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Abstract

We present a theoretical formulation for studying the pH-dependent interfacial cov-
erage of semiconductor-water interfaces through ab initio electronic-structure calcula-
tions, molecular dynamics simulations, and the thermodynamic integration method.
This general methodology allows one to calculate the acidity of the individual adsorp-
tion sites on the surface and, consequently, the pH at the point of zero charge, pHpyzc,
and the preferential adsorption mode of water molecules, either molecular or dissocia-
tive, at the semiconductor-water interface. The proposed method is applied to study
the BiVO4(010)-water interface, yields a pHpzc in excellent agreement with the experi-
mental characterization. Furthermore, from the calculated pK, values of the individual
adsorption sites, we construct an ab initio concentration diagram of all the adsorbed
species at the interface as a function of the pH of the aqueous solution. The diagram
clearly illustrates the pH-dependent coverage of the surface and indicates that protons
are found to be significantly adsorbed (~ 1% of available sites) only in highly acidic
conditions. The surface is found to be mostly covered by molecularly adsorbed wa-
ter molecules in a wide interval of pH values ranging from 2 to 8. Hydroxyl ions are

identified as the dominant adsorbed species at pH larger than 8.2.

1 Introduction

Photocatalytic water splitting is a natural process occurring in photosynthesis. In the last
decades, large efforts have been devoted to mimic nature through artificial photocatalysis at
the semiconductor-water interface.' In this context, the search for the ideal photocatalyst
has been the major objective of the scientific community.”'? In fact, the photocatalyst
is instrumental in determining the efficiency of the redox processes at aqueous interfaces.
However, experiments are unable to efficiently screen materials providing efficient water-
splitting. Preliminary ab initio screenings of candidate materials are based either on their

7-9,11-13

electronic properties, i.e. band gap and band edges or on the overpotentials associated
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with the multi-step water oxidation reaction.'* However, simplified computational protocols,
i.e. lack of explicit solvent, use of 0 K structural models, inaccurate density functionals,
are likely to miss important physical aspects, thus affecting and possibly invalidating these
screening procedures.

In fact, a main issue in the theoretical description of physical processes occurring at
solid-liquid interfaces arises from the complex nature of such interfaces, which often elude
even the experimental characterization. In case of semiconductor-water systems, the nature
of the heterogeneous interface depends upon multiple factors, such as the pH of the aqueous
solution, the structural and electronic properties of the surface, the possible presence of
surface defects, the electrolyte, and additives in the aqueous solution. The individual and
combined effects of each of these factors are difficult to discern with experiments and the
simultaneous inclusion of all these variables in a single simulation is possibly beyond reach.

Even if one considers the simplest case, i.e. a defect-free solid surface immersed in an
aqueous environment where only water molecules, protons, and hydroxyl ions can be ad-
sorbed, the nature of the heterogeneous interface is still not obvious. First, it depends on
the structural and electronic properties of the surface, which may favour either molecular
adsorption of water molecules or their spontaneous dissociation on the exposed adsorption
sites. Furthermore, the coverage of the interface is pH-dependent: adsorption of protons is
favoured in acidic conditions and that of hydroxyl ions in basic conditions, thus implying the
development of either a positive or a negative surface charge at the interface, respectively. It
is actually possible to measure the pH at the point of zero charge for a given surface, defined
as the pH value for which no surface charge is observed, i.e. for which the concentration of
adsorbed protons is equal to that of adsorbed hydroxyl ions. This is done through simple acid-
base titration and photoelectrochemical measurements. However, experiments are typically
unable to characterize the underlying acidities of the individual adsorption sites and hence
cannot provide detailed information about the structural and electronic properties of the

interface. Moreover, recent molecular dynamics (MD) simulations of semiconductor-water
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interfaces have proved not to be always sufficient to discern between molecular and disso-
ciative adsorption of water molecules on the semiconductor surface.® Therefore, an analysis
of the structural properties at semiconductor-water interfaces based on direct simulations is
sometimes not actually feasible. Nevertheless, this piece of information is instrumental to
understand the mechanism of heterogeneous water-splitting. For instance, BiVO,, one of
the most promising materials for water splitting,'>1® has its intrinsic photocatalytic prop-
erties far from being understood.®23 In particular, recent measurements indicate, contrary
to previous assumptions that the efficiency of water splitting on this semiconductor is rather
promising, even without deposition of a catalyst on the surface.?

Semi-empirical surface protonation models have emerged in the last decades as practical
tools for the determination of intrinsic acidities of surface sites.?* 3 These models usually
express the acidic constant K, of a given surface as a function of the bond valence of the in-
volved atom, while including other effects (i.e. solvation and hydrogen bonding) with implicit
models.?* 3% However, the accuracy of some of these approximations has been questioned. 3!
More recently, the evaluation of acidities of adsorption sites at the semiconductor-water in-
terface from MD simulations has been proposed.®' However, while specific computational
protocols have been set up, current theoretical formulations do not include organically the
multiple factors influencing the coverage of the interface and are hence limited to a few
cases.?1 33 In this framework, a comprehensive theoretical formulation allowing for an in-
depth analysis of semiconductor-water interfaces is highly desirable.

We here present a general formulation to study the pH-dependent interfacial coverage of
semiconductor-water interfaces based on a grand-canonical formulation for solutes in aqueous
solution and species adsorbed on the surface. The proposed theoretical framework combined
with specific computational protocols based on ab initzo MD simulations allows us to ac-
curately calculate the pH at the point of zero charge, pHpyc, for a generic surface and the
acidity of its various adsorption sites. This method is applied to the study of the inter-

face between water and BiVO,. By modeling the adsorption of H,O, H", and OH™ at the
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BiVO,(010)-water interface, we yield a pHpyc in excellent agreement with experiment and
are able to characterize the acid-base properties of the surface in connection with the surface
reconstructions induced by the adsorption of charged solutes. Furthermore, we present an ab
initio concentration diagram of all the species at the interface as a function of the pH of the
aqueous solution. The implication of our results on the mechanism of the water oxidation
reaction at the BiVO,(010) surface are discussed.

