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The electronic properties of 2-dimensional metal oxide nanosheets are reviewed. Although the band
structures of 2D nanosheets bear some resemblance with the band structures of the 3D parent com-
pounds from they are derived, their 2D nature may have a profound influence on the location of the
valence and conduction bands. The presence of structural defects, aliovalent dopants, and adsorbed
molecules affects the mobility and concentration of charge carriers, and may even influence the band
structure. The ability to transfer electrons to and from nanosheets is controlled by the charge density
of the nanosheet, and/or the presence of electron donating or accepting species in the immediate vicinity.
Charge transport and electron transfer in multilayer films and heterostructures are also discussed.

� 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Two-dimensional materials have been receiving considerable
attention since the discovery of graphene in 2004 [1]. There is cur-
rently still a large interest in graphene and other Van der Waals
materials like h-BN, transition metal dichalcogenides such as
MoS2, and several others [2]. Somewhat less well known are the
two-dimensional metal oxide equivalents of Van der Waals mate-
rials, commonly named ‘oxide nanosheets’. They are two-
dimensional ionic crystallites with a thickness of about 0.5–3 nm
and lateral dimensions between �50 nm and �50 lm [3,4]. Single
layer oxide nanosheets are derived from layered ionic parent com-
pounds, such as layered titanates, niobates, tungstates, managan-
ites, Dion-Jacobson phases, etc. using a chemical exfoliation
process in a solvent, typically water [4–8]. The parent crystal struc-
tures can be thought of as consisting of anionic oxidic layers that
are stacked and kept together via interlayers of exchangeable,
monovalent cations. By removing the interlayer cations, the crystal
delaminates into the anionic layers. For example, the
Dion-Jacobson layered oxide KCa2Nb3O10 can be exfoliated into
unilamellar Ca2Nb3O10

� nanosheets of 1.44 nm thickness [9] by
the following two-step process:

KCa2Nb3O10ðsÞ þHþðaqÞ ! HCa2Nb3O10ðsÞ þ KþðaqÞ step 1
HCa2Nb3O10ðsÞ þ TBAOHðaqÞ ! Ca2Nb3O
�
10ðaqÞ þ TBAþðaqÞ

þH2O step 2

The first step is an ion-exchange process in which the interlayer
cation K+ is replaced by H+. In the second step, the fast acid-base
reaction between OH� from tetrabutyl ammonium hydroxide
(TBAOH) and the interlayer protons from HCa2Nb3O10 ensures
destabilization of the ionic interactions that keep the layered HCa2-
Nb3O10 parent crystal intact, and results in the formation of a col-
loid of unilamellar nanosheets [10]. The negatively charged
nanosheets in solution are charge-compensated and stabilized by
quarternary ammonium ions, NR4

+ (R = Bu, Pr, Et, Me) in their
immediate vicinity, usually N(C4H9)4+ (TBA+). Since the parent 3D
crystals are grown by a solid state reaction at high temperatures,
the nanosheets are thermodynamically equilibrated, i.e. they have
a high crystallinity and low point defect density. Other oxide
nanosheets can be made via the same or related soft exfoliation
routes. The net negative ionic charge on nanosheets makes the
presence of counter ions necessary in order to maintain local
charge neutrality, and in this respect oxide nanosheets differ fun-
damentally from Van der Waals materials. But the counter ion is
not an irreversible part of the ionic nanosheet lattice and can be
replaced by exchange. Due to its close proximity and Coulombic
charge, the counter ion may exert an influence on the physical
properties of nanosheets.
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The as-prepared nanosheet colloids have been employed to fab-
ricate monolayer and multilayer films, layered nanocomposites,
superlattices, and porous microstructures using methodologies like
layer-by-layer (LbL) assembly, controlled precipitation and Lang-
muir–Blodgett deposition [11–15]. The synthesis of nanosheets,
their assembly into functional structures and several of their appli-
cations have been discussed comprehensively in several recent
reviews [6,9,16–19]. For a general introduction into the topic of
2D oxide nanosheets, the reader is referred to these papers.
Regarding their electronic behavior, metal oxide nanosheets
present an extremely interesting class of 2D materials. Since most
metal oxides are semiconductors, they have semiconducting,
optical and charge transfer (redox) properties that make them
potential candidates for application in a diverse range of technolo-
gies where such properties are of crucial importance, in particular
in the areas of nanoelectronics [9,20], energy materials [17,21] and
(bio)sensing [22–25]. The development of innovative materials and
devices based on 2D materials such as Li batteries, photocatalysts,
supercapacitors, field effect-based sensors, half-metals and high-k
dielectric layers all require materials with tailored electronic
properties.

In view of the importance of the electronic structure of 2D oxide
materials for the above-mentioned range of applications, a concise
review of experimental and theoretical studies on various aspects
of the electronic band structure and transport properties of oxide
nanosheets is presented here. At first glance, the electronic proper-
ties of nanosheets bear some resemblance with the electronic
properties of their layered 3D parent compounds. However, the
2D nature has several specific consequences. Firstly, spatial con-
finement of the crystal in one dimension influences the band struc-
ture and splitting of the energy levels. Secondly, since all atoms in
2D materials are at or very close to the surface, all electronic prop-
erties are strongly influenced by the environment in which the
nanosheets reside. Adsorbed species may act as dopants and influ-
ence the concentration and mobility of charge carriers within the
sheet. Coulombic charges and fields generated within the oxide
are screened by counter ions and the polarizability of the sur-
rounding medium. Space charge layers which are common in 3D
semiconducting oxides are therefore absent. Thirdly, the geometry
of nanosheets imposes a highly anisotropic conductivity, allowing
easy carrier transport in the plane of the crystal lattice, while elec-
tron transfer (redox) reactions are dominant in the out-of-plane
direction.

