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aBstraCt

The surface oxidation of pyrite can create a (hydr)oxide layer. This configuration constitutes a 
natural two-semiconductor (tandem) photoelectrochemical cell. Here, we show that an illuminated 
hematite-pyrite cell produces photocurrent, H2, and O2 by water splitting. Photocurrent is also observed 
with illumination of hematite alone. The observed current densities are in the same order of magnitude 
as estimates of banded iron formation deposition rates, and are 400 to 1000 times higher than needed 
to oxidize, over geologic time, all of the surface water thought to have existed on Mars. Mineral-based 
water splitting constitutes a potential source of O2 prior to the evolution of oxygenic photosynthesis 
on Earth. Semiconducting minerals deserve study as photochemical sources of oxidizing power in 
low-oxygen environments.
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introduCtion

The chemical relationship between iron and oxygen on both 
Earth and Mars is a long-standing subject of study. For Earth, 
the origin of banded iron formations (BIFs) has been attributed 
to the rise of photosynthetic oxygen, UV-light-driven abiotic 
Fe(II) oxidation in seawater, and Fe(II) oxidizing phototrophic 
organisms in seawater. For Mars, the origin of a highly oxidized 
surface (with abundant ferric minerals) remains difficult to ex-
plain given an atmosphere with little O2.

Prior to the evolution of biological oxygenic photosynthesis 
on Earth, the only source of O2 is thought to have been gas-phase 
photochemistry in the atmosphere; a similar process occurs on 
Mars today. There are two recognized Fe(II) oxidation pathways 
that do not require O2: photooxidation by UV light (Braterman 
et al. 1983; Ehrenfreund and Leibenguth 1970), and Fe(II)-
oxidizing photosynthesis by microorganisms (Kappler et al. 
2005). Experiments on UV photooxidation of Fe(II) have con-
sidered the “internal filter effect” of light attenuation by product 
Fe(III) (hydr)oxide particles (Jortner and Stein 1962), but active 
photochemistry by these particles is not considered despite the 
fact that many ferric (hydr)oxide polymorphs are photoactive 
(Leland and Bard 1987). Likewise, hematite is abundant over 
several regions of the Mars surface (Catling and Moore 2003; 
Glotch et al. 2006) but has been regarded as an inert product of 
UV-generated atmospheric radicals acting on ferrous rocks or 
aqueous solutes.

In the solar energy literature, hematite is a known photo-
anode for O2 production by water oxidation (Cesar et al. 2006; 
Hamann 2012; Sieber et al. 1985), but is a poor photocathode 
for H+ reduction (Grätzel 2001; Xu and Schoonen 2000). Water 
splitting (2H2O → 2H2 + O2) requires both processes and is more 

efficient when hematite is coupled to a photocathode to make 
a “tandem cell” (Duret and Grätzel 2005) in which hematite 
absorbs short wavelength light to oxidize water, and transmits 
longer wavelength light to an underlying narrower-bandgap 
material that drives reduction of H+ to H2 (Fig. 1).

Such a tandem cell is a natural product of sulfide mineral 
surface oxidation. Under oxidizing conditions, pyrite can form 
a surface layer enriched in Fe(III) (which is insoluble at mid-
range pH) and depleted in S (which is soluble when oxidized 
to sulfate) (Eggleston et al. 1996). On early Earth or Mars, 
atmospheric radicals might have initiated pyrite oxidation. The 
flatband potential (Efb) of hematite is close to 0 V (SHE) at pH 
7 (Eggleston et al. 2009; Kennedy and Frese 1978). Published 
Efb values for pyrite often reflect Fermi-level pinning by surface 
states related to oxidation, but in 4 M HI (Ennaoui et al. 1986) 
Efb is reported as –0.15 V (SHE); Nernstian extrapolation places 
Efb at about –0.60 V (SHE) at pH 7. Tao et al. (1994) show Efb 
near –0.6 V (SHE) at pH 4.6, and –0.75 V (SHE) at pH 9.2 for 
freshly fractured surfaces (a non-Nernstian Efb shift), placing Efb 
at –0.68 V (SHE) at pH 7 by interpolation. Despite uncertainty, 
these potentials are sufficiently negative to reduce H+ to H2. The 
energetics and expected light-driven current flows for an ideal 
hematite-pyrite tandem cell are illustrated in Figure 1.

Here, we show that a hematite-pyrite tandem cell illuminated 
with Mars-like light intensities can split water. Although hematite 
is not a likely initial product of pyrite oxidation, there are many 
possible natural tandem cell systems whose effects could be 
additive. Other ferric (hydr)oxides can photooxidize aqueous 
solutes nearly as fast as hematite (Leland and Bard 1987). Desert 
varnishes are a well-known example of thin allochthonous Fe 
and Mn hydr(oxide) layers on other materials, some of which 
can be photoactive or rich in metal oxidizing phototrophic a-
proteobacteria (Crowe et al. 2008; Kuhlman et al. 2006). A key * E-mail: carrick@uwyo.edu


