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|. Introduction

Charged species redistribution at electrochemical
interfaces: a model system of the zirconium
oxide/water interfacet

@ Mostafa Youssef *3b

Jing Yang, 3¢ and Bilge Yildiz
Quantifying the local distribution of charged defects in the solid state and charged ions in liquid solution
near the oxide/liquid interface is key to understanding a range of important electrochemical processes,
including oxygen reduction and evolution, corrosion and hydrogen evolution reactions. Based on a
grand canonical approach relying on the electrochemical potential of individual charged species, a
unified treatment of charged defects on the solid side and ions on the water side can be established.
This approach is compatible with first-principles calculations where the formation free energy of
individual charged species can be calculated and modulated by imposing certain electrochemical
potential. Herein, we apply this framework to a system of monoclinic ZrO,(111)/water interface. The
structure, defect chemistry and dynamical behavior of the electric double layer and space charge layer
are analyzed with different pH values, water chemistry and doping elements in zirconium oxide. The
model predicts ZrO, solubility in water and the point of zero charge consistent with the experimentally-
measured values. We reveal the effect of dopant elements on the concentrations of oxygen and
hydrogen species at the surface of the ZrO, passive layer in contact with water, uncovering an intrinsic
trade-off between oxygen diffusion and hydrogen pickup during the corrosion of zirconium alloys. The
solid/water interface model established here serves as the basis for modeling reaction and transport
kinetics under doping and water chemistry effects.

the interplay between the interfacial charged species and

Redistribution of charged point defects in a space charge layer
at oxide surfaces, interfaces, grain boundaries and dislocations
has been shown to alter the magnetic, electronic, and transport
properties of metal oxides."® The formation of an electric
double layer at an electrode/electrolyte interface has also been
shown to influence the electrokinetics of such interfaces, which
is important for engineering interfacial capacitance’ " and
catalytic activity.">™* Both the space charge layer in the solid
state and the electric double layer in the solution state come
into play at an electrochemical interface. This interface poses
significant challenges to the field of first-principles computa-
tional electrochemistry in terms of both accurately evaluating
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validating such results with macroscopically-measurable
values.™ In recent studies there has been great momentum in
applying novel first-principles based methods to obtain the
electronic structures and ion dynamics of water and at the
solid/water interface."®™® While these methods are powerful in
predicting the structures and kinetics locally, there are still
important gaps towards a self-consistent model for charged
species redistribution, which occurs on a scale beyond the
capability of electronic structure methods. Multi-scale models
that link atomistic simulations with macroscopic properties
are required to address this challenge.’®>* So far, such a first-
principles based thermodynamic framework has demonstrated
the capability of predicting electrochemical phase diagrams at
variable potential and pH.>*">*> However, they have not yet been
used to predict spatially-resolved charged species concentrations
in the electric double layer including full description of solid defect
chemistry. Having access to such redistribution profiles serves as a
foundation for modeling electron- and ion-transfer reactions at
solid/water interfaces, providing fundamental guiding principles
for defect engineering in such systems.

In this work, we extend the established first-principles based
framework for modeling defect redistribution across oxide
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(a) Core layer and space charge layer (b) Stern layer and diffuse layer
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Fig. 1 Schematics of (a) the core and space charge layer at a solid surface, (b) the Stern layer and the diffuse layer in liquid solution in contact with a solid
surface, and (c) the unifying picture of charged species redistribution across a solid/water interface, where the core layer is analogous to the Stern layer,
and space charge layer to the diffuse layer. By incorporating the grand canonical description of ion species in water, the framework for modeling charged
species distribution across solid/solid interfaces®® is extended to the solid/water interface. Here ¢ represents the electrostatic potential. V¢ and Ve
represent the gradient of electrostatic potential and charged species concentration, respectively, which are the two driving forces of charged species

redistribution in the drift-diffusion model.

hetero-interfaces (ref. 26 and the references therein) to the
oxide/water interface. This advance is made possible by recog-
nizing the similarity between the space charge layer structure in
oxide materials and the electric double layer structure in liquid
solution, as shown in Fig. 1. At an oxide surface (or interface),
we consider a core layer, where charged defects have non-zero
segregation energies due to structural relaxation and pose a net
potential, and a space charge layer, where charged defects
redistribute through the mechanism of drift-diffusion for com-
pensating the charged core layer (Fig. 1(a)). For the electric
double layer in the liquid, the Stern-Gouy-Chapman model*’
defines a surface adsorption layer or a Stern layer, where ions
adsorb specifically to the solid surface, and a diffuse layer,
where ions redistribute under electrostatic forces and chemical
gradients (Fig. 1(b)). In both cases, the space is separated into
an interfacial layer with local segregation/adsorption and an
extended redistribution region governed by the drift-diffusion
model." Combining this insight with the unified grand cano-
nical description of charged defects in solids and ion species in
water solution,?* we are able to model an oxide/water interface
(Fig. 1(c)) in the same way as an oxide/oxide interface, where

now we treat water as an insulator with a wide electronic band
28

gap.