In the next section, existing knowledge on the electronic band
structure of various oxide nanosheets is summarized, with empha-
sis on the effect of quantum confinement and composition on the
band gap. Then, the influence of point defects and aliovalent
dopants in nanosheets on their electronic properties is discussed.
The topic of ection 4 is charge transport through nanosheets,
charge transfer to/from nanosheets, and electron-hole generation
and annihilation within the nanosheet. Charge transfer in
nanosheet assemblies, i.e., restacked powders, Langmuir-Blodgett
multilayer films and heterostructures is discussed in ection 5,
followed by some concluding remarks in the final section.
Fig. 1. Total and partial density of states for (a) restacked TiO2 nanosheets; (b) a
single-layered TiO2 nanosheet, and (c) anatase. Adapted with permission from Ref.
[26]. Copyright 2003 American Chemical Society.
2. Electronic band structure of metal oxide nanosheets

Most oxide nanosheet compositions that are discussed in this
paper are n-type semiconductors with a relatively wide band
gap. The most thoroughly explored class are titanate nanosheets
Ti1�xO2 (x = 0.09–0.13). The main contribution to the valence band
of titanium oxide nanosheets are Ti 3d-O 2p bonding interactions.
The conduction band mainly consists of Ti 3d states antibonding
with O 2p. The octahedral oxygen ligand shell surrounding Ti
centers splits the conduction band further into Ti 3d eg states at
5–8 eV, and t2g states at 2–5 eV [26]. In some cases the band struc-
ture of oxide nanosheets can be considered as a 2-dimensional ana-
logue of the band structure of structurally similar 3-dimensional
oxides. For example, the calculated band energy diagrams of stacked
and single-layered Ti1�xO2 nanosheets are very similar to the band
structure of anatase [26], see Fig. 1. The structural similarity
between (restacked) Ti1�xO2 nanosheets and anatase is well known.
Restacked nanosheets can even be transformed topotactically into
anatase [27].

The band gap of 2D titanate crystals (0.75 nm thick) is consider-
ably larger than that of bulk anatase, however. Band gap values for
Ti1�xO2 nanosheets as determined by electrochemical (Mott-
Schottky method), photochemical, optical (Tauc plot), conductive
atomic force microscopy and scanning tunneling microscopy are
consistently reported to be in the range of 3.8–4 eV, compared to
�3.2 eV for anatase [28–31]. Absorption at sub-band gap wave-
lengths has also been observed and is ascribed to intraband transi-
tions by electrons occupying conduction band states. A difference
of �0.6 eV is also found between the band gaps of the layered pro-
tonated titanates HyTi1�xO2, and their exfoliated 2D counterparts,
i.e. unilamellar titanate nanosheets in water [32], as well as in
other layered titanates [33]. The larger band gap in nanosheets
has been attributed to the influence of quantum confinement in
a quasi-2D arrangement, although the additional influence of
structural changes upon exfoliation cannot be excluded [28]. In
quantum mechanics, the particle in a box model predicts that the
energy level En of a quantummechanical particle-wave that is con-
fined to a box of dimensions L, scales with L�2. Hence, for an oxide
nanosheet with lateral dimensions Lx and Ly and thickness Lz, the
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band gap shift DEg relative to the band gap of an infinitely large 3D
anatase crystal is given by [28,32]

DEg ¼ h2

4lxL
2
x

þ h2

4lyL
2
y

þ h2

4lzL
2
z

ð1Þ

where h is Planck’s constant, and lx, ly, and lz are the reduced
effective masses of electron-hole pairs in the principal x, y and z
directions of the crystal. Considering that Lx and Ly are of the order
of 10�5–10�7 m, and Lz = 10�9 m for a single nanosheet [7], the first
two terms in the above equation can be neglected, yielding

DEg ¼ h2

4lzL
2
z

ð2Þ

Then, using the experimental values of DEg = 3.8 � 3.2 = 0.6 eV and
Lz = 0.7 nm for Ti1�xO2 nanosheets, it follows that lz = 1.28me

(me = elementary electron mass) for electron-hole pairs in titanate
nanosheets [28].

Interestingly, ionic attachment of a monolayer of C14H29-NH3
+

ions onto the surface of the negatively charged Ti1�xO2 nanosheets
leads to a further increase of the band gap by 0.22 eV [32], which
demonstrates the possibility of modifying the band gap by chemi-
cal modification of the nanosheet’s surface. Co-adsorption of dihy-
droxynaphthalene (DHN) onto C18H37-NH3

+ modified Ti1�xO2

nanosheets has also shown to change the electronic structure of
the sheets [34]. The fact that 2D materials lack bulk volume and
only consist of surface atoms makes that even chemical modifica-
tion of the surface has a profound effect on the band structure of
the entire crystal. Although the concept has hardly been explored,
‘‘doping” the anionic surface with different cations may provide an
interesting handle to modulate the electronic properties of
nanosheets and deserves further exploration.

Values of the band gaps of a number of compounds, including
the locations of the upper valence band and lower conduction
band, are listed in Table 1. All data were obtained on dried,
restacked films using optical, electrochemical, or electron energy
loss spectroscopy methods. The (organic) counter ions that are
thought to be present to charge-neutralize the anionic nanosheet
films are also listed. In some cases the films received a UV post-
treatment to decompose the organic cations used in the fabrication
of the films, so that their exact nature in the final films remains
somewhat obscure [35,36].

The variations in the band gaps of nanosheets derived from
Dion-Jacobson phases A(A0

n�1MnO10) (A = monovalent; A0 = diva-
lent; M = tetra of pentavalent cation) are less easy to interpret than
the titanates [35,37–41], but certain trends can be distinguished.
Xu, Milstein and Mallouk determined band gaps and flat band
potentials of nanosheets derived from Dion-Jacobson phase lay-
ered perovskites A2M3O10 (A = Ca, Sr; M = Nb, Ta) using density
functional theory (DFT) analysis and impedance spectroscopy
[37]. The DFT calculations systematically underestimated the
absolute band gap values, but the trends can be compared. Since
the M-site cation contributes to the conduction and valence bands,
substitution on the M-site exerts the largest influence the elec-
tronic structure. However, comparison of DFT data of Sr2Nb3O10

and Ca2Nb3O10 nanosheets in Table 1 indicates that although the
A-site cations do not contribute directly to the frontier orbitals,
they exert an influence via the A-O bond strength. For Sr2Nb3O10

and Ca2Nb3O10 the difference in band gap (0.35 eV) has been
attributed to the more ionic character of the Ca-O bond compared
to the longer Sr-O bond [37]. The larger size of Sr (ionic radius
0.158 nm in 12-fold coordination [42]) compared to Ca (0.148 nm
[42]) is thought to relax the distortion of the NbO6 octahedra in
the nanosheet, thereby achieving greater delocalization of the
excited state energy and decreasing the band gap energy [38]. In
support of this explanation, experimental optical band gaps in
restacked protonated niobates A2Nb3O10 (A = Ca, Sr) decrease by
about 0.20 eV upon substitution of Ca by Sr [38,39].