This paper is organized as follows. In Section 2, we present the theoretical formulation
developed to calculate the pH at the point of zero charge for a semiconductor at the interface
with liquid water. In Section 3, we report on the details of the MD simulations and discuss
the structural properties of the interfaces. In Section 4, we describe the acid-base properties
of BiVO4(010) in aqueous environment and discuss the calculated pHpzc and the pK, of the

surface adsorption sites. The conclusions are drawn in Section 5.

2 Theory

2.1 Grand-canonical formulation for solutes in aqueous solution

The formation Gibbs free energy of a solute X in a charge state ¢ is given by:3*

GIX] = GIIX] = Gbulk] = >~ nigti + g(ev—w + p1e) + By, (1)

2

where G?[X] is the Gibbs free energy of the solute X in the charged state ¢, G[bulk] the
Gibbs free energy of bulk water, p; the chemical potential of the added/subtracted species
i, n; the number of added/substracted ¢ atoms, ,_,, the valence band edge of bulk liquid
water, u. the electron chemical potential, and EZ  a correction term taking into account

corr

electrostatic finite-size effects. In this work, the Freysoldt-Neugebauer-Van de Walle (FNV)

scheme??3% is employed to correct the total energies achieved with calculations of periodic

charged supercells. In Ref. 34, it has been shown that, when applied to charged solutes
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(H3O" and OH™) in a periodic supercell containing 64 water molecules, corrections to total
energies are as small as 0.03 eV, due to the high dielectric constant of liquid water at ambient
conditions (78.3). In this formulation, the redox level p.(q/q’) is defined as the electron
chemical potential for which the free energies of formation of a solute X in the charge states
q and ¢ are equal, AG(q/q') = 0.3%37 For the aqueous solutions considered in this work, the
volume changes lead to negligible contributions to the Gibbs free energy. Therefore, these
volume effects are here neglected, and we effectively consider the Helmholtz free energy.
The thermodynamic integration method is used to calculate free energy differences. In
this technique, an auxiliary Hamiltonian is defined as a linear combination of the Hamilto-

nians of the reactant and the product:3%3°

Hy = (1=n)Hr + nHp, (2)

where 0 < 7 < 1 is the Kirkwood coupling parameter.3®3 For each value of 7, the time
averaged vertical energy difference between the reactant and the product (AE), is calculated.
The free energy change of the reaction AA is given by integration of the (AE), calculated

at varying n:

Within the present formulation, we define a computational standard hydrogen electrode

(SHE)3*4% based on the reduction of the aqueous hydronium ion:

1
H3;0" (aq) + e~ — HyO(4) + §H2(g). (4)
The respective redox level is given by the following expression:34
psie = G[bulk] — G[H30" (aq)] — ey_w + pu — ELL, (5)

6
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where:

1
Glbulk] — G[H;0*(aq)] — / (Dap Erot ) ndil — DonErtsors
0

= AdpAH3o+ — AszH30+- (6)

AgpApn,o+ is the integral associated to the deprotonation reaction of the hydronium cation,
A,pEn,o0+ a correction that accounts for the lack of nuclear quantum motions in our MD
simulations, and py the chemical potential of hydrogen. The SHE level has previously been
aligned with respect to the band edges of liquid water for the functional adopted in this

work. 3441

2.2 Definition of pH

We here define the pH within our formulation and demonstrate its connection with the

proton chemical potential uy+. The concentration of hydronium ions in solution cy+(aq)

and hence the pH can be expressed from the respective formation energy:3442

cn+(aq) = Coe—Gf[H30+(aQ)]/kBT _ 10—pH’ (7)

where ¢ is the number of water moles in 1 liter of liquid water (55.5 mol/l), T" the tem-
perature, and kg the Boltzmann constant. Isolating G¢[H30" (aq)] in Eq. (7), we obtain the

following expression:

G¢[H30" (aq)] = kgT(Incy + In 10 - pH). (8)

From Egs. (1) and (6), G¢[H307" (aq)] also reads as follows:

Gi[H30T (aq)] = —AdpAnzo+ + AupBrgo+ — pir + He + Ev—w + ELL. 9)

7

ACS Paragon Plus Environment



oNOYTULT D WN =

ACS Applied Materials & Interfaces

Therefore, we combine Eqgs. (8) and (9) and isolate p:

He = AdpAH30+ - AszHg,OJF + HH — Ev—w — E+1 + ]CBT(IH Co + In 10 - pH) (10)

corr

It should be noted that the chemical potentials of the hydrogen atom, the proton, and

the electron are related through the following expression:*2

pa = fle + fiare (11)
By substituting Eq. (11) into Eq. (10), we obtain the following expression:

MH+ = _AdpAH30+ + AszHg,O* + Ev—w ‘f‘ E+1 — ]{?BT(ID Co + 1Il 10 . pH), (12)

corr

which illustrates the direct connection between the chemical potential of the isolated proton

with the pH of the solution.

