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The practical application of earth abundant pyrite (FeS2) in photovoltaic devices is extremely

limited by the low open-circuit voltage (OCV) (�200mV) induced low efficiency (<3%). As such,

finding out the causes for the low OCV and the corresponding solutions has been widely concerned.

Here, we report the hydration induced bandgap shift at the pyrite-water interface, which has been

ignored in previous efforts. The bandgap shift may be one of the reasons responsible for the low

OCV. Using ab initio calculations, we found that, compared to the pure pyrite surface in vacuum,

the bandgap of the pyrite-water interfacial system possesses blue and red shifts at the water cover-

age of more and less than the mono-layer, respectively. The bandgap shift of the interfacial system

could be explained by the adsorption symmetry and charge transfer between water and the sub-

strate. These results reveal that the interfacial water could change the electronic structure of the

pyrite surface, suggesting that hydration could be a highly probable stratagem to tune the photo-

voltage properties of pyrite-based materials. Published by AIP Publishing.
https://doi.org/10.1063/1.5048542

Pyrite (FeS2) is a promising semiconducting material for

solar photovoltaics due to its low cost (ranked number one in

a recent cost analysis),1 excellent absorptivity (of the order

of 105 cm�1),2 and suitable bandgap (�0.95 eV).3 The low

open-circuit voltage (OCV) (�200mV) induced low effi-

ciency of pyrite photoelectrochemical cells (<3%) has been

identified as the main barrier for its practical application

since the 1980s.2 Hence, it is important to recognize what is

responsible for the low OCV and thereby figure out solutions

to improve it.

To this end, much effort has been devoted to investigat-

ing the electronic structure of intrinsic, defective, and

substituted pyrite in the past few decades.7–12 Preliminary

proposals regarding the cause of the low OCV of pyrite were

mainly focused on intrinsic surface states and the presence

of marcasite.1,2,4–6 Nonetheless, these proposals were vetoed

by later reports.7,8 Alternatively, Zhang et al.9 claimed that

the low OCV can be caused by surface stoichiometry while

Cabán-Acevedo et al.8 and Lazić et al.10 attributed the

causes to ionization of high-density deep donor defect states

and low intensity conduction states in pyrite, respectively. In

the literature, substitution is a main approach for increasing

the bandgap of pyrite, which may enlarge the OCV. Hu

et al.11 and Xiao et al.12 reported that alloying with oxygen

and zinc can increase the bandgap of pyrite.

In the practical application of pyrite in photovoltaic

devices, the interaction between pyrite and ambient mole-

cules such as water, which has been ignored in previous

efforts, is sadly unavoidable. It is not known, however, if

certain ambient factors could be the cause of the low

bandgap and thereby the low OCV. Here, we report the

effect of water molecules on the bandgap of the pyrite-water

interface, which not only could be one of the reasons for the

low OCV but also may be a highly possible stratagem to

enhance the low OCV.

At the density functional theory (DFT) level, all the cal-

culations in this study were performed by the Vienna Ab ini-

tio Simulation Package (VASP)13 with the pseudopotential

of projector augmented wave (PAW).14 The Perdew-Burke-

Ernzerhof (PBE) functions,15 which have been shown to

give good results for H2O hydrogen bonding16 and pyrite

system,17 were used to describe the exchange-correlation

interaction among electrons. The cutoff energy was set to

350 eV (Ref. 9) for a 10�5 convergence of the total energy.

PBE þ U with a U-J parameter of 1.6 eV (Ref. 18) was

employed to amend the bandgap of the interfacial system.

Constant temperature ab initio molecular dynamics (AIMD)

was performed using matrix diagonalization schemes along

with Nosé-Hoover chain thermostats embedded in VASP.19

Our calculations were first validated by examining the

adsorption energy and work function of the pyrite {100}-water

interface in the ground state. The relaxed adsorption configura-

tions show that the adsorbed water molecules interact with the

substrate through O directing to the substrate, which is consis-

tent with previous studies.20,21 We also examined the work

function of the configurations. The results in Fig. 1(a) show

that the work function decreases monotonically with the

increasing water coverage, agreeing with the experimental

ultraviolet photoelectron spectroscopy of the pyrite-water

interface.22 Therefore, the model and method we employed are

enough accurate to describe the pyrite-water system.