According to the data of Akatsuka et al., the band gaps of Ca2-
Nb3O10 (3.44 eV), TiNbO5 (3.68 eV) and Ti2NbO7 (3.64 eV)
nanosheets are slightly larger than those of the corresponding bulk
materials prior to exfoliation, i.e. KCa2Nb3O10 (3.33 eV), TiNbO5

(3.51 eV) and Ti2NbO7 (3.56 eV) [35]. In contrast, Vidri et al. con-
cluded that the electronic structures and optical band gaps of
TMA-stabilized Ca2Nb3O10 nanosheets and KCa2Nb3O10 are the
same within experimental error [40]. Irrespective of who is correct
in this case, the change in band gap upon delamination appears to
be either small or negligible. This suggests that the electronic band
structure of the layered parent compound KCa2Nb3O10 may have a
2D-like character that is very similar to that of unilamellar Ca2Nb3-
O10 sheets. However, it should also be kept in mind that the effect
of quantum confinement in one dimension on band gap as
expressed by Eq. (2) and discussed above for the case of Ti1�xO2

is considerably smaller for Ca2Nb3O10. The Ca2Nb3O10 nanosheet
is about 2 times thicker (1.44 nm) than titanate (0.7 nm) [9], so
in view of eq. (2), DEg is 4 times smaller under otherwise similar
conditions.

Like the other oxides discussed above, exfoliated MnO2

nanosheets are negatively charged when suspended in water,
due to the presence of a fraction of Mn(III) cations in the sheet that
compensates the charge of the cationic intercalant present in the
parent oxide. The conductivity of single MnO2 nanosheets is much
higher than that of Ti1�xO2 nanosheets [43]. For d-MnO2 derived
nanosheets, a direct optical band gap of 2.23 eV has been reported
[44], which corresponds to the difference between Mn 3d t2g and
Mn 3d eg states. Considering the MnO2 nanosheet thickness of only
0.45 nm and the effect of spatial confinement on energy band split-
ting as discussed above [9], this value is smaller than a priori
expected.

The parent compound Na-birnessite, NaxMnO2, a layered inter-
calation compound, has even been reported to have a larger
direct band gap of 2.7 eV and an indirect band gap of 2.1 eV
[45]. DFT modelling of the structure and electronic properties of
bulk birnessite and single layer MnO2 demonstrates that the
direct and indirect band gaps can be tuned by the nature of the
intercalated cations (e.g. alkali, earth alkali, Zn2+, B3+, Al3+, Ga3+,
Sc3+ and Y3+) [46]. The effect of these counter-ions on the Jahn-
Teller distortion of the edge-shared MnO6 octahedra in the sheets,
and the ordering of Mn(III) centers causes the indirect band gap
to vary between 2.73 and 1.96 eV, and the direct band gap
between 3.00 and 2.65 eV. Although the electronic structure of
a surface MnO2 layer differs only slightly from bulk birnessite
due to the subtle effects of Mn-O bonding and cation coordina-
tion, one of the prominent Mn-O bonds is lost at the surface,
which effectively blocks an indirect transition present in bulk
birnessite, while promoting a direct one. As a result, an indirect-
to-direct band transition is observed when the bulk material is
separated into single layer oxides. The electronic structure of
MnO2 nanosheets can be further modified by vacancy defect
engineering, as discussed in more detail below.

The band gap in NbxTa1�xWO6 (x = 0–1) tungstates is >3 eV and
can be tuned via the Ta/Nb ratio [47]. Pure TaO3 has an even larger
band gap of about 4.8–5 eV [48]. Tungsten oxide nanosheets, WO3,
which have a thickness comparable to Ti1�xO2, have Eg < 3 eV. Band
gaps in the range of 2.75–2.88 eV have been reported for unilamel-
lar WO3 nanosheets [49] and ultrathin platelets of 4–15 nm thick-
ness [50–52], indicating a modest blueshift with respect to bulk
WO3 (2.68 eV) [49]. No clear influence of quantum confinement
on the degree of band splitting (see Eq. (2)) can be observed exper-
imentally. However, tungsten oxide is known to have a rich defect
chemistry, which may influence the electronic transitions within
the system.



Table 1
Nanosheet composition, thickness, band gap, conduction & valence band edge, counter-ion, and method of determination of the electronic structure.

Composition Thickness (nm) Eg (eV) Conduction band
edge (vs NHE)

Valence band
edge (vs NHE)

Counter ion Method of determination Ref

Ti0.91O2
0.36� 0.75 3.84 �0.78 +3.02 PDDA+/UV-decomposed (Photo)electrochemical; indirect

BG assumed
[9,28,35]

TiNbO5
� 1.05 3.68 �0.84 +2.84 PDDA+/UV-decomposed (Photo)electrochemical; indirect

BG assumed
[35]

Ti2NbO7
� 1.06 3.64 �0.81 +2.83 PDDA+/UV-decomposed (Photo)electrochemical; indirect

BG assumed
[35]

Ti5NbO14
3� 1.05 3.53 �0.80 +2.73 PDDA+/UV-decomposed (Photo)electrochemical; indirect

BG assumed
[35]

Nb3O8
� 1.1 3.58 �0.83 +2.75 PDDA+/UV-decomposed (Photo)electrochemical; indirect

BG assumed
[35,36,103]

LaNb2O7
� 1.06 3.23 �0.39 +2.84 H+ Optical; indirect BG assumed [38,104]

Ca2Nb3O10
� 1.44 3.44 �0.63 +2.81 PDDA+/UV-decomposed (Photo)electrochemical; indirect

