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First-principles calculations reveal potentially optimal photoelectrochemical activity of anatase TiO2 by
means of �C, S�, �C, Se�, or �N, P� codoping. It is found that the absorption edge is substantially redshifted to
visible regime with overall spectra considerably better than monodoped TiO2. The resulting optical gap
straddle the redox potentials of H2O remarkably well. The reason for the significant improvements is the direct
chemical bonding between the codopants. We expect this generic band-structure tailoring scheme also applies
to other photocatalytic systems and beyond.
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For its strong photocatalytic activity, high chemical stabil-
ity, and nontoxicity, TiO2 has been one of the most promis-
ing photocatalysts, for example, for hydrogen production
through photoelectrochemical �PEC� water splitting, dye-
sensitized solar cell, degeneration of pollutants, and conver-
sion of inorganic molecules to fuels from sunlight.1–5 How-
ever, applications of TiO2 are severely limited by its too
large �3.2 eV� band gap: pure TiO2 only absorbs ultraviolet
light, which amounts to only �5% of the total solar-energy
spectrum. Band-structure engineering to reduce the gap is
therefore highly desirable. Various types of doping, espe-
cially p-type doping, have been widely used to achieve such
a goal.6–12 However, monodoping suffers from higher carrier
recombination rate because it creates undesirable acceptor
�or donor� gap states that reduce the PEC efficiency.13,14 One
may contain this negative effect of monodoping, for ex-
ample, by a p-n codoping.15–18 A more stringent requirement,
though, is that any modification of the band gap should si-
multaneously match the TiO2 band structure with the redox
potentials of water for the best energetics. Because the
conduction-band minimum �CBM� of TiO2 lies slightly
above the hydrogen production level while the valence-band
maximum �VBM� lies considerably below the water oxida-
tion level, an ideal solution would be to shift only the VBM,
not the CBM, while lowering the optical gap. This remaining
hurdle prevents the broad deployment of engineered TiO2 for
water splitting.

In this work, we propose a band-structure tailoring
scheme via a degenerate codoping or dilute alloying mecha-
nism, which not only narrows the band gap, thereby shifting
the absorption edge to the desired visible region, but also in
such a way that the narrowed band gap straddles almost per-
fectly over the redox potentials of water. This is made pos-
sible by a special choice of the codopant pairs: e.g., �C, S�,
�C, Se�, or �N, P�, both of which occupy only the oxygen
sites. As such, the predominant effect of the doping is on the
valance band instead of on the conduction band. Qualita-
tively different from the monodoping by either carbon
�which introduces an undesirable empty gap state� or sulfur
�which has very little effect on the TiO2 band gap�, the for-
mation of the C-S, C-Se, and N-P second-nearest-neighbor
pairs eliminates the empty gap states by forming an extra

bond per pair. Our scheme thus overcomes the difficulties of
some previous schemes.

Our calculations were performed primarily using the
density-functional theory within the generalized gradient ap-
proximation �GGA� by Perdew and Wang �PW91�.19 Projec-
tor augmented wave potentials20 were used with a cutoff en-
ergy of 520 eV for the plane-wave basis set and a 6�6�6
Monkhorst-Pack21 k-point mesh for the Brillouin-zone inte-
gration. Our calculated lattice parameters for primitive ana-
tase TiO2 unit cell are a=b=3.819 Å and c=9.695 Å, re-
spectively, in good agreement with experiment.22 We used a
2�2�1 supercell containing 48 atoms, where two O atoms
are substituted by the codopants. Structural optimizations
were carried out until forces on the atoms are less than
10 meV/Å. GGA severely underestimates the TiO2 band gap.
To ensure reasonably accurate band gaps and band align-
ments, we performed Heyd-Scuseria-Ernzerhof �HSE�
calculations.23 It yields a TiO2 band gap of 3.2 eV in good
agreement with experiment. All calculations use the Vienna
ab initio simulation package �VASP�.24

A key index to the performance of the modified TiO2 is its
optical absorption, reflected in the imaginary part of the di-
electric function, �2. Figure 1 depicts �2 as a function of
wavelength and energy for pure, C-, S-, �C, S�-, �C, Se�-, and
�N, P�-doped TiO2. The calculated �2 for pure TiO2 agrees
with experiment.25 Two distinct features are observed. First,
the absorption edges for �C, S�-, �C, Se�-, and �N, P�-doped
TiO2 are much lower than that of pure TiO2 by 1.60 eV, 1.64
eV, and 2.08 eV, respectively. Second, absorption in the en-
tire visible region is substantial, most noticeably for �N, P�
TiO2 with a peak value, �2�5, near its absorption edge and
a minimum value, �2�1.3, near the absorption edge of TiO2.
The codoped TiO2’s are thus ideal for absorbing visible light.