2.3 Point of zero charge of surfaces in aqueous environment

The pH at the point of zero charge for a solid surface at the interface with liquid water is
defined as the pH for which the concentration of adsorbed protons, cy+(ads) is equal to that

of adsorbed hydroxyl ions, cop- (ads):
cp+(ads) = con- (ads). (13)

cy+(ads) and cop- (ads) can be expressed, in analogy to the definition of defect concentrations
in crystalline materials, in terms of the formation energies of the proton and of the hydroxyl

ion on a given surface:
N N
cy+(ads) = Z e+ (i) = Z ¢;e~ Gl /keT (1)
=1 i=1

8
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and

N N
con-(ads) = Z con- (i) = Z cie” GO Ti/ReT (15)
=1 =1

where the sum runs over the number N of non-equivalent adsorption sites at the surface,
¢; is the surface concentration of the adsorption site ¢, and G¢[H*]; and Gf[OH]; are the
formation energies of the proton and the hydroxyl ion at the i-th adsorption site, respec-
tively. Equations (14) and (15) account for all the possible sites at the semiconductor-water
interface, including defects and geometrically different sites.

The formulation is largely simplified by considering an ideal M,A, surface, where M is
a metal site and A a non-metal site. We also assume that all M and A sites are equivalent
and that H" is adsorbed only on the A sites, while OH™ is adsorbed only at M sites. In
fact, the cationic metal is likely to strongly prefer the adsorption of the negatively charged
hydroxyl. Analogously, adsorption of HT is preferred on the anionic site. These assumptions

are equivalent to the following inequalities:

Gf[H+]M > G¢[OH™ |y, (16)

and

Gf[OH_]A > Gf[H+]A, (17)

where G¢[H |\, Gt[OH™ Jym, G¢[HT]a, and G¢[OH"]a are the formation energies of H* and
OH™ adsorbed on the M and A sites, respectively. Hence, Egs. (14) and (15) are reformulated

as follows:
e+ (ads) = cye G kT (18)
and

con-(ads) = cye CrlOH Iu/kaT (19)

9
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At the pH of zero-point charge [cf. Eq. (13)]:

CAe—Gf[HﬂA/kBT — CMe—Gf[OHf]M/kBT. (20)
G¢[H]s and G{[OH ]y can also be expressed using a grand-canonical formulation for
adsorbates at the semiconductor-water interface, which is again equivalent to that used for

defects in crystalline materials and solutes in aqueous solution. We hence define the Gibbs

free energy of formation of an adsorbate Y in the charged state ¢, as follows:

Gi[Y] = GU[Y] = Glref] — Z nifti + qlev—w(int) + ] + Ef,,, (int), (21)

)

where GY]Y] is the Gibbs free energy of the adsorbate Y in the charged state g, G|ref]
the Gibbs free energy of the reference interface system, p; the chemical potential of the
added /subtracted species i, n; the number of added/subtracted atoms of the i-th atomic
species (positive for added species, negative for subtracted species), e,_y(int) the valence
band edge of liquid water at the interface with the semiconductor, p. the electron chemical
potential, and E% _(int) a correction term taking into account electrostatic finite-size effects
induced by the presence of a charge close to the interface between two materials. This term
is calculated in this work using the correction scheme for the formation energy of charged
defects at the interface, introduced in Ref. 43 for surfaces and interfaces. Due to the high
dielectric constants of both BiVO, and liquid water, the calculated correction terms are
rather small (below 0.02 €V) for the charged species considered in this work (H* and OH™).

In our formulation, G[ref] is the neutral semiconductor-water interface at equilibrium, as

achieved from MD simulations. ¢, (int) can be related to e,_,, through:

Eyv_w(int) = ey — AV, (22)

10
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where

AV, = Vi (bulk) — V,,(int)

(23)

is the difference between the electrostatic potential of liquid water in the model of bulk water

and in the respective bulk component of the interface model (cf. Fig. 1). Substituting in Eq.

(21), we obtain:

GIY] = GUIY] = Glref] = > " nit; + qlev—w — AViy + pie] + Bl (int).

The formation free energies of adsorbed H" and OH™ read as follows:

Gf[HJr}A = G{H+]A — G[ref] — Ut Ev—w — AVW + e + E+1

corr

(int)a

and

Gi[OH |y = G[OH |y — Glref] + g — 69w + AV — e + E1 (int).

The free-energy differences appearing in Eqgs. (25) and (26) read as follows:

1
GHY)s — Glref] = — / (Bap By ol + Doy By
0

— _AdpAH-'(A- + AZPEHJ'A_7
and

1
GIOH |y — Glref] — / (Aap B, )y — Agp Eu,
0

= AgpAy, — ApEy

WM M)

where AdpAH{ and Ag,A

WM

(24)

(25)

(26)

(27)

(28)

are the integrals associated to the deprotonation reaction of

a proton adsorbed on a surface A site and of a water molecule adsorbed on a surface site

M, respectively. AZPEH;r and A,,E,,, are the zero-point motions of a proton adsorbed

11
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on a surface site A and of a proton belonging to a water molecule adsorbed on a site M,

respectively. Equation (20) can be reformulated as follows:

CA

Gi[OH™] — G{[H"] = kpT'In <C—M> (29)

Substituting Eqs. (25—28) into Eq. (29) and isolating the electron chemical potential ., we

obtain the following expression:

2pe = AdpAWM + AdPAHX + 2up — AZPEWM - AZ]QEWH]\L

_25V7W + 2AVvW + Ec?)ir corr
CaA

(int) — B (int) — ksT' In (C—M) (30)

We hence replace p, with the definition provided in Eq. (10), thus effectively achieving an

expression for pHpyc:

