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Fiscal Year (FY) 2011 Objectives 

The main focus of the project is to: 

Understand the performance of current •	
photoelectrochemical (PEC) materials. 

Provide guidance and suggest solution for performance •	
improvement. 

Design and discover new materials. •	

Provide theoretical basis for Go/No-Go decisions on  •	
PEC activities.

Technical Barriers

This project addresses the following technical barriers 
from the PEC water-splitting section of the Fuel Cell 
Technologies Program Multi-Year Research, Development 
and Demonstration Plan:

(Y) Materials Efficiency

(Z) Materials Durability

(AB) Bulk Materials Synthesis

Technical Targets

This project provides a theoretical understanding of 
the performance of current PEC materials and provides 
feedback and guidance for performance improvement.

FY 2011 Accomplishments

Proposed the general strategies for the rational design •	
of semiconductors to simultaneously meet all of the 

requirements for high-efficiency, solar-driven PEC water 
splitting materials.

Studied the intrinsic and extrinsic doping properties of •	
BiVO4 and proposed good candidates for p-type dopants 
(SrBi, CaBi, NaBi, KBi) and n-type dopants (WV and MoV).

G          G          G          G          G

Introduction

The electronic band structures of semiconductors are 
crucial for the performance of semiconductor-based PEC 
water-splitting.  The requirements of those semiconductors 
include the following tightly coupled material property 
criteria: appropriate band gap (1.6-2.2 eV), efficient visible 
light absorption, high carrier mobility, and correct band-edge 
positions that straddle the water redox potentials.  Trail-
and-error synthesis approaches have proven ineffective 
in discovering a viable material, and the band structure 
engineering for existing materials is necessary [1,2].  So 
far, most of existing work on band structure engineering is 
to reduce the band gap without considering other tightly 
coupled properties described above [2-4].  As a result, the 
PEC efficiency sometimes became worse when impurities 
were introduced.  It is critical to develop general strategies to 
address all the requirements simultaneously rather than only 
reducing band gap.

As an example, anatase TiO2 is one of the most studied 
materials owing to its good photocatalytic activity, ease of 
synthesis, long-term chemical stability, and demonstrated 
PEC applications.  However, its large band gap (~3.2 eV) 
fails to absorb a significant fraction of visible light, resulting 
in poor solar-to-hydrogen conversion efficiency.  Great 
efforts have been devoted to chemically engineer TiO2 to 
reduce its band gap but with only marginal success.  For 
example, monodoping with impurities such as N or C in 
TiO2 has been applied to reduce the band gap of TiO2.  
However, the high concentration of these impurities needed 
for band gap reduction causes serious carrier recombination 
and produces inferior material quality, making efficient 
solar-to-hydrogen conversion impossible. 

Our previous work demonstrated that donor-acceptor 
codoping can effectively enhance the PEC properties of ZnO 
due to the reduction of the recombination centers [5,6].  In 
the last year, we extended the donor-acceptor codoping 
concept to engineer the bandgap of TiO2.  We explored 
how the codoping would affect the other tightly coupled 
properties.  We found that the properties are connected 
tightly with the concentration of dopants.  

BiVO4 has shown particular promise for water 
photodecomposition with the presence of both a low 
bandgap (2.4–2.5 eV) and reasonable band-edge alignment 
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with respect to the water redox potentials [7-9].  For 
implementation in the real device, both of the good n-type 
and p-type doping properties should be required to form 
Ohmic contacts with contact materials.  However, to date, 
the intrinsic and extrinsic doping properties of BiVO4 
haven’t been systematically explored. 

Approach

We employ density functional theory (DFT) to study 
the electronic properties of the anatase TiO2 and BiVO4 
and how doping would affect their electronic properties.  
Generalized gradient approximation (GGA) to DFT and 
the projected augmented wave basis as implemented in the 
Vienna ab initio simulation package (VASP) [10] are used.  
The plane-wave cut-off energy of 400 eV was used, and the 
ion positions were always relaxed until the force on each 
of them is 0.01 eV/Å or less.  For TiO2, the impurity co-
incorporation was modeled using (2×2×1) supercells with 
a total of 48 atoms which randomly include the impurity 
pairs.  The supercell sizes were allowed to relax.  The k-point 
sampling was 7×7×3 for the conventional cell of anatase 
TiO2 and equivalent k points for large supercells.  The band 
offset was calculated by aligning the average potentials of 
host elements far away from impurities with that in pure bulk 
cell.  The GGA band gap error was corrected using a scissor 
operator.  For BiVO4, the dopants were incorporated into a 
(2×1×2) supercell with 96 atoms.  The k-point sampling was 
2×3×3 for the supercell.  For defect formation energy and 
transition energy calculation, the combined schemes of both 
Γ-point and special k-points were used which could predict 
the transition energy more precisely [11,12]. 

For rational band structure engineering of TiO2, we have 
proposed four general strategies: (i) utilizing charge balanced 
donor-acceptor alloying to overcome solubility limit, reduce 
charged defects, and improve the quality of materials; 
(ii) using higher 4d, 5d transition metals substitution on Ti 
sites to lift up the conduction band; (iii) using C, N with 
higher 3p substitution in O site to raise the valence band and 
thus reduce the band gap; and (iv) using high concentration 
of the alloying elements to enhance optical absorption and 
improve the hole mobility.