We then estimated the bandgap of the interfacial sys-

tems generated by the adsorption configuration from the

geometry optimization. An interesting result is that thea)Electronic addresses: zhujx@gig.ac.cn and hehp@gig.ac.cn
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bandgap changes dramatically at different water coverages

as shown in Fig. 1(b). The bandgap of the interfacial system

shows red and blue shifts at the water coverage of less and

more than one layer, respectively. The bandgap decreases

first and then rises at the coverage of less than one layer. As

the mono-water layer formed on the pyrite surface, the

bandgap increases to larger than that of the pyrite surface in

vacuum. As the water coverage increases to three layers, it

still holds the same bandgap. The different gap shift of the

interface at the water coverage of less than one layer may be

caused by the symmetry change of the interfacial water at

the xy plane because a similar gap shift by varying the sym-

metry is also found after adsorption of molecules on gra-

phene.23 The configurations with water coverage of less than

one layer show lower symmetry than those with one-layer

water coverage.

To clarify that if the bandgap shift displays the same

trend at finite temperature, we performed an AIMD run with

104 waters filled into the vacuum, which gives a density of

�1.0 g/cm3 aquatic environment. Like the adsorption mono-

water layer structure, one distinct water layer at a height of

�1.5 Å above the pyrite surface sulfur could also be identified

from the interfacial configuration of the AIMD run at 300K

as shown in Fig. 2(a). The mono-layer interfacial waters are

stably absorbed on the pyrite surface with the oxygen interact-

ing with the surface iron atoms during the AIMD run, consis-

tent with the previous calculation.20 Nevertheless, it is hard to

directly recognize if there is any other ordered water layer

beyond the monolayer from the configurations. Using an

extended plug-in for VMD developed by Giorgino,24 we cal-

culated the electron density profile shown in Fig. 2(b) from

the 1000 AIMD configurations to further characterize the

interfacial water layer structure. The electron density profile

shows one distinctive peak at a height of 1.46 Å above the out-

most sulfur atoms, which corresponds to the first mono-layer

water, and a horizontal line with small fluctuations, which

arise from the stochastic volatility of the bulk-like water. The

fluctuations may be caused by the limit of the AIMD time, 1

ps. We also employ the electrostatic potential of the pyrite-

water interface, as shown in Fig. 2(c), to describe the water

layer structure. It is easy to identify the potential positions of

the pyrite U(p), interfacial water U(iw), and bulk water

U(bw), which obviously validate only one distinct water layer

at the pyrite-water interface.

We then calculated the bandgap of the hydrated system.

The bandgap of the interfacial system was performed on the

configurations during the AIMD run with the PBE level of

DFT. As shown in Fig. 3(a), the average bandgap of the

hydrated system is 0.686 0.02 eV while that of the pyrite

{100} surface in vacuum is 0.50 eV, indicating a 0.18 eV

blue shift after hydration. Because the standard PBE method

always underestimates the bandgap of semiconductors,25 the

PBEþU approach with a U-J parameter of 1.6 eV, which

FIG. 1. (a) Work function and (b) bandgap of the pyrite-water interface as a

function of water coverage in the ground state.

FIG. 2. Atomic structure and the corresponding atom density and local

potential profile of the pyrite-water interface. (a) Structural schematic of the

transition from the interfacial water ordered near pyrite surface (with an

areal density of �6.8 H2O/nm
2) to bulk water (with a weight density of

�1.0 g/cm3). (b) Planar average electron density along the c direction of the

structural schematic. (c) Electrostatic potential profile of the interfacial sys-

tem as a function of the distance above the pyrite surface. The variables

U(p), U(iw), U(bw), and U(f) denote the position of pyrite, interfacial water,

bulk water, and Fermi potentials for the interfacial system.