To understand the significant improvement, we plot in
Fig. 2 the calculated band structures. For C-doped TiO2 �Fig.
2�a��, three carbon bands �two occupied and one empty�
emerge in the original band gap of pure TiO2. The empty
band gives rise to the large redshift in the absorption edge in
Fig. 1. It also acts as a recombination center to reduce the
PEC efficiency.11,15,26 For S-doped TiO2 �Ref. 11� �Fig. 2�b��,
because S is isovalent to O, there exists no empty impurity
state inside the band gap except for an upshift of the topmost
valence band toward the conduction band. For �C, S�-doped
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TiO2 �Fig. 2�c��, the gap states are not simply a combination
of those of C- and S-doped TiO2, as one might expect from
the usual p-n codoped systems.15 We see, instead, that while
the two occupied carbon bands remain, the third, empty car-
bon band vanishes completely from the gap. The upshift of
the TiO2 valence band due to S doping also disappears.

The calculated projected density of states �PDOS� for the
�C, S�-doped TiO2 in Fig. 2�d� reveals that the CBM states
exhibit mainly the Ti 3d character and are hardly changed
from that of pure TiO2. Thus, the modification of the
�C, S�-doped TiO2 band gap comes mainly from the VBM,

which consists of occupied states with C 2p and S 3p atomic
characteristics.

As discussed above, the key observation underlying the
exceptional properties of the �C, S�-doped TiO2 is the re-
moval of the empty carbon band from the band gap. To un-
derstand its microscopic origin, we examine the atomic
structure of the �C, S� pair, where both C and S occupy the O
sites, namely, CO-SO. Figure 3 shows that after relaxation,
the C and S atoms move toward each other to form a new
bond with a bond length d=1.694 Å.27 This bond length can
be compared to the sum of the atomic radii: 0.77�C�
+1.02�S�=1.79 Å for a strong single chemical bond be-
tween C and S and the usual O-O separation in pure TiO2 of
3.086 Å.

From a chemistry point of view, in C-doped TiO2, al-
though the C atom is threefold coordinated, it still has an
empty, out-of-plane 2p orbital, which appears in Fig. 2�a� as
the empty carbon band in the upper half of the band gap. In
S-doped TiO2, on the other hand, the S atom is also threefold
coordinated with a doubly occupied 3p orbital sticking out of
its own bonding plane. This lone-pairlike orbital contributes
to the upshift of the VBM of S-doped TiO2 in Fig. 2�b�.
There is thus a natural tendency for the C and S to bind
together through a mixing of their out-of-plane orbitals. The
net result is a significant lowering of the C-S bonding state
deep into the valence band and a significant rising of the C-S
antibonding state deep into the conduction band.

Consequently, the C-derived empty band vanishes from
the band gap. As a secondary effect, the two C-derived oc-
cupied gap states in Fig. 2�a� hybrid with the S-derived top-
most occupied states in Fig. 2�b� to clear the latter com-
pletely from the band gap. This leaves behind with only the
two C-derived occupied states of mixed atomic C and S char-
acters with energies somewhat higher than those of the C
monodoped TiO2 in Fig. 2�a�. In theory, the binding mecha-
nism discussed here should also work for a �C, O� pair. How-
ever, the atomic radius of O is only 0.73 Å. The formation
of a C-O bond would give rise to a too large strain that is
energetically disfavored. Thus, the codoping principle, char-
acterized by the formation of a chemical bond between the

FIG. 1. �Color online� Calculated imaginary part of the dielec-
tric function ��2� for pure and doped TiO2, where the spectrum is
shifted according to HSE calculations �i.e., the scissor operator is
used�. Vertical dashed lines mark the visible light region.

FIG. 2. �Color online� Band structures of �a� C-, �b� S-, and �c�
�C, S�-doped TiO2. The effective gaps for the absorption are
shaded. In panel �a�, the unoccupied impurity state is localized and
makes little contribution to the absorption, so it is excluded in de-
termining the effective gap. �d� Projected density of states per atom
for �C, S�-doped TiO2.

FIG. 3. �Color� Atomic structures of �C, S�-doped TiO2 �a� be-
fore and �b� after atomic relaxation. The total-charge density in �b�
in the plane containing both C and S atoms shows clearly the for-
mation of the C-S bond.
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codopants, emerges for the design of future PEC materials. It
has two basic elements: �a� the codopants should have a net
less number of electrons than the two host O atoms by two
and �b� the size of the codopant atoms should be larger than
that of O. Following this principle, we have designed the
�C, Se� and �N, P� pairs. Indeed, they both showed the de-
sired properties �see Fig. 1�. Note that N and P, substituting
for oxygen, are both electronic single acceptors, which in the
conventional codoping picture can only entail Coulomb re-
pulsion between them.