BG assumed
[9,35]

1.60 ± 0.07 3.27 �0.55 +2.72 H+ DFT [37]
1.60 ± 0.07 3.81 ± 0.04 Optical; indirect BG assumed [37]

3.50 �0.52 +2.98 H+ Optical; indirect BG assumed [38]
3.8 ± 0.2 TMA+ VEELS; optical band gap [40]
2.9 ± 0.2 TMA+ VEELS; fundamental band gap [40]
3.6 ± 0.1 TMA+ Optical; direct BG assumed [40]
3.4 ± 0.1 TMA+ Optical; fundamental band gap [40]

Sr2Nb3O10
� 1.73 ± 0.16 2.92 �0.05 +2.87 H+ DFT [37]

1.73 ± 0.16 3.77 ± 0.03 Optical; indirect BG assumed [37]
3.30 �0.42 +2.88 H+ Optical; indirect BG assumed [38]

1.23 3.76 �0.40 +3.36 TMA+ and/or C18H37-NH3
+ Cyclic voltammetry [41]

Ca2Nb2.25Ta0.75O10
� 1.79 ± 0.06 3.88 ± 0.03 Optical; indirect BG assumed [37]

Ca2Nb1.5Ta1.5O10
� 1.78 ± 0.07 3.97 ± 0.04 Optical; indirect BG assumed [37]

Ca2Ta3O10
� 3.45 �0.77 +2.68 H+ DFT [37]

TaO3
� 1.0 5.03 TBA+ UV–Vis; direct BG assumed [48]

MnO2
d� 0.45 2.23 +0.14 +2.37 TBA+ and/or PDDA+ Optical; direct BG assumed [9,44]

Mn0.81Ni0.19O2 0.7 2.66 Li+ Optical; direct BG assumed [66]
Mn0.81Ni0.13O2 0.7 2.64 Li+ Optical; direct BG assumed [66]
WO3

d� 0.75 2.88 +0.23 +3.13 H+ (Photo)electrochemical [49]
TaWO6

� 1.50 ± 0.05 3.26 �0.78 +2.48 H+ [47,86]
NbWO6

� 1.8–2.0 3.10 �0.68 +2.42 H+ [47]

Abbreviations: NHE is Normal Hydrogen Electrode; VEELS is Valence Electron Energy Loss Spectroscopy; TMA+ is tetra-methyl ammonium; TBA+ is tetra-butyl ammonium;
PDDA+ is poly di-allyl di-methyl ammonium.
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3. Point defects and aliovalent dopants in oxide nanosheets

3.1. Defects in the ionic sublattice

Structural defects may exert a very strong influence on the band
structure, carrier density, and/or act as electronic trap states. Some
examples have been reported in nanosheets [53–55], although the
studies are quite limited in number and focus in all cases on speci-
fic compositions, making general statements on the effects of
defects on electronic properties difficult. Bi et al. reported a study
in which they clearly demonstrated the importance of the presence
of defects on the catalytic activity of Nb6O17 nanosheets [53]. The
best known example of a system engineered with vacancies on
purpose are the Ti0.87O2 nanosheets derived from K0.8(Ti1.73Li0.27)
O4 (KLTO) [3]. The synthesis of KLTO involves the introduction of
Li+ ions on regular octahedral Ti4+ lattice positions in order to intro-
duce a net negative Coulombic charge in the titanium oxide layers
and form a layered compound. Upon protonation, both the K+

interlayer cations and these aliovalent Li+ ions are exchanged by
protons that reside in the interlayer gallery to compensate the neg-
ative layer charge. After exfoliation, the resulting Ti0.87O2

nanosheets have nominal 13.5 at% vacant Ti sites, while the exper-
imental atomic fraction Ti3+ is 6 at% as determined by XPS [10].
TEM images of Ti0.87O2 nanosheets suggest that 2 oxygen vacancies
form on both sides of the Ti vacancy, probably to restore the local
charge balance [56]. The authors estimate that in reality only 7% of
the lattice sites visible in their TEM images contained such <O-Ti-
O> vacancy defects. This value is lower than the nominal value of
13.5 at%, and may result from some unknown reconstruction pro-
cess that occurred after the synthesis of KLTO. In any case, no influ-
ence of the defect concentration on the electronic properties of
Ti1�xO2 nanosheets, if any, has yet been reported [57].

Optical absorption below the band edge in WO3 is associated
with the occurrence of point defects [52]. WO3 can accommodate
a large concentration of oxygen vacancies, which introduce local
energy states within the band gap. Rational engineering of the oxy-
gen vacancy defect concentration in such systems could actually
yield an efficient solar light harvesting semiconductor that is able
to capture photons from 3 wavelength ranges, as illustrated in
Fig. 2: (1) by direct excitation from the valence band into the con-
duction band, (2) by excitation of a valence electron into an energy
state associated with a positively charged oxygen vacancy, and (3)
by localized surface plasmon resonance from the trap state into the
conduction band [52].

Several types of more complex ionic defects have also been
observed in WO3 nanosheets and ultrathin nanostructures. Defect
associates such as <O-W-OH2> (oxygen–tungsten–water) vacancy
with net charge �4|e| form in WO3�H2O nanosheets of 2–3 nm
thickness rather than in bulk material [58]. The sheet thickness
corresponds with 4 or 5 WO3�H2O layers of 0.53 nm thickness
along the [0 1 0] direction. Holes present in the nanosheet associ-
ate with such highly charged defects, thereby becoming effectively
trapped. In a device construction with Cu electrodes, Cu2+ was
‘‘injected” into the nanosheet once an electric field was applied
between the electrodes. The diffusing Cu2+ species formed Cu2+

-<O-W-OH2> vacancy defects, thereby liberating 2 associated
holes. The increased mobile hole concentration led to an increase
of film conductivity [58]. Similar oxygen vacancy-tin vacancy asso-



Fig. 2. Band level arrangements of WO3�x nanosheets with oxygen vacancies.
Electronic transitions (1) direct excitation from the valence band into the
conduction band; (2) excitation of a valence electron into an energy state associated
with an oxygen vacancy; (3) localized surface plasmon resonance from the trap
state into the conduction band. The location of the oxidation and reduction
potentials of water are also shown. Reprinted with permission from Ref. [52].
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ciates have been reported for SnO2 nanosheets of 1.3–2 nm thick-
ness [59]. Under the influence of an external electric field, the
Schottky defects dissociate into mobile oxygen vacancies and
immobile tin vacancies, ultimately resulting in oxygen vacancy
accumulation at the negative electrode.