Results

We first discuss the energetic favorability of donor-
acceptor codoping.  The incorporation of a single foreign 
element can often be limited by the solubility limit in host 
materials.  In the case of high concentration, it may create 
other detrimental issues such as undesirable charged defects, 
inferior materials quality, and too high carrier concentration.  
Our previous work on ZnO showed that the donor-acceptor 
codoping could enhance doping concentration while 
keeping good carrier mobility.  The charge transfer between 
the donor and acceptor and the interactions between 
these two neighbors play key roles.  We investigated the 
interaction behavior of donor and acceptor in TiO2.  Table 1 

shows the binding energies of various donor-acceptor pairs 
considered in our work.

Table 1.  Binding Energies of Various Donor-Acceptor Pairs

Pairs eb(eV) Pairs eb(eV) Pairs eb(eV) Pairs eb(eV)

(Cr,C) 3.02 (Nb,N) 1.97 (Zr,S) -0.50 (2Ta,C) 1.82

(Mo,C) 3.24 (Ta,N) 1.92 (Hf,S) -0.56 (2Nb,C) 2.11

(W,C) 2.86 (Ta,P) 0.40 (Zr,Se) -0.37 (Mo,2N) 4.78

(V,N) 2.25 (Nb,P) 0.58 (Hf,Se) -0.44 (W,2N) 4.80

Except for the Zr and Hf, the binding energies of donor-
acceptor pairs are positive which means that the donor and 
acceptors favor to combine with each other, thus enhancing 
the solubility.  The reason for negative values for Zr and Hf 
is that the Zr and Hf are isovalent to Ti and the substitutions 
don’t have large charge transfer between cation and anion 
dopants.  

Taking (Ta, N) as an example, Figure 1 shows that 
concentration of the incorporated donor and acceptor 
can affect significantly the electronic properties of TiO2.  
Increasing the alloy concentration not only can further 
reduce the band gap, but can also simultaneously enhance 
the optical absorption in the long-wavelength regions and 
reduce the carrier effective mass.  The results clearly show 
that as the concentration increases, the N 2p band broadens, 
the band gap decreases, and the dispersion of the N 2p band 
increases, leading to higher carrier mobility.  The GGA 
calculated band gap reduction increased to 0.70 eV when 
12.5% O is replaced by N.  Figure 2 shows calculated optical 
absorption coefficient spectra for (Ta,N) co-incorporated 
TiO2 with various concentrations.  The results show clearly 
that as the concentration of (Ta,N) pairs increases, the 
absorption in the longer-wavelength region is dramatically 
enhanced.  Most previous calculations have only focused in 
the low-concentration regime.  Our results show, however, 
that there is a strong dependence of the band gap on the 
alloy concentration.  The band-gap reduction predicted at 
the low-alloy concentration may not be applicable to the 
high-alloy concentration cases.  Therefore, to provide a 
rational prediction of the band gap and band-edge positions, 
the calculations should be conducted at both low- and high-
alloy concentrations. 

Figure 3 shows the calculated band gaps and band-
edge alignments in both of the low (Figure 3a) and high 
(Figure 3b) concentration regime.  The results show that the 
incorporation of Ta, Nb, Zr, and Hf as donors can lead to 
desirable upshifts of the conduction band minimum (CBM) 
(marked by red positive values).  The incorporation of Cr, 
Mo, W, and V lead to an unwanted downshift of the CBM.  
The calculated trends for the valence band maximum (VBM) 
are also consistent with these atomic trends.  The (2Nb,C), 
(2Ta,C), (Mo,2N), and (W,2N) combinations give both better 
band gap reduction and band-edge positions.  However, the 
(Mo,2N) and (W,2N) combinations are expected to produce 
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more dispersive defect bands.  At high concentration, TiO2 

co-incorporated with (Cr,C), (Mo,C), (W,C), and (V,N) 
becomes metallic due to too much band broadening of both 
unoccupied and occupied bands created by the donors 
and acceptors.  The combinations used to give good band 
gaps in the low-concentration regime such as (2Nb,C), 
(2Ta,C), (Nb,P), and (Ta,P) now give band gaps that are too 
narrow due to their high VBM.  While (Nb,N) and (Ta,N) 
combinations give the desirable band gaps estimated to 
be 2.68 eV and 2.50 eV, respectively, simultaneously with 
proper band-edge positions.  Our results, therefore, suggest 
strongly that the band-edge positions and band gaps depend 
critically on the concentration of the incorporated donors 
and acceptors pairs.  As a general guidance, one must 
consider carefully band gaps and concentration at the same 

time so that the appropriate donor-acceptor combinations 
can be chosen.

Simultaneously considering the band gap, band edge 
and binding energies, we predict that (Ta,N) and (Nb,N) 
pairs are the optimal donor-acceptor combinations in 
the high concentration regime, and (Mo,2N) and (W,2N) 
combinations are good candidates in the low-concentration 
regime for engineering TiO2 for PEC water-splitting.   

