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Abstract: We introduce an approach to calculate the thermody-
namic oxidation and reduction potentials of semiconductors in aque-
ous solution. By combining a newly-developed ab initio calculation
for compound formation energy and band alignment with electro-
chemistry experimental data, this approach can be used to pre-
dict the stability of almost any compound semiconductor in aque-
ous solution. 30 photocatalytic semiconductors have been stud-
ied, and a graph (a simplified Pourbaix diagram) showing their va-
lence/conduction band levels and oxidation/reduction potentials is
produced. Based on this graph, we have studied the stabilities and
trends against the oxidative and reductive photocorrosion for com-
pound semiconductors. We found that, only metal oxides can be
thermodynamically stable when used as the n-type photoanodes.
All the non-oxides are unstable due to easy oxidation by the photo-
generated holes, but they can be resistant to the reduction by elec-
trons, thus stable as the p-type photocathodes.

One key issue in the research of photocatalytic water sulitt
is to search for semiconductor photoelectrodes that caorlatise
visible light and drive the hydrogen (oxygen) evolution atian
using the photo-generated electrons (hofe$)This requires the
semiconductors to have proper band alignment relativeeowidr
ter redox potentialse.g. the conduction band minimum (CBM)
of the p-type photocathode should be higher (more negatipe-
tential) than the water reduction potentiat H,, and the valence
band maximum (VBM) of the n-type photoanode lower (more pos-
itive in potential) than the water oxidation potentiab/8,0, as
shown in the band alignment pldf (1) for the Z-scheme watkt- sp
ting system>=? Given the importance of the band alignment, it is
usually taken as a screening condition in the search andrdesi
new photocatalytic semiconductors. However, this coodits not
sufficient, and one important issue, which has attracteckasing
attention but has not been well studied, is how to evaluateesn
hance the stability of semiconductors in the aqueous solidi0.11

Resistance to the photo-induced corrosion (degradaticteor
composition) under illumination is a critical conditionrfthe pho-
tocathode and photoanode materials. It is due to this dondit
which makes the photocatalytic water splitting a much mdra-c
lenging problem than the photovoltaic. A compound semicend
tor MX (e.g.M=Zn, Ga, Ti, X=S, N, Q in ZnS, GaN, TiQ respec-
tively) used as the n-type photoanode may have a VBM lower tha
the Oy/H,0 oxidation potential, but the photo-generated hahey (
may oxidize the semiconductor first, rather than the wataking
the compound MX decomposed through this reactibh2

MX + zh" + solv= M#T esolv+ X (oxidization 1)
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Figure 1. A schematic plot of the band alignment of the p-type photo-
cathode and n-type photoanode semiconductors relativeetaater redox
potentials in the Z-schemeap® shows the oxidation potential of the pho-
toanode in aqueous solution, apf shows the reduction potential of the
photocathode.

Similarly the photo-generated electrores ) in the p-type photo-
cathode MX may reduce itself rather than the water through th
following reaction,

MX +ze~ +solv= M+ X?~ esolv (reduction (2)

The above reactions define two potentials for the hole ardrele
respectively. When the electron (hole) Fermi energy eghalspo-
tential, the reactions are in equilibriure. the Gibbs free energy
change equals zero, and when the photo generated electie) (h
quasi Fermi energy is higher (lower) than that potentia, résac-
tion will occur, hence the semiconductor will be corrodeche3e
potentials are called the thermodynamic reduction paépff and
oxidization potentialp®* of the semiconductor.

Since the photoanode (photocathode) is in contact withdhe-a
ous solution, the photo-generated holes in the valence (&ad-
trons in the conduction band) can oxide (reduce) either thiew
or itself, as shown if]2. Whether the semiconductor is rastst
to the photocorrosion depends on the alignmenp®frelative to
@(0,/H,0) for the photoanode, ang® relative to@(H™/H,) for
the photocathode, as shown[ih 2. Generally speaking, a semic
ductor is stable with respect to the hole oxidation ifgf is lower
than eitherp(O,/H,0) or its VBM, and is stable with respect to the
electron reduction if itsp™ is higher than eithep(H"/H>) or its
CBM.