The importance of point defects and defect engineering to con-
trol the electronic and catalytic properties of d-MnO2 nanosheets
has been emphasized in a number of recent theoretical and exper-
imental studies [60–62]. First principles calculations demonstrate
that vacancy-free unilamellar MnO2 is a typical semiconductor,
whereas unilamellar MnO2 nanosheets with Mn vacancies behave
as half-metals [60,61]. The half-metallic behavior is due to
hybridization of the O 2p and Mn 2d orbitals around the Mn vacan-
cies, which makes the valence band maximum increase beyond the
Fermi level. At higher Mn vacancy concentrations (>6 at%), addi-
tional energy states are present in the band gap that make the band
gap effectively smaller. Considering that the band gap is 2.23 eV in
defect-free MnO2 nanosheets (Table 1), it is clear that the introduc-
tion of Mn vacancies leads to a strong decrease of the effective
band gap: from 1.81 eV for 2.8 at% Mn vacancies, to 1.23 eV for
11.1 at% Mn vacancies [60]. When oxygen vacancies instead of
Mn vacancies are present, the resulting MnO2�x phase is not half-
metallic but remains semiconducting.

More recently, Misture and coworkers determined the pair
distribution function in d-MnO2 nanosheets derived from KxMnO2

birnessite using synchrotron diffraction data [62]. They identified
the presence of ‘‘surface Mn3+”, i.e. an O-Mn-O unit positioned
slightly outside of the plane of the MnO2 nanosheet (see Fig. 3).
The in-plane Mn vacancy concentration could be estimated to be
in the range 20–26.5 at%. The authors interpreted these results
Fig. 3. Schematic representation of a MnO2 nanosheet wit
by assuming the occurrence of so-called surface Frenkel defects,
i.e. a defect pair consisting of an in-plane Mn vacancy, and an
out-of-plane Mn3+ center. The surface Frenkel defect concentration
increased with decreasing pH during re-assembly of the MnO2

nanosheet phase, and their occurrence seems to be more favorable
in high surface area nanosheet assemblies than in crystalline bir-
nessite. The authors also demonstrated the importance of these
defects for improving the specific capacitance of d-MnO2-based
pseudocapacitors.
3.2. Aliovalent dopants

Homogeneous doping of oxide nanosheets with foreign ele-
ments presents another strategy to alter their electronic structure.
Doping titanate nanosheets with 3d transition metal centers Ni, Fe
and/or Co introduces energy states within the band gap, promoting
sub-band gap optical absorption [63,64]. Similarly, 1–10 at% Rh
doping into titanate nanosheets leads to increased absorption at
wavelengths >350 nm, i.e., below the band gap of titanate which
is located at �325 nm [65]. At such low dopant levels the band
structure of the titanate sheets seems not to be affected, but its
photocatalytic activity for photodegradation of methylene blue
increases considerably. Apparently, sub-band gap absorption and
redox cycling are restricted to individual Rh atoms in this matrix.
The opposite phenomenon, i.e. widening of the band gap, has been
observed for MnO2 nanosheets upon doping with 13–19 at% Ni
[66].

When considering the conductivity, it has been noted that addi-
tion of 3 at% Rh doping into Ca2Nb3O10 nanosheets leads to a
decrease compared to the undoped material [67]. Apparently, the
Rh3+ ions occupy Nb5+ sites and act as electron trap sites. While
this could be regarded as a drawback to realize more conductive
nanosheets, an advantage may be that control over the electron
concentration by doping may help to inhibit the recombination
of excited electron-hole pairs [68]. Conductivity increase upon
doping has also been reported, e.g. in MnO2 nanosheets with 5–
10 at% Ru [69], and in Ti1�xO2 doped with Co and/or Fe [64]. Doping
of Fe or Co into Ti1�xO2 results in Fe3+ or Co2+ centers in the titanate
matrix, respectively, and the introduction of local energy states in
the band gap [64]. When both dopants are present in the same
matrix, the conductivity is much higher than in the undoped or
singly doped cases. See Fig. 4. Apparently, codoping facilitates
d–d intervalence charge transfer transitions, such as Co2+–Fe3+

and Fe3+–Fe2+. The temperature dependency of the resistivity in
this system is so weak that it may be an indication for half-
metallic behavior. The latter hypothesis is further supported by
DFT calculations on the band structure [64].
4. Electron-hole separation, recombination, and charge transfer

Exciton formation and electron-hole separation in 2D
nanostructures have unique properties that make them fundamen-
tally different from bulk materials. Assuming thatmz = 1.28me (see
h a surface Frenkel defect. Reproduced from Ref. [62].



Fig. 4. Resistivity of 10-layered films of Ti0.75Fe0.1Co0.15O2 and Ti0.8Co0.2O2

nanosheets on a Nb-doped SrTiO3 substrate. Adapted from Ref. [64] with permis-
sion of The Royal Society of Chemistry.