The properties of intrinsic defects in BiVO4 were 
studied.  Our results show that the Fermi level is always 

Figure 1.  The band structures of (a) pure TiO2,  (b) 3.1% (Ta, N) co-incorporated  TiO2 with 3.1% O replaced by N, (c) (Ta, N) co–incorporated TiO2 with 12.5% O 
replaced by N, (d) (Ta, N) co–incorporated TiO2 with 25 % O replaced by N.  The CBMs are aligned for guide of eyes as the conduction band structure characters 
near CBM are nearly unchanged.

Figure 2.  Optical absorption spectrum (the part near absorption edge) of 
pure TiO2 and (Ta, N) co–incorporated TiO2 with 3.1%, 12.5%, and 25% of O 
replaced by N, respectively.

Figure 3.  Calculated GGA band offset (at Γ point) for TiO2 and TiO2 alloyed 
with various donor-acceptor combinations in the (a) low-concentration 
regime and (b) high concentration regime.  The CBM of pure TiO2 is set to 
zero as the reference and the band gap is corrected by scissor operator.
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pinned by Bi vacancy and O vacancy.  Under O poor 
conditions, the Fermi level is pinned at ~0.35 eV below 
CBM and under O rich condition, the Fermi level is pinned 
at ~0.55 eV above VBM.  As a result, without external 
doping, BiVO4 should only exhibit moderate n-type or p-type 
conductivities, which is needed for good PEC absorbers.

We calculated the transition energies and formation 
energies for group-I, group-II, group-IV elements as dopants.  
We found that outstanding p-type conductivity can be 
achieved by Br, Ca, Na, or K doping at O-rich growth 
conditions because these impurities at Bi sites are shallow 
acceptors and have rather low formation energies.  Excellent 
n-type conductivity can be realized by Mo or W doping at 
O-poor growth conditions, because they are very shallow 
donors at V sites and have very low formation energies.  
Figure 4a shows the formation energies of group-II (Zn, 
Mg, Ca, Sr) elements as p-type doping doping in O-rich 
conditions.  The dashed lines are the curve of the lowest 
formation energy of the intrinsic defects.  All the possible 
configurations of impurities, such as substitution and 
interstitials, are considered.  It is seen that Ca and Sr exhibit 
excellent p-type doping properties, not only because their 
shallow transition energies (around 0.1 eV), but also because 
their formation energies are lower than that of intrinsic 
defects.  

Figure 4 shows the formation energies of group-VI (Cr, 
Mo, W) elements doping in O-poor conditions.  The Mo 
and W dopants exhibit good n-type properties.  The (0/1+) 
ionization energies of MoV is as shallow as 0.04 eV.  WV is 
even shallower (0.01 eV), but its formation energy is a little 
higher than MoV, making the Fermi level pinning with Bi 
vacancy and thus the Fermi level is located at ~0.2 eV below 
CBM.  Therefore, Mo and W are good candidates that could 
lead to excellent n-type conductivity in BiVO4. 

The impurities discussed in the above calculation are 
mostly on cation sites.  On the other hand, p-type and n-type 
doping of metal oxides may also be realized by introducing 
impurities to O sites.  In this case, C, N, and F are the 
most considered impurities.  Because interstitials of these 
impurities usually have large formation energies, we will only 
consider substitutional defects, CO, NO, and FO.  However, 
these conventional dopants are not expected to lead to good 
p-type or n-type conductivities.  

Conclusions and Future Direction

We have proposed general strategies for the rational 
design of semiconductors to simultaneously meet all of 
the requirements for a high-efficiency PEC water splitting 
material.  As a case study, we applies our strategies for 
engineering anatase TiO2.  Previous attempts to modify 
known semiconductors often focused on a particular 
individual criterion.  Our theoretical results show that with 
appropriate donor-acceptor coincorporation alloys with 
anatase TiO2 hold great potential to satisfy all of the criteria 
for a viable PEC device.  We predict that (Mo,2N) and (W, 
2N) are the best donor-acceptor combinations in the low-
alloy concentration regime whereas (Nb, N) and (Ta, N) 
are the best choice of donor-acceptor pairs in the high-alloy 
concentration regime.  

Without external dopants, BiVO4 exhibits moderate 
p-type in O-rich condition and moderate n-type in O-poor 
condition, which is just needed for good PEC absorber.  On 
the other hand, for external dopants, Sr, Ca, Na, and K are 
proposed to be good p-type dopants and the Mo and W are 
proposed to be good n-type dopants for BiVO4, which is 
needed for forming Ohmic contacts between absorber and 

Figure 4.  Calculated formation energies of (a) group-II (Zn, Mg, Ca, Sr) dopants in O-rich conditions and (b) group-VI (Cr, Mo, W) dopants in O-poor conditions.
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contacts.  C, N and F are found not to be good candidates 
for p-type or n-type doping of BVO4.  

Future direction includes the following:

Apply the design strategies to engineer other metal •	
oxides, such as Fe2O3.

Understand the electronic properties of other metal •	
oxides.

Design new metal oxides for PEC applications.•	
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