In the following sections, we first give a comprehensive
introduction to the first-principles based framework for mod-
eling charged species redistribution across an electrochemical
interface. We demonstrate the capability of this model on a

This journal is © the Owner Societies 2023

monoclinic-ZrO,/water interface system, which is of interest
in the context of zirconium alloy corrosion in nuclear water
reactors®® and degradation of bio-compatible Zr0O,.>° In both
cases, the kinetics of oxygen and hydrogen incorporation
into the ZrO, matrix is the key property to engineer. We
first studied the change in water chemistry and interfacial
electrostatic profiles as a function of the solution pH.
We validate these results based on the consistency of the
predicted ZrO, solubility in water and point of zero charge
(PZC) with the experimentally measured values. We also
applied this model to ZrO, with different dopants, aiming to
provide doping strategies that minimize oxygen and hydrogen
incorporation for mitigating corrosion reactions on ZrO,,
which ultimately leads to the corrosion of the underlying
zirconium metal. The results revealed an intrinsic trade-off
between the desired bulk defect chemistry and the space
charge chemistry. While doping with 5+ cations could sup-
press the concentration of positively-charged hydrogen inter-
stitials in bulk ZrO,, it also promotes the local hydrogen
concentration in the interfacial zone. On the other hand,
doping with 3+ cations depletes hydrogen in the space charge
layer, meanwhile increasing the hydrogen interstitial concen-
tration in the bulk. These results show a complex interplay
between the bulk and the interface defect chemistry at an
electrochemical interface, and demonstrate the value of such
a unified model, which links point defect chemistry with
electrochemical properties.

Phys. Chem. Chem. Phys., 2023, 25, 6380-6391 | 6381
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[l. Theoretical framework

In this section we provide a detailed description of our
approach for linking water chemistry with oxide point defect
chemistry and self-consistently predicting the redistribution
profiles of ions and charged defects across the interface. First,
we briefly review how to predict bulk defect equilibria in a bulk
oxide material. Second, we discuss how to predict water chem-
istry in equilibrium with a dissolved oxide and validate our
prediction by comparing to experimental observations. Finally,
we present the formulism of the continuum level modeling
of the space charge layer and electric double layer in a self-
consistent way.

Density functional theory (DFT) calculations involved in this
work were performed by Vienna Ab initio Simulation Package
(vasp).>*3* Generalized gradient approximation (GGA) with the
Perdew-Burke-Ernzerhof (PBE) functional is used through-
out.*>?® We used pseudopotentials constructed using the
projector augmented wave method which treat 4s”4p®4d®5s”
electrons for zirconium and 2s*2p* for oxygen as valence
electrons. The plane-wave cutoff energy was set to 450 eV.
Details of obtaining defect chemistry of m-ZrO, with metal
dopants and hydrogen defects can be found in ref. 37. Details
of establishing the continuum-level modeling framework for
oxide/oxide interface systems can be found in ref. 26.

A. Predicting bulk defect chemistry of ZrO,

Predicting bulk defect equilibria of ZrO, from first-principles
has been well-established®”*® and validated.*>*° Here we
briefly describe the grand canonical framework®" and will draw
the analogy between point defects in a solid and ions in water®*
in the next section. To predict point defect equilibria from first-
principles calculation, we define the formation energy of each
charged defect D? with charge g as

DFT _
defective

B:l:gct - Z AN[H[ + q(EVBM + Me) + Ecorr
i

1)

Here Egerective a0d Eperfece Tepresent the DFT-calculated energy
for the defective cell and perfect cell, respectively. y; is the
chemical potential for each chemical species in the system and
AN; is the relative number of atoms for element i with respect to
the perfect cell. For example, AN, = —1 for oxygen vacancy. Eygm
denotes the valence band maximum and p. is the electron
chemical potential or the Fermi level referenced to Eypm. Ecorr IS
the correction for finite-size effects of the charged defect
calculations, and here we take the first-order Makov-Payne
correction.*?