Experimentally,@®* and ¢ can be derived from the Pourbaix
diagrami3.14 put the diagram is not available for many novel
photoelectrode semiconductors, and it is not easy to medsur
Thirty years ago,g@®* and ¢ of several binary semiconductors
had been calculated by Gerisck&! (where the labelgégecomp
andn&gecompcorrespond t@®* and @™ respectively) and Bard and
Wrighton 26 Park and Barber have also calculated the full Pourbaix
diagram for a few simple semiconductor compouf8hese cal-
culated @®* and @™ are widely cited in literatures to explain the
corrosion of semiconductors in aqueous solu#és’:18 As pro-
posed by Lewis and coauthors in their review pabéme ¢° and
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Figure 2. The stability change of the photoanode (a) as its oxidatimn p
tential ¢°* shifts up from below the VBM to above(O»/H20), and of the
photocathode (b) as its reduction potentgf shifts down from above the
CBM to below@(H/H>).

¢ should be taken into account when choosing the candidate pho

toelectrodes, in additional to the optimal band gap and lestyd
alignment. Because the calculation @ and ¢ requires the
Gibbs free energy of all the reactants and products in tretael
reactions, which are not available for some semiconduc&sge-
cially for multinary ones)p®* and ¢ of only a few simple semi-
conductors had been reported, and no general trend had tugen s
ied systematically. Recently new ab initio methods basedhen
density functional theory have been developed to calctitegdor-
mation energies of semiconductors with high accurfcgnd also
more experimental electrochemistry data can been fourttkitat-
est handbooké&?:21 thus a more extended study @¥* and ¢ for
almost all semiconductors becomes possible. To facilttedefu-
ture choice of candidate photocatalytic materials, we hepert
the ¢°* and ¢'® for more than 30 semiconductors as well as their
band alignment relative to the normal hydrogen electroddEN
potential. Based on these results, we will discuss the tieride
oxidative/reductive stabilities of a series of metal osidd-VI and
11I-V related semiconductors.

To start with, we will take ZnS as an example and introduce how
we calculate itgp®* andg'. The specific exemplification of Egs.(1-
2) for ZnS are,

ZnS+2ht +H,0=Zn0O+-S+2HT (oxidization  (3)
ZnS+2e” +2HT = Zn+H,S (reduction 4)

which define thep®™ and ¢ of ZnS respectivelyj.e. when the
chemical potentials (Fermi energies) of the holes and relestare
equal top®* and @™ respectively, the Gibbs free energy changes of
Eq.(3) and (4) are zero, thus,

@™ = [G(Zn0) +G(S) +2G(H™") — G(Zng — G(H,0)]/2eF (5)
@€ = —[G(Zn) + G(H2S) — G(ZnS — 2G(H )] /2eF  (6)
where G(X) stands for the Gibbs free energy of X at the stan-
dard stateg is the elementary charge afdis the Faraday con-

stant. To reference the potentials to the hydrogen redugtiden-
tial (H*/H5), the following half reactions can be used:

Hp+2h™ = 2H" @)
2HT +2e" = H; (8

Here the chemical potentials of both the electron and halequal
to @(H™/H>), thush™ is equivalent to-e~, and the above two equa-
tions are equivalentp(H™/H>) can be written as

@(H" /Hz) = [2G(H™) — G(H)] /2eF 9)

Now, we can add the reverse of Eq.(7) [exchange the left @i ri
hand side] to Eq.(3), then get the sum reaction,

ZnS+Hy0 — ZnO+ S+ Hy (oxidization (10)

and add the reverse of Eq.(8) to Eq.(4), then get
ZnS+Hy; — Zn+H,S (reduction (11)