Agp Ay + DapAys — 2845 Apgy00 + 24V,

H =
PHpzo 210 10kgT
—Ap By, — AZPEHX + 2A,, By 0+
2In 10kgT
E(;nlrr(lnt) B E;tjllrr(lnt) + 2E;)}r
2In 10kgT
1
—3 {log (Z—Z{) } —logcy (31)
A A
S S
L L
> Vw(iljt) >
5o o » [ TR, e, Vbulk) 2
c (¢ |.1’ - --+—-——\; - v ¥~ C
(0] ()
Vsc(int)
semiconductor-water interface liquid water

Figure 1: Schematic representation of the alignment scheme. The line-up between the average
electrostatic potential in bulk liquid water V;,(bulk) and at the semiconductor-water interface
Vi (int) is achieved through AV, [cf. Eq. (23)].
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2.4 Acidity of molecules at the adsorption site

Calculated values of pHpy allow for a straightforward comparison with experiment, which,
however, is generally unable of measuring the individual acidities of adsorbed molecules at
each surface site. Our formulation allows us to consistently calculate the acid dissociation
constant for each molecule capable of donating or accepting protons at each adsorption site.
Let us consider the adsorption of the generic acid HB on the ¢-th adsorption site of a given

surface. This undergoes the following acid-base equilibrium:

HB; — H"(aq) + B; . (32)
The respective K, reads as follows:
[H" (aq)][B; ]
K,(HB;) = ————=.
(1B, = =t (33)

For pH = pK,(HB;), the concentration of the adsorbed HB and that of the adsorbed conju-
gated base B~ are equal: cyp, = cz-. Each concentration is again related to the formation

free energy of the respective adsorbed species:

CHp, = ¢;eCrlHBlL/ kT (34)

and

Cp- = c;eCtBT L/ kT (35)

k3

The formation free energies of adsorbed HB and B~ read as follows:

G¢[HB|; = G[HB|; — Glref] — ug — pp (36)

and

Gi[B7]; = GB7); — Glref] — g — ey—w + AVy — p1e + E_1. (int). (37)

corr

13
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From Egs. (34—37), u. reads as follows:

fte = G[B7]; — GIHB]; 4 pur — ev—y + AV + E}

corr

(int), (38)
where

1
GB7]; — GHB|;, = / (AdpEug, )ndn — A,p Eus,
0

= AdpAHBi — AszHBi (39)

is the thermodynamic integral associated to the deprotonation of the adsorbed HB molecule.

By replacing p. with Eq. (10), we obtain pK,(HB;):

AdpAHBi — AdpAH3O+ + AVW

K. (HB:) = In 10kgT
_AszHBi + AszngOJr
In 10]{?BT
EL (int) + Ef!
Ccorr Ccorr _ l 40
In 10kpT 08 €0, (40)

We apply our formulation to the simple cases of H" adsorbed on the anionic site A of
a semiconductor surface and to OH~ adsorbed on the cationic site M. These solutes are

subject to the following acid-base equilibria:

H + H,O(f) — A + Hy0™ (aq), (41)

and

wy + HyO(¢) — OHy; + H;O™ (aq). (42)

We apply Eq. (40) to both cases, thus achieving the following expressions for the pK, of H*

14
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adsorbed on A and of OH™ adsorbed on M, respectively:

AapAigt — MgpAior + AV,
In 10kgT

5 A By + A Bityor

In 10kgT

12 —Ef(int) + E5L

13 In 10kgT

pKa(HX) =

oNOYTULT D WN =

— log ¢y, (43)

16 and

19 Aus Ay — AgyAppos + AV
20 PRa(wy) = = 1(1))/@1i

22 n —Ayp By + Ay Engo+

23 In 10kgT

24 +E g, (int) + EXL

In 10]{?BT

—log co. (44)

From Egs. (31), (43), and (44), pHpy, reads as follows:

32 _ pKL(HY) +pKa(wy) 1 M
33 pHPZC - 2 - 5 lOg a (45)

36 2.5 Dissociation constant of adsorbed water molecules

39 The relative stability of molecularly and dissociatively adsorbed water molecules can be

41 derived from the calculated pK, values. Let us consider the following dissociation reaction:
45 wWg; + A— OHK/I + HX, (46)

48 for which the dissociation constant reads as follows:

2! [OH,J[H]
Kq(wy) = ————.
5 () [w][A]

59 15
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Again, from the relationship between concentration and formation free energy, we obtain:

Kq(wy) = e—(Gf[OHfhw-FGf[H+]A—Gf[W]M—Gf[A])/kBT’

(48)

where Gi[w]y and G¢[A] are the formation free energies of the adsorbed water molecule on

a M site and of a free A site, respectively. Defining the free energy of dissociation of an

adsorbed water molecule,

AAd(WM) = Gf[OH_]M + Gf[HJr]A — Gf[W]M — Gf[A],

we then obtain from Eq. (48):

Ka(wy) = e~ 84000/,

and

AAd(WM) = —l{BT In Kd(WM) = —k’BT In10 - 10g Kd(WM)

From Egs. (41) and (42), we have:

+ _ [A][M507 (aq)]
=
and
K (s LOMIHO" ()]

(W]

From Egs. (47), (52), and (53), we can express Kq(wy) from K,(HY) and K, (wy):

16
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Therefore, from Eqgs. (51) and (54) the free energy of dissociation of an adsorbed water

molecule reads as follows:

AAd<WM> =In10- ]{ZBT[pKa(WM) - pKa(HX)] (55)

3 Molecular dynamics simulations of BiVO,(010)-water
interfaces

We model the neutral BiVO,(010)-water interface with an orthorhombic supercell [a = 10.39,
b=10.18, and ¢ = 36.17 A, ¢f. Fig. 2(a)| containing 56 H,O molecules and corresponding to
the experimental density of liquid water, following the protocol established in Ref. 13. To
model the BiVOy slab, we approximate the § angle of the standard C2/c monoclinic struc-
ture to 90°, close to the reported experimental value (90.43°),%44% thus effectively employing
the nonstandard 12/b structure. We use a six-layer semiconductor slab, for which conver-
gence in the calculated surface energy and ionization potential is achieved. We carry out
MD simulations of the neutral BiVO, (010)-water interface considering two starting config-
urations: a molecular model, in which the water molecules are molecularly adsorbed on the
semiconductor interface through a Bi-O bond, and a dissociative model in which the water
molecules are dissociated on the semiconductor surface, with a hydroxyl group attached to
the Bi atom and a proton bound to an O surface site. The latter is found to revert into the
molecular model within 2 ps of simulation. The potential offset AV, is found to converge
within few ps of simulation [cf. Fig. 3].

