-conduction band transitions and averaged along three principle directions.
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Figure 3. a) Band structure; and b) site- and I-projected electronic DOS
of B-Mn,V,0;. The highest occupied state is set to 0 eV. Notations for
high-symmetry k-points are defined in ref. [19]. The electronic bands in
the spin-up and spin-down channels are in black and green, respectively.

and the “bulk” average electrostatic potential is defined as the
macroscopically averaged electrostatic potential taken from the
“bulk” region deep inside the slab. In this manner, we estab-
lish the potential step AV between the vacuum and the bulk
(Figure 4b), and the bulk electronic eigenvalues can be refer-
enced to the vacuum. This approach has been used to evaluate
the band alignment in traditional nitride semiconductors,
resulting in good agreement with experiment.l’!

Note that our computed AV is surface orientation- and ter-
mination-dependent. Previous work has shown that the lowest
energy surface orientations and terminations are most rel-
evant for the position of the band edges.*”! Using the surface
generation scheme proposed in ref. [27], we construct several
low-index nonpolar surfaces of -Mn,V,0,, carry out surface
geometry optimization, and calculated their surface energies.
The (110) surface is found to have the lowest energy. This

2] — — -

: _I_VBM

Potential (eV)
o

0 5 10 15 20 25 30
Distance )

Figure 4. a) The slab model of -Mn,V,0; (001) surface. b) Planar averaged electrostatic
potential. ¢) Estimated CBM and VBM positions in aqueous solution relative to the two water

redox potentials.
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finding is consistent with the experimental observation that the
(110) plane is the dominant crystal surface for §-Mn,V,0.!4
From our calculations, we find that the CBM is located at 4.68 eV
below the vacuum and the VBM is at 6.41 eV below the vacuum.

In aqueous solution, an additional shift of these band edge
energies (relative to the water redox levels) is expected from
charge rearrangement and the formation of new species associ-
ated with the solution-semiconductor interface. This interface
dipole depends on the nature of the surface and is intrinsic to
B-Mn,V,0;. First-principles prediction of this effect requires
explicit treatment of a semiconductor-water interface,?8-30
which is beyond the scope of this work. Studies of several
related oxides in ref. [22] has shown that the interface dipole
can be approximated by a 0.5 eV upward shift of the VBM/
CBM closer to vacuum at the point of zero charge (PZC), where
the PZC corresponds to the pH value for which the surface is
charge neutral.3!) While the corresponding pH of the PZC is
unknown, the pH of PZC for a related compound, BiVO,, is
experimentally measured to be close to 2.5 =3.32 Assuming
the PZC of Mn,V,0; is close to that of BiVO,, and estimating
the potential shift from the Nernst equation (59 meV shift
closer to vacuum per unit of pH), the band edge positions in
aqueous solution at pH = 0 are estimated to be =0.35 eV closer
to vacuum than predicted by our DFT calculations alone.
This additional shift will locate the CBM at 4.33 eV below the
vacuum and the VBM at 6.06 eV below the vacuum. As shown
in Figure 4c, these CBM and VBM values straddle the two
water redox potentials in a near-optimal fashion. Considering
the uncertainty in the estimated potential shift in solution, vari-
ations in surface potential drop among different surface orien-
tations/terminations (=0.25 eV), and the fact that our bandgap
is also approximate, we set an error bar of —0.3-0.25 eV for the
CBM, and —0.4-0.15 eV for the VBM, respectively, for the pre-
dicted band edges.

To understand the underlying chemistry that gives rise to
the excellent bandgap and band edges for water splitting, we
further discuss its electronic structure. The stoichiometry of
the system indicates that the formal oxidation states are +2,
+5, and -2 for Mn (3d%), V (3d?), and O (2p%),
respectively. Each constituent Mn atom is
predicted to be in a high-spin d° configura-
tion, with a calculated magnetic moment
of 4.58 pg (DFT-HSE). The occupied Mn 3d
states are located at higher energies relative
to the O 2p states. The hybridization between
Mn 3d states and O 2p states provides con-
siderable valence band dispersion. Due to the
large exchange splitting, the unoccupied Mn
3d states in the other spin channel are higher
in energy than the unoccupied V 3d states.
For comparison, a well-studied photocatalytic
light absorber, monoclinic BiVO,, possesses
a bandgap near 2.4 eV, and also features a
CBM consisting mainly of V 3d states.[3334
The valence band of BiVO,; however, has
primarily O 2p character, leading to a deep
valence band with electrochemical potential
in excess of 2.5 V versus NHE.?* In contrast
to BiVO,, the presence of Mn 3d occupied

Adv. Energy Mater. 2015, 1401840
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Figure 5. The Pourbaix diagram of the M-V-O system, assuming Mn- and V-ion concentra-

tions of 107 mol kg™

states in -Mn,V,0; brings the VBM closer to the OER redox
potential and results in the much smaller, more desirable
bandgap.