Fig. 5. Representation of electroactive ratio of Ti3+/Ti4+ and/or Nb4+/Nb5+ versus
cation density in the nanosheet gallery of titanate, niobate and titanoniobate
nanosheet films. The dotted line serves as a guide to the eye. Reprinted with
permission from Ref. [35]. Copyright 2012 American Chemical Society.
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Section 2) and the relative permittivity e = 3 at optical frequencies,
the Bohr radius R of an exciton in a titanate nanosheet can be esti-
mated to be �0.37 nm (larger than R = 0.3 nm for anatase) [28].
The thickness of a titanate nanosheet of 0.7 nm is thus close to
2R, suggesting that photogenerated electron-hole pairs are physi-
cally confined in the titanate nanosheets. No space-charge layer
can develop in single oxide nanosheets, since any field generated
within the oxide is screened by the ions from the surrounding
matrix [70]. So contrary to 3D semiconductors, where space charge
layers near the surface facilitate the electron-hole separation pro-
cess, electron-hole separation in a 2D system can only occur by
in-plane diffusion, or via electron transfer to another nanosheet
or electrolyte species. Since there is no clear mechanism for the
former process to occur spontaneously, the latter mechanism dom-
inates most likely under most conditions. For example, the photo-
catalytic activity of (TBA+,H+)-Ca2Nb3O10

� nanosheets has been
attributed to transfer of electrons or holes into the adjacent elec-
trolyte [70]. The opposite process, injection of electrons from an
adsorbed molecule (dihydroxynaphthalene) into the conduction
band of titanate nanosheets has also been reported [34]. For very
thick nanosheets or multiple layer films, some sort of space charge
layer could theoretically develop and such a phenomenon has
actually been suggested to explain the capacitative properties of
Ca2Nb3O10

� /PDDA composites [37].
Free carrier densities in 2D oxides have hardly been reported. In

contrast to bulk materials where the charge carrier mobility is a
function of the material, the mobility of charge carriers in 2D
materials is can be strongly influenced by the medium in which
it is dispersed, e.g. the permittivity of the medium, the ionic
strength of the solution, and/or the presence of specifically
adsorbing molecules and ions. Based on Hall measurements and
Mott-Schottky analysis, Yan et al. determined carrier densities of
8.6 � 1019 cm�3 for pristine WO3 and 1.7–2.0 � 1021 cm�3 for exfoli-
ated WO3 nanosheets (1.3–1.5 � 1012 cm�2) [52]. This value
increased further to 2.3–2.5 � 1021 cm�3 (1.7–1.9 � 1012 cm�2) upon
introduction of oxygen vacancies by thermal reduction. Since the
formation of oxygen vacancies is charge-compensated by introduc-
tion of negative counter charges, the free electron concentration
increases with the oxygen vacancy concentration.

The importance of the thickness of nanosheets on the reactivity
of electronic charge carriers was demonstrated in a computational
study that showed how terminal oxygen atoms facing interlayer
galleries in 3-NbO6 octahedrons thick nanosheets such as Ca2Nb3-
O10 and Sr2Nb3O10 make a larger contribution to the valence band
maximum than those in the 2-TaO6 octahedrons thick nanosheet
LaTa2O7, resulting in a higher hole activity in 3 octahedrons thick
nanosheets [38]. The high rate of photoelectrochemical oxidation
of methanol on Ca2Nb3O10 and Nb6O17 nanosheet electrodes can
indeed be explained in terms of a fast reaction between holes
and methanol. The oxidation rates on Ti0.91O2, Ti4O9, and MnO2

are considerably lower [71].
The recombination rate of photoexcited electrons and holes fol-

lows second order kinetics on Nb6O17 [72] and is probably similar
on other types of nanosheets. Whether the photo-induced surface
reaction or the charge recombination reaction dominates the sur-
face photo-oxidation process is influenced by the architecture of
the nanosheet electrode, i.e. the number of nanosheet layers [73]
and the 2D grain boundary density, i.e. nanosheet edges [57]. A
study on photoinduced hydrophilic conversion of titanate
nanosheet films showed that while the photo-oxidation rate was
proportional to the incoming photon flux on a monolayer film, a
square root dependency was found on a 5-layer film [73]. The dif-
ference is due to differences in diffusion path lengths: in the multi-
layer films, excitons generated in deeper layers of the film have to
diffuse along a relatively long path to the outer surface where the
chemical reaction occurs. On their way up, they have a large chance
to undergo recombination. Apparently, recombination is dominant
in 5- and 10-layer films. In contrast, on monolayer and bilayer films
the photo-oxidation reaction is the main pathway along which
holes are consumed [50]. The lateral nanosheet size has also been
found to play a role in this respect. The range of conditions where
the surface reaction is dominant is broader in films consisting of lar-
ger titanate nanosheets [57]. This has been explained by consider-
ing that films consisting of smaller nanosheets have a higher
grain boundary densitywhere recombinationmay easily take place.
Multilayer structures with large nanosheets are more ordered, and
have a lower density of edge sites.

Electron transfer from nanosheet to neighboring entities or vice
versa is dependent on the availability of electroactive transition
metal ions in the nanosheet lattice. The electroactive ratio Ti3+/
Ti4+ + Nb4+/Nb5+ in titanoniobate sheets has been determined to
depend linearly on the cation density in the nanosheet intergallery,
see Fig. 5 [35]. Thus, the fraction of active species decreases with
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increasing charge density in the nanosheet. Highly charged
nanosheets such as Ti5NbO14

3� are therefore less active charge trans-
fer compounds than Ti2NbO7

�, which can be understood by taking
into account that a more densely populated surface undergoes
electrochemical reduction with more difficulty.
5. Conductivity and charge transfer in multilayer films, powders
and heterostructures

5.1. Multilayer films and restacked assemblies

The highest quality oxide nanosheet films are prepared
using a layer-by-layer Langmuir-Blodgett deposition method
[19,31,74,75]. The dense in-plane packing of monolayers of
nanosheets, often in the range of 95–98% of theoretical [12], and
the possibility to fully control the number of deposited layers via
the number of deposition cycles, makes that oxide nanosheet films
are ideal model systems to study the electronic interactions
between layers. Most nanosheet films are poorly or not conductive
at all. The typical d0 transition metal based oxide nanosheets, such
as Ti1�xO2, Ca2Nb3O10 and TaO3 are insulators and high-k dielec-
trics, and their resistivity is often very high or not ohmic. The only
nanosheet films showing clear ohmic behavior are based on RuO2

and MoO2 [76,77]. Please note that the sheet resistivity of 10-
layer MoO2 nanosheet films is 35 MX sq�1 [77], but it is only
0.36 kX sq�1 for 10 layers RuO2 [76]. The high conductivity of
RuO2 nanosheets originates from the good conductivity of its 3D
counterpart, rutile-type RuO2. The layered forms, K0.2RuO2 and
NaRuO2, also exhibit metallic electrical behavior [78–80]. The
sheet resistivity of a single RuO2 nanosheet has been estimated
to be only 12 kX sq�1 [76]. RuO2 nanosheets have also been used
in conjunction with MnO2 nanosheets to improve the electrical
conductivity of the supercapacitative MnO2 stack. Restacked
RuO2/MnO2 electrodes were realized by coprecipitating the con-
stituent nanosheets with Li+ [81]. The RuO2 nanosheets even out-
performed reduced graphene oxide (rGO), probably owing to
their higher hydrophilicity, which may be more effective in making
stronger chemical interaction with MnO2.