In addition, we carry out MD simulations of the adsorbates on the BiVO4(010) surface
starting from the molecular model of the interface. In particular, we carry out MD simu-
lations of (i) the molecular BiVO,(010)-water interface where an adsorbed HoO molecule is
replaced by an hydroxyl ion, (ii) the molecular BiVO4(010)-water interface where an extra

proton is added close to a surface O atom.

17
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3 T T T
» 5Vb) -~ H,0() |
: — H,0@BiVO,
2k 4
=
519 B
1k - e . B
0.5 ) 1
gz 3 4 5 6
C) T T T
151 Bi-O,
St
0.5
o 2 5 4 5
distance (A)

Figure 2: (a) Representation of the neutral BiVO4(010)-water interface (side view). O
atoms are shown in red, H in white, Bi in purple, and V in grey. (b) O-O radial distribution
function (RDF) for bulk water (black dotted) and for the bulk-like region of liquid water at
the BiVO4(010)-water interface. (c) Big-O and Os-H RDFs.
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Figure 3: Time evolution of AV, for the molecular BiVO,(010)-water interface. The dashed
line indicates the average value.

All the MD simulations are performed with the freely available CP2K suite of codes,*°
which is based on the use of atomic basis sets and a plane-wave expansion for the electron
density. Analytical Goedecker-Teter-Hutter pseudopotentials are used to account for core-
valence interactions.*”*® We use a triple-¢ basis set for O and H atoms and double-¢ basis
sets with one polarization function for Bi and V.4 For the plane-wave basis set, a cutoff of
800 Ry is employed. The Brillouin zone is sampled at the sole I'-point. The MD simulations
are performed with the rVV10 functional, which accounts for nonlocal van der Waals inter-
actions.’®®! The parameter b of the rVV10 functional is set to the value of 9.3, in order to

correctly reproduce the density and the structural properties of liquid water.%*%3 The MD
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simulations are evolved in the NVT ensemble during 10 ps for the neutral interface, following
5 ps of equilibration. For the interfaces with an adsorbed proton and an adsorbed hydroxyl
ion, we use a configuration of the equilibrated neutral interface and either add a proton close
to a surface O atom or remove one from an adsorbed water molecule. In these cases, we
perform 5 ps MD runs after 2 ps of equilibration. We employ a time step of 0.5 fs. The tem-
perature is set at 350 K to ensure a frank diffusive motion of liquid water and is controlled
by a Nosé-Hoover thermostat.?*% Hybrid functional calculations on top of the structural
configurations achieved from the MD simulations are carried out with the h-rVV10 func-
tional, developed in Ref. 41, which combines the PBEO hybrid functional with the rVV10
description of nonlocal van der Waals interactions. In this functional, the fraction o of Fock
exchange is set to 0.40 and the b parameter of rVV10 to 5.3.4! All the hybrid-functional cal-
culations are performed using the auxiliary density matrix method which allows for a rapid
evaluation of the exchange integrals through the use of a smaller auxiliary basis set.%%5" We
here use the cFIT auxiliary basis set.?%57

We first analyze the neutral BiVO,4(010)-water interface. The O-O radial distribution
function calculated for HoO molecules at a distance of least 3 A far from the surface® is
found to closely agree with the one calculated for the bulk liquid [cf. Fig. 2(b)]. The average
Bi-O bond length for adsorbed HyO molecules is 2.59 A, slightly larger than the average Bi-O
bond length in bulk BiVO, (2.45 A) By using a cut-off distance of 3.5 A, corresponding to
the first minimum of the Bi-O(H,0O) RDF [cf. Fig. 2(b)|, we infer an average coordination
number of 0.91 water molecules per Bi site. Surface O atoms are also weakly interacting
with liquid water. We define, a coordination number and a hydrogen bond for a surface O
atom in analogy to that of O atoms belonging to condensed-phase water molecules: (i) a 3.5
A cutoff distance between surface O and water-molecule O atoms, and (i) an O-H-O angle
larger than 140°.3%*' Surface O atoms are found to accept 0.53 hydrogen bonds per site
on average, while they coordinate 2.22 water molecules. Therefore, only a small fraction of

the water molecules within the coordination hemisphere donate hydrogen bonds to surface
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O atoms, thus indicating a low reactivity of this site. These weak interactions between
water molecules and the surface sites indicate that the nature of the BiVO4(010) surface is

hydrophobic. Furthermore, we calculate the surface energy Fq..¢, defined as:

Eslab - NslabEbulk
Esur = 56
! 2AAsurf ( )

where FEy, is the total energy of the bulk system per atom, Ny, the number of atoms
of the slab, Agys the surface area. The calculated value for the BiVO,4(010) is as small as
0.018 eVA~2. All these results are consistent with the bulk-like structure of the BiVO4(010)
surface, with no relevant undercoordination of surface atoms.