A critical issue prohibiting the application of many candidate
materials for water splitting is stability against photocorrosion.
To explore this further, we compute Pourbaix diagrams, where
solid and dissolved species are combined in a single phase dia-
gram to determine the stable species (solids and/or aqueous
ions) as a function of pH and potential.** In construction of
our Pourbaix diagrams, DFT-PBE + U is used for the total ener-
gies of the solid phases, and experimental data are used for
those of the dissolved ions, following previous work.*®l Our
calculations suggest that, if the concentrations of Mn and V
ions are very low at =107° mol kg™, 3-Mn,V,0; is thermody-
namically unstable with respect to Mn?* and VO;~ ions. How-
ever, when corresponding ion concentrations are higher than
10~* mol kg!, the normalized Gibbs free energy of f-Mn,V,0,
becomes lower than all the possible dissolution products, and it
can exist in aqueous solutions as a solid. The calculated Pour-
baix diagram in Figure 5 assumes a Mn-ion concentration at
10~ mol kg~! and a V-ion concentration at 10~ mol kg™. In this
diagram, -Mn,V,0 is stable in aqueous solution in mild base
over an approximately 0.3 V window between the water redox
potentials, and we note that this semiconductor may exhibit
kinetic stability beyond these conditions.

To further assess the photocatalytic performance of this com-
pound, a Mn, 5V 50, sample from a combinatorial composition
library was prepared on an SnO,:F conducting substrate using a
similar metal precursor mixture and calcination as the powder
sample described above, yielding a film with small pores as
shown in Figure 6. The sample was characterized using a pre-
viously described scanning drop celll”] to measure the photo-
current under chopped 385-nm illumination in 0.1 M NaOH
(aq) with 5 x 1072 M [Fe(CN)g]*/* redox couple. The back con-
tact of the samples was shorted to a Pt counter electrode and
the short-circuit current was measured with the solution poised
at the redox couple potential of 0.36 V versus NHE, which is
approximately 0.1 V below the oxygen evolution potential in

Adv. Energy Mater. 2015, 1401840
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the pH 13 solution (marked by a black star
in Figure 5). The last 20 of a 44 s experiment
with 1 Hz illumination is shown in Figure 6,
showing stable photocurrent in excess of
0.1 mA cm™. We note that due to shunted
current in the electrochemical cell, which
is common for photoelectrochemistry of a
facile redox couple, this experiment provides
a semiquantitative measure of photoactivity
but not a photon-to-current conversion effi-
ciency. The positive photocurrent indicates
n-type photoactivity in which photogenerated
holes in the Mng 5V, 50, sample were trans-
ferred to solution to oxidize the dissolved fer-
rocyanide. Repeating the measurement on a
duplicate sample with 0.1 v NaOH (aq) and
without the facile redox couple yielded no
measureable photocurrent. The first meas-
urement is commensurate with conduc-
tion and valence bands straddling the redox
couple potential, and the latter measurement
indicates that the metal oxide is not a good photocatalyst, which
is most likely due to the valence band offset of approximately
0.3 V, which is only sufficient over potential to catalyze oxygen
evolution with optimized catalysts. The stable photocurrent in
the former measurement and lack of photocurrent in the latter
also indicate that the Mn, 5V, 50, sample does not appreciably
photocorrode under these conditions. Further experiments are
required to ascertain the kinetic stability and its relation to the
calculated thermodynamics of Figure 5. Overall, these photo-
current results corroborate the excellent calculated optoelectronic
properties and suggest that when coupled with an appropriate
oxygen evolution electrocatalyst, electronic quality f-Mn,V,0;,
has the potential to enable very efficient photo-driven water
splitting. The combined properties of valence band alignment
for OER, sub-2 eV bandgap and stability under illumination
in pH 13 make this light absorber truly unique, and a compar-
ison with other semiconductors is provided in the Supporting

13 14

0.15 T
illuminated

oaol /|

T
£ \
S 0.05p
£
5 0.00}
3 V
© _o.05f X -
darl
=0.1053 30 35 40

Figure 6. Final 20 of a 44 s short-circuit photocurrent with 1 Hz chopped
illumination. The inset shows a 1 X 4 ym SEM view of the Mng 5V, 5O,
sample. The drifting dark current is typical of short-circuit measurements
with a facile redox couple.
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Information. Combinatorial experiments are underway to
measure photoelectrochemical properties and phase behavior
of the Mn-V oxide composition space, and will be presented in
a future publication.

In summary, we present the joint computational and experi-
mental identification of Mn,V,0, as a highly promising light
absorber for photocatalytic water splitting. Our calculations
suggest that this system has a desirable bandgap, and a syn-
thesized powder indeed leads to a gap of 1.75 (£0.1) €V, in the
desired range for an optimal solar photoanode. From DFT-HSE
and DFT-PBE + U electronic structure calculations, $-Mn,V,0,
is also found to possess a near-optimal band alignment to the
HER and OER redox potentials. This stems from a strong
hybridization of Mn 3d and O 2p states to form a VBM closer to
the OER potential than typical metal oxide semiconductors, and
the V 3d character of the conduction band leads to a CBM close
to the HER potential. Experiments further indicate appreciable
photocurrent from -Mn,V,0, samples under specific electro-
chemical conditions, indirectly corroborating our predictions.
Our study demonstrates and clarifies the unique role played by
each element in the structural and functional electronic prop-
erties of -Mn,V,0,. The results and detailed understanding
of this material provide a path toward the design of additional
metal oxide light absorbers with desirable band energetics for
solar fuels applications.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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