Other nanosheet types, such as Ti1�xO2, Ca2Nb3O10 or MnO2, are
poorly conductive. There is consensus among authors that multi-
layer films formed by sequential LB deposition of TBA+ stabilized
nanosheets, or layer-by-layer (LbL) deposition of negatively
charged nanosheets and poly-diallyl-dimethyl-ammonium
(PDDA+), are not conductive in the direction normal to the sub-
strate due to the presence of insulating organic compounds
between the sheets [35,57,71,82–84]. For example, Akatsuka
et al. showed that the band gap of Ca2Nb3O10

� /PDDA+ multilayer
films did not vary with film thickness up to at least 10 layers
[35], indicating that the nanosheet layers are electronically iso-
lated from each other. The UV–Vis absorption intensity of MnO2/
PDDA multilayer films was seen to scale with the number of layers,
but the spectra showed no further spectral changes, also demon-
strating the absence of electronic interactions between layers
[83]. Similarly, UV–Vis absorption by hetero-nanostructured mul-
tilayer films consisting of Ti0.91O2 and MnO2 sheets in different
stacking orders depends only on the total number of Ti0.91O2 and
MnO2 layers, not on the stacking sequence [84]. In another study,
cationic Zn porphyrin complexes were deposited between titanate
nanosheet layers as visible-light sensitizer for the nanosheet, but
this did not result in improved performance [85]. In fact, the pho-
tocurrent density decreased with increasing number of layers.
Apparently, charge transfer between the Zn complexes and the
nanosheets was not effective. Finally, a study on the photoelectro-
chemical oxidation of methanol on niobate nanosheets showed
that the photocurrent density, a measure of the photocatalytic
activity, was independent of the number of Nb6O17 layers [71]. It
was concluded that only the nanosheet monolayer directly
attached to the conductive substrate acts as photoelectrocatalyst
and there is no contribution from other layers.

A conventional way to remove organics in order to improve the
contact between layers is by thermal treatment. Lin et al. interca-
lated Mn2+ ions between TaWO6

� nanosheet nanosheets and
noticed a considerable increase of optical absorption intensity at
wavelengths >350 nm after heat-treatment of the as-precipitated
powder at 300 �C, which was attributed to hybridization of the
Mn 3d, Ta 5d and W 4f orbitals [86]. Effectively the band gap
decreased from 3.22 eV to 2.38–2.54 eV.

In most other studies UV light is used to illuminate the multi-
layer films for a period of time, in order to generate excitons in
the (semiconducting) sheets that oxidize and remove the organics
between layers [87]. This strategy has the advantage that no ele-
vated temperatures are needed. It has been hypothesized that pro-
tons remain in the film as counter charges after oxidation of the
organic cations [88]. Some studies suggest no improvement of
charge transfer between layers upon UV exposure [35,89], but such
conclusions originate in most cases from comparison of UV–Vis
spectra of monolayer and multilayer films. On the other hand,
studies in which the electron flux is determined in a more direct
way seem to suggest the opposite: a study in which the complex
impedance response of titanate multilayer films was measured
as a function of exposure to 280 nm UV illumination showed a
steadily decreasing resistive component in the films that was
attributed to the disappearance of PDDA+ from the film, thereby
demonstrating improvement of electron transfer in the multilayer
film [88]. In another study, the relationship between the photocat-
alytic activity of a multilayer titanate film and the UV intensity was
shown to scale with the number of layers in the film, suggesting
that photoexcited carriers formed in the internal part of the film
can migrate to the surface and participate in the photo-oxidation
reaction [73].

The intercalation of highly conductive nanoparticles between
nanosheet layers presents yet another straightforward strategy to
improve electron exchange between two subsequent layers.
Indeed, a study on Ag (5 nm) and Ag2O (5–15 nm) nanoparticle
loaded MnO2 supercapacitors showed that the electrode conduc-
tivity of such systems increased in the order MnO2 < Ag2O-
MnO2 < Ag-MnO2 [90].

Because lateral (in-plane) electron/hole transfer in nanosheet
films seems to be much more efficient than out of plane transport
involving electron-hole transfer via intermediate states, it has also
been suggested to improve electron extraction from multilayer
films by fabrication of outer electrodes that connect to each indi-
vidual nanosheet layer from the sides [85]. For a 10-layer titanate
film, a 2.5 times higher photocurrent was indeed accomplished
when the electrodes were connected from the side to each layer
instead of at the top and bottom of the film. Considering the fact
that the lateral packing of a nanosheet layer contains a consider-
able number of 2-dimensional grain boundaries, which are most
likely the most resistive sites for lateral electron transport, the
improvement is still notable. Ohmic contacts have also been estab-
lished between Ca2Nb3O10 layers and PEDOT:PSS, while Ti1�xO2

and PEDOT:PSS showed a highly resistive, non-ohmic contact with
an injection barrier for charges [91].