123901-2 Xian et al. Appl. Phys. Lett. 113, 123901 (2018)



gives good results consistent with the experimental bandgap,18

was introduced to amend the deviation. The bandgaps from

the PBEþU approach in Fig. 3(b) also show a 0.12 eV blue

shift from 0.66 eV in vacuum (at 0K) to 0.806 0.02 eV in

water (at 300K). Although there is a little difference between

the results from PBE and PBEþU, which may be caused by

the methodical error, the hydrated system shows the same

bandgap shift tendency as obtained from the calculations in

the ground state.

To examine the causes of the opening of the bandgap

after hydration, we compared the calculated density of states

(DOS) of the hydrated system at finite temperature. On the

one hand, the DOS of interfacial water as shown in Fig. 4(b)

is totally different from that of bulk water as shown in Fig. 4(a).

Both the main peaks of the valence band and the lowest con-

duction band of the interfacial water shift to lower energy.

The shift of the DOS, then, changes the bandgap of water

from 5.02 eV in the bulk to 1.08 eV at the interface, indicating

that the properties of the interfacial water are largely different

from that of the bulk water. This could be attributed to the

dielectric constant altering of water at the solid-water inter-

face.26 On the other hand, the main conduction band peaks of

the hydrated pyrite {100} surface as shown in Fig. 4(c) shift

to higher energy than that of the pure pyrite {100} surface as

shown in Fig. 4(d), which leads to a blue shift of the bandgap

from 0.50 to 0.65 eV. Comparing the DOSs of interfacial

water and the hydrated system, we found a strong interaction

between the pyrite {100} surface and the bonded water layer

at 1–3 and �1 to �4 eV in the conduction and valence bands,

respectively.

The charge transfer (CT) may also be one reason for the

DOS and bandgap shift. Using the Bader charge-division

scheme,27,28 we calculated the Bader charge of the pyrite-

water interfacial system. We divided the atoms in the pyrite-

water interfacial system into two types, the interfacial and

bulk atoms. The bulk atoms include both bulk pyrite and

bulk water molecules. The Bader charge results (Table S2 in

the supplementary material) show that, compared to the bulk

atoms, the charge of all the interfacial atoms changes dis-

tinctly except H, indicating that charge transfer occurs

between interfacial Fe, S, and O at the interface. The Bader

charges were used to estimate the charge transfer (CT)

between pyrite and water. The results (Table S3 in the sup-

plementary material) show distinct CT from interfacial water

to pyrite, indicating that the pyrite surface is slightly reduced

by the interfacial waters. Based on the Bader charge of the

interfacial and bulk atoms (Table S2 in the supplementary

material), we induce that the interfacial Fe was oxidized

while the S was reduced by the interfacial water. Therefore,

the CT from water to pyrite is a chief cause for the change in

the electronic structure of interfacial water.

To summarize, we have demonstrated the bandgap shift

at the pyrite-water interface, which not only could be the

cause of the low OCV in photovoltaic devices but also pro-

vides potential to promote the OCV. The bandgap of the

FIG. 3. Bandgaps during the ab initio molecular dynamics run of the

hydrated pyrite {100} surface at 300K using the (a) PBE and (b) PBE þ U
levels of DFT.

FIG. 4. (Partial) density of states (DOS/PDOS) of the pyrite-water interface

from a randomly selected configuration during the AIMD run. (a) DOS of

bulk water. (b) PDOS of the first layer interfacial water. (c) DOS of the

hydrated pyrite {100} surface. (d) DOS of the pure pyrite {100} surface in

vacuum.
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interfacial system shows red and blue-shifts at the water cov-

erage of less and more than one layer, respectively. The dif-

ference of the shift direction may be caused by the symmetry

alteration of the adsorption configuration of the interfacial

water layer. The gap shift is caused by the charge transfer

from interfacial water to the pyrite surface, which induces

slight reduction of sulfur and oxidation of iron on the pyrite

surface. The results disclose the electronic properties of the

pyrite-water interface as a function of water coverage, provid-

ing a framework to tune the bandgap of pyrite by hydration.

See supplementary material for details of computational

details, adsorption energy, and charge transfer data from the

interfacial water molecules to pyrite.
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