Note, to makeh™ in Eq. (3) and (7) ané™ in (4) and (8) equiv-
alent, it is assumed that their chemical potentials are dineesas
@(H™/H5), so now the Gibbs free energy changas§) of Eq. (3)
and (4) are not zero, and they are equah@®of the reactions (10)
and (11) respectively, thus the signis used rather than*. AG of
the reactions (10) and (11) can be calculated directly,

AG(10) = G(ZnO) + G(S) + G(Hz) — G(ZnS — G(H0)  (12)
AG(11) = G(Zn) + G(H29) — G(ZnS — G(Hp)  (13)

From Eq. (5), (6), (9), (11) and (12), we have
@™ = AG(10)/2eF + @(H T /Hy) (14)
@"® = —AG(11)/2eF + @(H " /Hy) (15)

Since the NHE potential ig(H'/H,) at pH=0, ¢°* and ¢'® rela-

tive to NHE can be calculated using Eq. (14) and (15). The key
of the procedure is to find the plausible oxidation and réduaate-
actions, such as (10) and (11), and get tiA&h; then the relevant
@°* and @ can be calculated. Several plausible reactions can be
tried, then the lowesp™ and highestp®* should be used as the true
reduction and oxidization potentials. Thus, in a senset wieaget

is a simplified Pourbaix diagram, only the potentials limitithe
photo-corrosions are reported here. In the supplementrialate
we listed the reactions we considered in determingdg and ¢'®

for different semiconductors. It should be mentioned theté is no
guarantee that we have enumerated all the possible resctiars
strictly speaking, the potentials reported here shouldonsidered

as a higher limit forp™ and a lower limit for@®*. Nevertheless,

in practice, we believe the results we obtained are veryedioshe
true oxidation/reduction potentials.

shows our calculateg® and¢™ relative to NHE, the water re-
dox potentialsp(O,/H,0) and@(H*/H,), and the valence and con-
duction band edges for five selected classes of semiconduato
pH=0. It is well-known thatp(O,/H,0) and@(H*/H,) depend on
the pH value according to Nernstian relati&hi.e. shifting up by -
0.059 V as the pH increases by 1. The dependeng&andg™ on
the pH value is determined by the specific reactions: whesthe
reactions such as Eq. (10) and (11) are irrelevant too OH,
their AG is fixed, theng® and ¢ shift together withg(H/H5)
as described by Eq. (14) and (15) and also follow the Nemmstia
relation; when the reactions are relevant to6 Br OH™, the de-
pendence is different, at variance to the Nernstian relatdost
of @°* and @' plotted in[3 follow the Nernstian relation, similar
as@(H™/Hy), and the exceptions include: (i) all oxides have fixed
@°* with respect to pH change. (i°* of CuGa$, CwZnGeS
and CyZnSn$ shift up by -0.044 V (instead of -0.059 V) as pH
increases by 1. With these relations clear, g€ and ¢ relative
to NHE or ¢(O»/H»0) andg(H*/H,) at different pH can be plotted
(as a simplified Pourbaix diagram).

The valence and conduction band edgés]in 3 are collected from
Ref. [11] for most metal oxides and from Ref.2B,24 for non-
oxides. For the metal oxides, the band edge position relatv
NHE is reported to depend on the pH value of the solution tinou
the same Nernstian relation as for the water redox potsr##afor
the non-oxides, the relation between the band edge position
the pH value is so far not cled? Ref. [23] derived the band edge
positions of the group IV, 111-V and II-VI semiconductordagive to
NHE based on the calculated band offsets among semiconducto
assuming that the conduction band edge of Si corresponds to i
electron affinity (about -3.7 eV relative to vacuum leveljilatHE
is -4.44 eV relative to vacuum level. This implicitly assusrtaat
the band edge positions for these materials do not depenteon t
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Figure 3. The calculated oxidation potentigl® (red bars) and reduction potenti@l® (black bars) relative to the NHE and vacuum level for a senfes
semiconductors in solution at pH=0. The water redox paiwi(O,/H,0) and@(H"/H;) (dashed lines), and the valence (green columns) and ctaduc
(blue columns) band edge positions at pH=0 are also plofted.alignment for these potentials at different pH valuesirfglified Pourbaix diagram) can be

derived according to the relations described in the texth s1$ the Nernstian relation.