The adsorption of a HT cation on a surface O atom [cf. Fig. 4(a)| brings only slight
structural modifications to the surface. The bound O atom is shifted upwards by 0.2 A from
its equilibrium position with a related elongation of the V-O bond by 0.1 A. The adsorbed
proton is found to form a H-bond with a water molecule of the liquid. The enhanced
positive charge on the surface O atom, due to the bond with the proton, leads to slightly
larger values for the number of accepted hydrogen bonds (0.90) with respect to a surface
O atom not bound to H* (0.53). Similarly, the coordination with water molecules is found
to increase from 2.22 to 2.84. In contrast, when an adsorbed water molecule is replaced by
an hydroxyl ion, the latter is found to induce a sizable surface reconstruction. In fact, the
surface Bi atom is significantly displaced from its equilibrium position [by as much as 0.9 A,
cf. Fig. 4(b)]. The Bi-O bond length is reduced to 2.16 A, 0.43 A shorter than the Bi-O bond
for a water molecule, thus indicating a stronger interaction between the adsorbate and the
substrate in the case of the hydroxyl ion. The observed surface reconstruction associated to
the adsorption of the hydroxyl ion can be related to the low stability observed for BiVO, in

extreme basic conditions, in which the material has been found to dissolve. %
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Figure 4: Representation of (a) the adsorbed H* cation and (b) the adsorbed OH™ anion
on the BiVO,4(010) surface. O atoms in red, H in white, Bi in purple, and V in grey. The
dashed black line in panel (b) represents the average position of a surface Bi site at the
neutral semiconductor-water interface, while the black arrow represents the displacement of
0.9 A of the surface Bi atom (see text) when an hydroxyl ion is attached to the surface.
Shaded atoms represents atoms situated further from the observer.

4 Acidity of the BiVO,(010) surface

The most stable surface of BiVO, is the bulk-like BiOg-terminated (010) surface, which
is generally used in photocatalysis experiments.%6! V atoms are not accessible to water
molecules on this surface [cf. Fig. 2(a)|]. Therefore, the only adsorbtion sites are Bi and
O atoms. The concentration of surface O is twice that of surface Bi sites. HoO and OH™
molecules are adsorbed on surface Bi atoms, while the H* ion is adsorbed on surface O

atoms. Hence, we consider the following acid-base equilibria:
OSI_I+ + HQO(K) — Os —+ HgO*(aq), (57)

and

wp; + HoO(¢) — OHg; + H3;0™ (aq). (58)
From Eq. (45), pHpy[BiVO, (010)] reads as follows:

K. (HE) + pKa(we;
DHo, o [BiVO, (010)] = 2Xal 0)?) (W8) | .15 (59)

where pK,(H{) and pK,(H2Op;) are the pK, of the HT on the O site and of HyO on the Bi

site, respectively, calculated from Eqs. (43) and (44).
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In this work, the thermodynamic integrals are calculated for two values of the Kirk-
wood coupling parameter n (0 and 1), thus actually adopting the linear Marcus approxi-
mation. This has been found to produce a negligible error when applied to deprotonation
integrals.*! Therefore, Aqy Ay and Agp Ay, read as follows:

1 <Ad Eyg+)o + (AgpE +>1
/0 <AdpEHg>nd77:AdpAHg: —_— 9 —_— ’ (60)

and

<AdpEWBi>O + <AdpEWBi>1

5 (61)

1
/ <AdPEWBi>77d77 = AdpAWBi =
0

<AdpEHg>0 and (Aqp Py, )0 are the average vertical deprotonation energies for an adsorbed
proton, and for a proton of an adsorbed water molecule, respectively. These quantities are
calculated from a set of 200 configurations equally spaced in time and separated by 250 fs.
(Adp By )o is calculated by vertical detachment of the extra adsorbed proton, and (Aqp Eug, )o
by vertical detachment of a proton of an adsorbed water molecule at the neutral interface.
In both cases, the proton is removed and the total-energy recalculated at fixed atoms for
each configuration.

(AdpEHg)l and (AqpFEwg, )1 represent the energies associated to vertical proton insertion.
These quantities in bulk liquid water are calculated through constrained MD simulations
in which a ghost atom is kept close to the position of the acidic proton.?*%° Hence, the
vertical insertion energy is calculated by simply switching on the nuclear charge of the ghost
atom. However, in the case of a semiconductor-water interface, one should either (i) perform
long MD simulations to collect significant statistics and eliminate the contributions from
highly unphysical configurations (i.e. the proton below the surface or extremely close to
other atoms) or (ii) add a large number of constraints, which could affect the physics of the
entire system. Therefore, in this work, we propose a different and simpler method to evaluate
this quantity. We perform a relaxation of the proton, which has been vertically inserted in
the proximity of its acidic site. In practice, we perform a structural relaxation in which all

22

ACS Paragon Plus Environment

Page 22 of 37



Page 23 of 37

oNOYTULT D WN =

ACS Applied Materials & Interfaces

the atoms except the inserted proton are fixed. We observe that this procedure allows us
to achieve converged results for the average vertical insertion energy when applied to a set
of 20 structural configurations. In particular, for calculating (AdpEth a proton is added
close to an O site in structural configurations of the neutral semiconductor-water interface,
while the calculation of (Ag,Fyy,)1 implies the insertion of a proton close to the adsorbed
hydroxyl ion. For solutes in aqueous solution, this procedure has been found to bring the
same results achieved with constrained MD simulations within 0.05 eV.