The formation of the strong chemical bond lowers the
energy of the pair considerably, for example, by 3.32 eV for
the �C, S� pair. This energy lowering, however, diminishes if
the C and S are fourth- or sixth-nearest neighbors, which
establishes the origin of the codoping to be chemical, not
electrical. One may calculate the formation energy of the
pair, defined as28

�H = Etot�C,S� − Etot�pure� − �C − �S + 2�O,

where Etot�C,S� and Etot�pure� are the total energy of
�C, S�-doped and pure TiO2, �C, �S, and �O are the chemical
potentials of C, S, and O, respectively. Most likely the
growth of an engineered TiO2 will not be an equilibrium
process but a kinetic process. Hence, we will use a kinetic
solubility theory, which has previously been applied to
N-doped ZnO,29 N-doped GaAs,30 and B-doped Si.31 In such
an theory, we consider the existing but not necessarily the
most stable form of the dopants, e.g., bulk diamond and S2
gas, to obtain �H.

For simplicity, our discussion so far assumes single �C, S�
configuration, namely, CO-SO. If we consider also substitu-
tion for Ti and interstitials, there would be 3�3=9 different
combinations for the �C, S� pairs. Table I lists �H for six
lowest-energy configurations: three at the O-poor and three
at the O-rich conditions. The CO-SO pair is among those with
strongest binding energies. It also has the lowest �H
=0.27 eV under the O-poor condition. We also calculated
the formation energy of a CO-CO pair to be 0.99 eV. This
value is nearly four times that of a �C, S� pair, suggesting
that aggregation of substitutional carbon is unlikely.

Next, we address the most critical issue, namely, the en-
ergetics of the chemically codoped TiO2, for PEC water
splitting. To do so, we need to determine the relative VBM
positions between pure and the various doped TiO2 to align
them all on one diagram. This was done by using the 3s core
levels of the Ti atoms farthest away from the dopants. Our
calculated variance in the alignment is less than 0.05 eV,
which justifies the use of such an approach. The relative

positions between the H2O redox potentials and the band
edges of pure TiO2 are, on the other hand, obtained from
experiment.3

Figure 4 summarizes the results. Note that here the energy
is relative to the normal hydrogen electrode �NHE�, and the
energy increases as the electron energy �in the standard en-
ergy diagram� decreases. Pure TiO2, our reference system,
has the VBM farthest away from the water oxidation level
�H2O /O2�.3 Monodoping or �Mo, C� codoping, which repre-
sents one of the best scenarios for the p-n codoping scheme,
reduce this energy offset, but the chemical codoping has
unique advantages with its VBM only a few tenth of an
electron volt away from the H2O /O2 level. For the hydrogen
production level �H2 /H2O�, the chemically codoped TiO2
show practically no difference and all the calculated CBMs
are similar to that of pure TiO2 as desired. This is understood
because all the dopants here are on the anion sites. The gap
of �N, P�-codoped TiO2 �1.1 eV� is noticeably smaller than
the desired gap �1.6–2.2 eV�, indicating a lower PEC effi-
ciency in comparison with �C, S�-codoped system.

In summary, PEC water splitting for hydrogen production
faces the daunting challenge to meet not one but three re-
quirements: �1� stability, �2� efficiency �namely, the band gap
should be between 1.6 and 2.2 eV�, and �3� energetics
�namely, the band edges should straddle the H2O redox po-
tential levels�, must be simultaneously satisfied.32 Pure TiO2
is qualified only for its stability. Electrical codoping can also

TABLE I. Binding energy �EB� and formation energy ��H� for different �C, S� pairs �in units of electron
volt�, where CO and CTi stand for substitutional C for O and Ti, respectively, and Ci stands for interstitial C.
This convention also holds for S.

CO-SO Ci-SO CO-Si CTi-Si Ci-STi CTi-SO

EB 3.21 0.04 4.38 1.13 1.79 −0.70

�H �O-poor� 0.27 3.68 3.71 10.36 10.75 7.65

�H �O-rich� 9.72 8.41 8.44 0.90 1.28 2.92

FIG. 4. �Color online� Conduction-band minimum �red/gray�
and valence-band maximum �green/light gray� relative to the NHE
for pure and various doped TiO2. The value for �Mo, C�-codoped
TiO2 �which is representative of optimal p-n codoping� is taken
from Ref. 15 for comparison.
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improve the efficiency but not the energetics. By compari-
son, the chemical codoping principle proposed here has the
potential to meet all three requirements. Because the basic
principle for gap engineering is completely general, we ex-
pect the chemical codoping to work beyond the design of
photochemical catalysts.
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