5.2. Heterostructures

Evidence for charge transfer from Fe sites to neighboring Co
states has been found in self-assembled (Ti0.8Co0.2O2/Ti0.6Fe0.4O2)n
superlattices. The data indicate that orbital reconstruction occurs
as a result of the interfacial charge transfer reaction [92]. Wada
and Suzuki and coworkers reported recently on the electron trans-



Fig. 6. (a) Photoinduced electron transition scheme of a TaO3/W2O7 heterostructure; (b) electron transfer rate versus Interlayer distance for TiO2/WO3 heterostructure. Drawn
line represents the best linear fit to the experimental data. Figure (b) is adapted with permission from Ref. [95]. Copyright 2014 American Chemical Society.
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fer in multilayers of alternating WOx and Ti1�xO2, TaO3, or Nb3O8

nanosheets [93–95]. The W2O7 nanosheets were modified with
alkene- or thiol-functional end groups, while titanate, niobate
and tantalate nanosheets were modified with the conjugate end
groups, i.e. thiols or alkenes. Nanosheets of different composition
were then coupled using the alkene-thiol click reaction. The dis-
tance between the sheets was systematically varied by varying
the carbon chain lengths of the organic modifiers. The proposed
photoelectron transition scheme of an W2O7/TaO3 heterostructure
is shown in Fig. 6a. The bottom of the conduction bands of these
two oxides differ by 0.74 eV [93]. The rate of electron transfer et
from TaO3 to W2O7 depends exponentially on the decay constant
b and the traveling distance d

ln et ¼ �bdþ ln e0t ð3Þ

where et0 is a pre-exponential constant expressing the rate of elec-
tron transfer at d = 0 [93,95]. Fig. 6b illustrates the rate of electron
transfer et from TiO2 to WO3 nanosheets as a function of interlayer
distance (b = 0.49–0.63 Å�1) [93,95]. A similar exponential trend
but with smaller b has been found for W2O7/TaO3 (b = 0.13 Å�1)
[93]. The optical absorption that was attributed to the band gap
transition of W2O7/Nb3O8 with distances 4.3–6.3 Å blue-shifted
when the distance between the sheets decreased. In contrast, no
such shifts were observed in the other two systems where d > 7 Å
[94]. The blueshift in the W2O7/Nb3O8 system suggests that the
density of states changes resulting from the formation of p-n junc-
tions in the heterostructure. Why W2O7/TaO3 and Ti1�xO2/W2O7 do
not show the same behavior is unclear. It could be due to the con-
siderably larger distances between the two types of sheets, and/or
to the smaller difference in energy levels between W2O7 and
Nb3O8 [94]. Ida and Ishihara utilized a similar stack of nanosheets,
in their case n-type Ca2Nb3O10 and hydrothermally grown p-type
NiO, to realize a p-n junction to suppress electron-hole recombina-
tion in a photochemical water splitting experiment [96,97]. One of
the advantages of fabricating a junction using nanosheets is that the
stacking of p- and n-type nanosheets yields a fully crystalline
junction without amorphous intermediate layer.

To improve the conductivity of nanosheet assemblies, graphene
or one of its derivatives graphene oxide or rGO can be added.
Heterostructures made from rGO and MnO2 nanosheet building
blocks have shown better properties as supercapacitor electrode
than its constituent phases rGO and MnO2 [98]. The good perfor-
mance of the heterostructure is attributed to the high conductivity
of the rGO phase, and the good pseudocapacitance of the MnO2
phase. The layered architecture ensures intimate contact between
the two phases and a large interfacial surface area where electron
transfer can occur, while the diffusional distance from any position
in one of the phases to the other phase is very small. First princi-
ples calculations even predict that the system MnO2/graphene/
MnO2 exhibits half-metallicity [99]. This particular graphene-
MnO2 interface has not yet been realized in practice due to the
difficulty to stack hydrophobic graphene onto ionic MnO2.

Monolayer and multilayer films of titanate nanosheets on
graphene substrate have been realized, and their conductivity
appears to be influenced by UV irradiation [100]. The same effect
is even more prominent in (rGO/Ti0.87O2)n superlattices. Initial
UV illumination of as-prepared rGO/Ti0.87O2 multilayer stacks led
to irreversible reduction of the sheet resistance by a factor of
�106, which is explained by the combined effect of oxidative
degradation of PDDA linker molecules present between adjacent
rGO and Ti0.87O2 sheets, and partial reduction of rGO [101]. The
resulting superlattice is highly conductive because the titanate
phase injects its excited electrons into the rGO layers [101,102].
As a result, the rGO component of an (rGO/Ti0.87O2)10 heterostruc-
ture displays clear n-type conductivity, and has a high carrier den-
sity (up to 7.6 � 1013 cm�2) and carrier mobility (0.22 cm2 V�1 s�1

at room temperature) [101,102]. The I-V curves show a linear
trend. The holes seem to remain trapped in the titanate layers,
and the high conductance of the superlattice remained present
for several days after UV illumination had stopped [102].
6. Conclusions

The electronic band structures of 2D oxide nanosheets bear
considerable resemblance with the band structures of their 3D
counterparts/parent compounds. Due to the effect of quantum
confinement, the energy gap between the O 2p valence band and
the Ti 3d conduction band in 0.7 nm thick titanate nanosheets is
0.6 eV wider than in anatase. In contrast, the considerably thicker
Dion-Jacobson phase derived A2M3O10 (A = earth alkali)
nanosheets (�1.4 nm thickness) show no or very little band gap
widening compared to their 3D parent compounds. And the much
smaller band gap in MnO2 nanosheets (0.45 nm thick), which is
spanned by the Mn t2g and Mn eg orbitals, seems not to be influ-
enced by quantum confinement either.

Defect engineering, aliovalent dopants and adsorbed species
can have a profound effect on the conductivity and even on the
band structure of oxide nanosheets, but the number of experimen-
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tal studies addressing these issues is still very limited. Exploring
the possibilities that such doping strategies offer to actively control
carrier transport properties in 2D nanosheets is very promising in
view of the envisaged applications of nanosheets in novel (bio)sen-
sors, field effect devices and other enabling technologies where
control over 2D electron conduction is important. Further research
is also necessary to understand and optimize the mechanism of
electron transfer between oxide nanosheets and neighboring
sheets or adsorbed molecules further. There is a considerable body
of experimental studies in which electron transfer is discussed, but
several of these studies contradict each other’s findings. This can
be explained at least in part by the poor definition of the nature
of the immediate surroundings of nanosheets in several of the cited
studies. In particular the effect of UV illumination (wavelength,
intensity, and duration) exerts an strong influence on the types
of (organic) species that remain present in the immediate vicinity
of nanosheets after (partial) oxidation and that may affect their
redox behavior.

Appendix A. Supplementary material

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.cossms.2017.08.
004.
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