We underline that our computational procedure relies on a half-reaction scheme, at vari-
ance with previous works on semiconductor-water interfaces.3! Our choice is motivated by
the fact that finite-size effects are under control with robust correction schemes for supercells
with a localized charge. Furthermore, when two half-reactions take place simultaneously in
the same cell, finite-size corrections for total energies of systems with two localized charges
(i.e. a proton vertically detached from a water molecule to be attached to another one, thus
producing a H* and a OH~3%%) in two different positions within the supercell is subject to

31 even if this procedure preserves the charge neutrality of the supercell.

inaccuracies,

The energy of zero-point motion associated to protons for both solutes in aqueous solu-
tion and adsorbates are estimated by calculating the vibrational frequencies of the related
normal modes. In particular, we construct the displacement matrix by only considering the
displacements of (i) a proton of the hydronium molecule for A,,Ey,0+, (ii) the adsorbed
proton on the O site for AZpEHg, and (iii) a proton of the HyO molecule adsorbed on a Bi

site for A,, Ey,p,,. Therefore, for each case we calculate three frequencies, and the zero-point

energy is calculated as follows:
3

hVZ'
ApE =" o (62)
n=1

where h is the Planck constant and v; the frequency of the i-th normal mode. This com-
putational protocol gives results for A,,Ey,0+ (cf. Table 1) in close agreement with those
inferred from the experimental vibrational spectrum of the hydrated proton.3*62

In Table 1, we report the difference between the deprotonation integrals calculated at

23

ACS Paragon Plus Environment



oNOYTULT D WN =

ACS Applied Materials & Interfaces

the interface and the deprotonation of the hydronium in bulk liquid water upon alignment,
AAG,A (cf. Fig. 1), zero-point energies A,, E, and pK,, as achieved from the MD simulations.
First, we notice that acid-base constants depend mostly on the calculated deprotonation
integrals. In fact, differences in zero-point energy between adsorbed species and hydronium
in the bulk liquid amount to at most 0.03 €V, i.e. a difference of 0.4 units in the calculated
pK, values. The pK, calculated for the surface H" (—2.17) indicates that a proton on
a surface O site is slightly more acidic than the hydronium ion (—1.74), a feature which,
along with the rapid conversion of the dissociative model observed in MD simulations, is
consistent with the hydrophobic and inert nature of the BiVO,(010) in neutral conditions.
In contrast, a water molecule adsorbed on the BiVO, surface results in a calculated pK, of
8.2, sensitively increased with respect to the acidity of a water molecule in the bulk liquid
(pK,=15.74). The bond between the Bi** site and the O atom of the water molecules allows
for a partial transfer of positive charge to the latter, which, in turn, becomes more acidic,
thus favouring the release of the proton. Furthermore, the stronger interaction of the Bi
site with the hydroxyl ion stabilizes the product of the reaction. When all the quantities
are recalculated at the hybrid functional level, we achieve pK, values that are higher by
~0.3 pH units than those obtained at the rVV10 level. This small difference is within the
accuracy of the method, thus suggesting that the semilocal functional already provides an
adequate description of the deprotonation energies, as already pointed out in Refs. 40 and
34. We calculate the pHpzc of BiVO4(010) from Eq. (59), obtaining 3.25 and 3.46 at the
rVV10 and h-rVV10 level, respectively. Both values compare well with the experimental
range (2.5—3.5, Refs. 63 and 64), and are found to be in excellent agreement with the most
recent experimental characterization (3.5 in Ref. 64). Overall, from the calculated pK,
values, we infer that the dissociation of water molecules at the BiVO,4(010) surface is clearly
an unfavourable process. In fact, from Eq. (55) we calculate AAq(wy) = 0.72 €V (0.73 €V at
the h-rVV10 level of theory). This is consistent with the low reactivity and hydrophobicity

of the surface.
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Table 1: Calculated values of AA 4, A (see text for definition), zero point energies
and pK, of the proton adsorbed on an O site, Hj, and for a water molecule
adsorbed on a Bi site, wp;. Calculated values are obtained at both semilocal
rVV10 (r) and hybrid h-rVV10 (h) levels of theory. The deprotonation integrals
are referred to the deprotonation integral of a proton in aqueous hydronium at
the respective level of theory.

AApA ALE DK,

- r  —0.09 0.29 —2.17
0o h  —0.06 0.32 —1.88
. r 0.63 0.31 8.20
Bi h 0.67 0.33 8.48

r 032 —1.74

H;07(aq) 034 —1.74

Our microscopic characterization of the acid-base chemistry at the different surface sites
enables us to describe the pH-dependent interfacial coverage of the BiVO4(010) surface in
aqueous environment. In particular, we construct a logarithmic diagram for the concentra-
tion of all adsorbed species, similar to those commonly employed by analytical chemists in
the study of weak acids in aqueous solution. We first calculate the surface concentration of
Bi and O surface sites at the BiVO,(010) surface, which are 6.28 x 107 and 1.26 x 1078

mol/dm?, respectively. Next, we employ the definition of K,:

+ _ [H"(aq))[O4]
Ka(Hg) = o (63)
and
Ko(wps) = i (asv)]]gi[}oHBi] (64)

allowing for a straightforward calculation of the concentration of acid and basic species at

varying pH:
O]  K.(HE)
A3 ~ [ (aq)] (65)
[OHpi]  Ka(ws;)
el [A(aq)] (66)
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subject to the conditions given by:

cgi = [wgi] + [OHgi], (67)

and

cpi = [HE] + [O4]. (68)