pH value. The band offsets of almost all group 1V, 1ll-V and I
VI related semiconductors had been calculated using thaitib i
methods with reasonable consistence compared to expdsjen
and the similar calculation procedures can be used to estitha
band edge positions of other semiconductor whose expetanen
values are unavailab/é

Compared to the calculation performed by GerisaHeal,12:15
Bard and Wrightoré and Park and Barbéf 30 years ago, our
current work benefits from the progresses in both experirapdt
ab initio calculations. It is the combination of these twogmesses
which allow us to calculatg® and @™ for almost any given semi-
conductors, no matter binary or multinary compounds, ae/sho
[3. (i) Experimentally, the Gibbs free energy data in hanétisdike
Ref. [20,2]] covers much more chemical compounds with higher
accuracy compared to those published 30 years ago. (iipléexa
perimental Gibbs free energy (formation enthalpy plusamticon-
tribution) for a compound in the proposed reaction is nobra
in those handbooks, mostly for some novel compound semimnd
tors, its formation energy can be calculated using modetfinitio
methods. The Gibbs free energy of that compound is then <alcu
lated from the formation energy plus the Gibbs free enermgfidise
elementary compounds which are all known experimentallgr F
example, in this work, we have calculated the formation gieer
of TN, TaON, ZnGeR, CwZnGeS, CwZnSnS, etc. using a
newly developed approad based on the density functional the-
ory. This approach reduces the formation energy error frazb 0
eV/atom to less than 0.05 eV/atom for the compound semiaondu

for crystals this contribution is small and we estimate ilsEs er-
rors less than 0.2 V ig°* and@'. In the supplement materials, we
listed how we get the Gibbs free energy of all the solid conmgisu
which are not available in Ref20,21].

In the following we will discuss the trends[ih 3 and their ifhce
on the design of photocatalytic system.

(i) For the oxidation potential, most metal oxides hg? lower
than ¢(0,/H,0) at pH=0, indicating they are resistant to the hole
oxidation and stable in the solution, but four exceptiores @lso
found, CyO, ZnO, PbO and FeTi§ The reasons for the easier ox-
idation of CyO, PbO and FeTi@are obvious, since the cations in
these compounds are not at their highest valences and cartloerf
oxidized to higher valences (Cuo Ci2t, Pt to P and Fét
to Fe1).Z7 Comparing CuO with Cut and CuwQ with Cu2t,
we can find that CuW@has a much lowep® than CyO, since
both cations in CuW@are in the highest valence state. According
to this simple trend, all the metal oxide semiconductors abta
highest valence state of cations are likely susceptiblexidation
in water, and tend to be unstable (NotesOg is an exception, Co
has higher valence in GO3, but CaO3 is not as stable as GOy,
thus its@® is quite low). The easy oxidation of ZnO is also unique
considering that Zn is at its highest valence state and itd bap is
quite large with a very low valence band. Thus the stabilitgmO
cannot be predicted according to its valence state of elmnenits
valence band position. This is related more to its formaginargy
relative to other phases or compounds. Sip€&of the listed ox-
ides does not shift with pH value, when pH=7, §® of ZnO and

tors 19 As a result, if a compound in the reactions has 4 atoms per FeTiO; fall below ¢(O»/H»0), indicating that these compounds are

formula unit, the errors of the calculates* and g™ are reduced
from 1V to 0.2 V (assuming one electron is transfered in tlaere
tion). Note that the entropy contribution in the formatioresgy is
neglected for those semiconductors with no experimental, dat

stable under illumination in the neutral or alkaline sauatiwhich

is consistent with the observation of ZnO in solution: notpkor-

rosion at pH=10 while complete decomposition at acid pH=%.5
(i) ¢@°* of all non-oxide semiconductors are higher than