The diagram presented in Fig. 5 provides a rapid evaluation of the microstructural properties
of the surface as a function of pH. First, we observe that at pHpyzc the concentration of ionic
species is ~H orders of magnitude lower than that of molecularly adsorbed water. This
is in agreement with the strong preference of molecular adsorption observed in our MD
simulations, thus also indicating that the employed molecular model is representative of a
realistic interface at pHpyc. Furthermore, we notice that a low concentration of ionic species
on the surface is encountered for a large range of pH values (1<pH< 6), for which the
concentrations of adsorbed protons and hydroxyl ions is at about three order of magnitude
smaller than that of molecularly adsorbed water molecules. In fact, protons are found to be
present in sizable amount only at extreme pH values. At pH=0, only roughly 1% of the O
surface sites are found to be protonated. At pH=7, at which an ideal water-splitting plant
should operate, the fraction of adsorbed protons is negligible. This suggests that, even if
the band alignment is favourable, the pristine BiVO, may be a poor photocatalyst, as the
reduction of H* on its surface is largely adsorption limited. Furthermore, this indicates that
current attempts to alter the band alignment of BiVO, through doping,%® in order to straddle
the H" /Hy and H,O/O; redox potentials, may be unfruitful, as they ignore the surface
chemistry of the interface. At pH=7, only a small fraction of the Bi sites (~6%) adsorbs
hydroxyl ions, and hence the water oxidation reaction should mainly proceed through the
reaction mechanism occurring under acidic conditions (i.e. dehydrogenation of the adsorbed
water molecules®”). More alkaline solutions may cause the hydroxylation of the surface

and the water splitting reaction may then proceed through the kinetically more favourable

26

ACS Paragon Plus Environment

Page 26 of 37



Page 27 of 37

oNOYTULT D WN =

ACS Applied Materials & Interfaces

mechanism occurring under basic conditions (i.e. the oxidation of the adsorbed hydroxyl
ion%7). However, transition metal oxides in strong alkaline aqueous environment can undergo
corrosion, thus undermining the stability of the device.®’

A partial hydroxylation of the BiVO, surface in near-neutral conditions has been recently
detected by X-ray ambient pressure photoelectron spectroscopy studies of the BiVO,-water
interface.% However, it is not possible to directly infer the concentration of adsorbed hy-
droxyl ions from the spectra reported in Ref. 68. It should be noted that, from Fig. 5, the
concentration of adsorbed OH™ varies between 6% and 50% in a pH range comprised be-
tween 7 and 8.48. Furthermore, we notice that an error as small as 0.1 €V in our calculations
(which is typical for the computational protocol’) would imply an error as large as 1.74
on the calculated pKa values. Therefore, we can conclude that our results are consistent

with the partial hydroxylation of the semiconductor surface observed in Ref. 68 within the

accuracy of the method.

log(c)

Figure 5: Acid-base logarithmic diagram for the coverage of the pristine BiVO,(010) surface
in aqueous environment, as calculated at the h-rVV10 level of theory. Concentrations are
given in mol/dm?.
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5 Conclusions

In this work, we developed a theoretical formulation to study the pH-dependent interfacial
coverage of semiconductor-water interfaces. In particular, we employed a grand-canonical
formulation for solutes in aqueous solution and adsorbed species at the interface. The pro-
posed method has been supplemented with computational protocols based on electronic-
structure calculations, MD simulations, and the thermodynamic integration method. Ap-
plied to the BiVO,4(010)-water interface, our scheme implies three MD simulations: (i) the
neutral BiVO4(010)-water interface, (ii) the positively charged interface with an extra ad-
sorbed proton on a surface O atom (iii) the negatively charged interface in which an adsorbed
water molecule is replaced by an hydroxyl anion. Water molecules were found to be adsorbed
molecularly on the BiVO,4(010) surface through weak interactions with surface Bi sites. At
variance, the hydroxyl ion featured strong interactions with surface Bi**, as inferred from
the noticeable shortening of the Bi-O bond length. The analysis of the acid-base properties
at the surface revealed that surface O sites are extremely acidic, the pK, of the adsorbed
proton being close to that of the hydronium ion in bulk water. In contrast, the acidity of the
adsorbed water molecule was found to be sensitively increased with respect to that of the
condensed-phase molecule, as a consequence of the metal-oxygen charge transfer. Overall,
from the pK, values of the individual sites, we achieved a pHpyc in excellent agreement with
the experimental characterization. Furthermore, from the calculated pK, of the individual
adsorption sites, we constructed an ab initio concentration diagram of all the species at the
interface as a function of the pH of the aqueous solution. This enabled us to get deeper
insight into the pH-dependent coverage of the semiconductor-water interface. In particular,
we noticed that a sizable fraction of O sites (~6%) is occupied by protons only in highly
acidic conditions (pH=0). This suggests that recent efforts to modulate the band alignment
of BiVO, through doping in order to have its band gap straddle both the water redox lev-
els could be unfruitful. In contrast, we observed that the hydroxyl ion is attached to the

BiVO,(010) surface in sizable concentrations (~1% of Bi sites) already at pH=7 and is the
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1

2

2 dominant adsorbed species in highly basic conditions, where it may lead to the corrosion
Z and dissolution of the material, as has been observed experimentally.®®

; In conclusion, the characterization of the pH-dependent surface chemistry at semiconductor-
?O water interfaces is a key feature to assess the properties of such interfaces. Deposition of
:; overlayers or clusters on the surface may alter the chemistry of the interface and thereby
1 i influence the reaction mechanisms. The possible changes in the surface chemistry induced
12 by surface modifications should be accounted for when designing new device architectures.
1; This work has been performed in the context of the National Center of Competence in
;g Research (NCCR): Materials’ Revolution: Computational Design and Discovery of Novel
;; Materials (MARVEL) of the Swiss National Science Foundation. We used computational
;i resources of the Swiss National Supercomputing Center (CSCS).
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