@(0,/H50), at least 0.5 V more at pH=0, and the alignment of
¢@°* relative to @(O,/H,0) is not changed by pH value. This in-
dicates these non-oxide semiconductors are thermodya#ynic
unstable in aqueous solution and will be oxidized by the $ole
under illumination. The reason is also simple: the aniorth s
N3-, P3—, As3~, &, S&~, Te* can all be oxidized to neutral
or positive valence states,g. N3~ to N, or NO3, and $~ to S

or SOE(. It is interesting to note that the oxynitride TaON, which
is between the oxide and nitride and naively expected to auenb
the better stability of the oxides and higher valence bamhgh
smaller band gap) of the nitrid€s22:3%has the oxidation potential
close to the nitride T&\s, therefore it does not inherit the good ox-
idative stability of the oxides. This further indicatestth#hough
doping or alloying the oxide semiconductors with weakecietn-
negative anions can decrease the band gap, they becomtalass s
with respect to oxidation in water.

(iii) For the reduction potentiap™, all the non-oxide semicon-
ductors have highep™ than g(H"/H,) at pH=0, and thus are re-
sistant to the electron reduction under illumination, esponding
to the situation if2(b) withp™ above@(H'/H,). Since@™ and
@(H™/H,) change at the same rate with pH value, this situation

sistant to the electron reduction, thus can be used the géibiade

if doped to p-type. According to the doping limit rule, theype
doping in the non-oxides are easier than in the oxides duketo t
higher VBM. One may worry about the bad stability of the non-
oxides with respect to the hole oxidation. However, we sthooite
that, for the p-type photocathode, (i) the downward bandiivenat
the semiconductor/water interface prevent the majoritesirom
reacting with water; (ii) the photo generated hole is expetd flow

to the connected anode quickly through majority carriedcmtion

(at least when the device is workingy,thus in this sense we can
ignore whether it is oxidization resistant. As a result, sashthe
I11-V and 1I-V semiconductors with suitable band gaps carubed

as photocathodes, despite the fact they might be prone tizexi
tion from the pure thermodynamic point of view. The same can b
said for n-type photoanodes where we are mostly concerraat ab
their resistance to oxidization.

Finally, we want to mention that the results representeddr8F
considered only the thermodynamic resistance to the rizeumnd
oxidative decomposition, but the real decomposition akspetids
on the specific kinetic processes. If the material is stdi@amody-
namically against the decomposition process, this maisritable

is not influenced by the pH change. Our results are consistentregardless of the kinetic process. However, if the matésiahsta-
with the reported Pourbaix diagrams for CdS, CdSe, CdTe, GaPble thermodynamically, there might still be ways to makeabte

and GaAs# which clearly show that their reduction and oxidation
potentials are negative (higher in Fig.3) relativeg@di*/H,) and
@(0,/H,0) respectively at 0<pH<14.

(iv) For ¢ of the metal oxides, a few metal oxides have lower
@™ than@(H™/H5) at pH=0, such as G®, PbO, CuwQ, BiFeG;,
BiVO4, WO3 and Ca0Qyg4, caused by the ease of reactions such as,

CuwO+Hy — 2Cu+H20 (16)

WO;+Hy - WO, +H0 a7
In these compounds, the bonding between the metal catiahs an
oxygen anions are weaker than the H-O bonding #®©Hso the
above reactions are energetically favorable. Accordinthéoex-
perimental Pourbaix diagrams,the WQ;/WO, and CyO/Cu re-
duction potentials are 0 V and 0.45 V relative goH™/H>) re-
spectively, in good agreement with our calculatgfl. Although
PbO, CuwQ, BiFeQ; and WG have lowerg™ than g(H™/H>),
they are still stable because thelf is above their CBM, and thus
the conduction band electrons can reduce neither the watehe
semiconductors (Not@®, CBM and@(H™/H,) change at the same
rate with pH, so the stability analysis of these metal oxidesot
changed by pH). However, GO, BiVO4 and CaQ,, have ¢
lower than bothp(H*/H,) and CBM, corresponding to the align-
ment in[2(b) withg™ below @(H™/H>), thus they will be reduced
in the solution under illumination. Actually the reductiohphoto-
catalytic p-type CgQO;4 to inactive CoO had been observed exper-
imentally31 All the other oxides listed if]3 have™ higher than
@(HT/Hy), and thus are stable against reduction.

According to the above trends, one can find a series of metal ox
ides which are both resistant to the hole oxidation and thetien
reduction and thus stable in the solution. Due to the loweMCB
than @(H™/H,), most oxides except GO, BiVO4 and CaOy4 can
not be used as the photocathode, but can be used as the pid#oan
given their low VBM. Furthermore, the low VBM also makes the p
type doping difficult and most metal oxides are intrinsigaltype
according to the doping-limit rulé2 which states that a semicon-
ductor is difficult to be doped p-type if its valence band is tow
and is difficult to be doped n-type if its conduction band s lbagh.
Therefore the metal oxides with low valence band should etbe
used as the n-type photoanodes.

For the p-type photocathode, one can easily find metal non-
oxides which have higher CBM thap(H"/H,) and are also re-

kinetically. For example, an oxide layer, which forms assuteof
oxidation, but stops itself after a certain thickness, caralgood
protective layer and make the material stable kinetic&lty. some
p-type photocathodes, such protective oxide layer can sdsee
as a hole blocker, which prevents the recombination of theomi
ity electron and the majority hole, and thus can be essetatitile
efficiency of a photochemical cell.

Note, through out our study, we have not considered the Ipibssi
ity of the semiconductor compound to be dissolved in theestlv
in dark condition. That can correspond to a reaction wheze/éh
lences of cations and anions in the compound are not chahged,
their total Gibbs energy is smaller in the solvation formrtlze in
a solid crystal structure. For example, this can happen t&sGa
within some pH rangé? However, we do find some interesting
cases for some compounds where reactions in the dark wilirocc
Comparing the oxidation potentiglP* and reduction potentiap™
in[3, most compounds hawg™ lower thang', which is easy to
understand since the oxidation means the electrons ane takay
from the low valence band while the reduction means theralest
are added to the high conduction band. However, severapexce
tions exist,i.e. CupO, AlP, GaP, AlAs, Si and SiC hawe’® lower
thang®*. As aresult, the electron-hole pair needed for the reductio
and oxidization reactions can be generated spontanedhsiydost
negative energy), without the help of any photon. This wallise
these materials to decompose even in the dark. For exanmgle, t
following two reactions are used to calculate € and ¢°* of
AlP respectively,

2AIP+3Hy — 2Al +2PH3 (reduction (18)
2AIP+ 3H,0 — AlO3 + 2P+ 3H, (oxidization (29)

giving that ¢ is lower thang®*, which makes the two reactions
spontaneous, corresponding to a sum reaction,

4AIP+ 3H,0 — 2Al + Al,O3 + 2P + 2PH3 (20)

The calculated Gibbs free energy change of this reactioegative,
indicating the reaction is exothermal, and thus AIP will leeaim-
posed in water even without any illumination. But once again
kinetic barrier (e.g., an oxide layer) can block the otheanther-
modynamically plausible reaction.

In conclusion, we studied the thermodynamic oxidation and r
duction potentials for a series of photocatalytic semicmors,



and plotted their alignment relative to the valence and gotidn
band edges as well as the water redox potentials. Accorditigte
potentials, we found only metal oxides can be thermodynalhgic
stable when used as the n-type photoanodes, and all thexideso
are unstable due to easy oxidation by photo generated hbkés.
indicates although the oxides doped or alloyed by lessreleet;-
ative anions can have smaller band gaps, their stabilitiscs de-
graded. On the other hand, many non-oxides are resistaheto t
electron reduction, and thus may be used as p-type photmizth
provided the hole oxidation is prevented in the working desi
The method we used is universal and can be applied to evdaheate
stability of any semiconductors. We believe the presentzioilgy
diagram [(B) will be useful in guiding the search for stabletph
cathode and photoanode materials.
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