In the context of doped ZrO, immersed in water solution, we
define the chemical potential of each element as follows. The
chemical potential of oxygen is determined by oxygen partial

f
Ep, =

pressure Py, and temperature T.

1 P
ol P = 8+ Fe (1.1 127022

(2)

6382 | Phys. Chem. Chem. Phys., 2023, 25, 6380-6391

View Article Online

Paper

Here EngT is the energy of oxygen molecule calculated by DFT.
Eqover is the correction term for oxygen overbinding created by
semilocal functionals. With the parameters used in this work,
Eover €quals 1.12 eV. u (T, P") represents the tabulated
chemical potential of oxygen gas at a reference pressure P° =
0.1 MPa and a reference T= 0 K.*” kg is the Boltzmann constant.
With po defined, pz, and py can be defined as follows.

pz:(T, Po,) = E5SF = 2u6(T . Po,) (3)

1
(T Poy) = 5[ EDES + oo (T.P°) = o (T Poy) | (@)

EngOTZ and ng:(T) represent the DFT calculated energy for one
unit formula of ZrO, in the solid monoclinic phase and one
water molecule in the gas phase, respectively. iy, (T, P°) is the
reference free energy of liquid water from the NIST standard
reference database.”® Since the free energy change of crystalline
solids with temperature and pressure is negligible, i is
approximated by the 0 K DFT energy without any finite tem-
perature contribution. In other words, 1., (7, P’) is taken as
0. For doped ZrO,, the dopant element M is included as a fourth
element. Here we consider that the dopant could either form an
interstitial defect M; or a substitutional defect M,.. We use a
fixed concentration scheme for treating extrinsic doping, where
v is tuned to satisfy the desired doping level given the
chemical potential of all other elements.

Now the only undetermined term in eqn (1) is the electron
chemical potential p.. This term is solved for from the total
charge neutrality constraint

> 4[D?] +[h] — [e] = 0. (5)
D.q

Here we are summing over all the charged defects and adding
the charge of free electrons [e] and holes [h]. In this work, [D?] is
expressed by

Egc,)
exp(—
[DY] = np kBTEf ;
14+ S exp| -2
ool )

where nyp, is the number of possible sites for the defect to reside
per unit formula. In the denominator we sum over all defect
species, DY, that could take the same site as D?. This expression
is referred to as the Fermi-Dirac form, and is derived from
minimizing total free energy of the system and the denomi-
nator arises because of the form of configurational entropy.**
Here we use the Fermi-Dirac formalism instead of the simpli-
fied Boltzmann formalism, which assumes that defects do not
interact except for the mean-field electrostatic force, because
the latter produces unphysical concentrations in the Stern
layer where the adsorbate coverage is high and the entropic
term cannot be ignored.

This journal is © the Owner Societies 2023
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[e] and [h] can also be expressed as a function of u. as
follows:

] = [xgw)de(—ik_H) %)
5T

[h] = Ji:Mg (E)H-expd% (8)
BT

Here g(E) is the electronic density of states (DOS) calculated by
DFT for bulk ZrO, without the dopant. This is under the
assumption that dopant concentration is not large enough to
form continuous bands perturbing the host (ZrO,) original
bands. Ecpy is the conduction band minimum and Eygy; the
valence band maximum.

B. Quantifying ion concentration in water

The idea of treating liquid water as a large-band-gap amor-
phous semiconductor dates back to the 1970s and is widely
acknowledged.”® Numerous attempts, both experimental and
computational, have been made to measure the absolute band
energy positions for liquid water.*>*” One commonly accepted
value is from Coe*® with an electron affinity of —0.12 eV and an
electronic band gap of 7.0 eV. With this description, ions in
liquid water could be treated in similar ways as charged point
defects in solids, which serves as a bridge between electro-
chemistry and semiconductor physics.?* We arrive at an expres-
sion for Gibbs free energies of ions, which is very similar to

eqn (1):
AG%I;ulk _ AGZS(T) — Z AN,‘,U,' + qle (9)

Here AG}) is the standard Gibbs free energy of formation at
temperature 7, which is well-tabulated for common ion
species.” We should notice that the numerical values of y;
are different in water and in solid. Because we are dealing with
DFT-calculated values for defect formation energies previously,
u; is referenced to 0 K conditions. In eqn (9), y; is referenced to
standard conditions (T = 298.15 K, po, = 1 bar). A detailed
formalism of how py and uo are calculated with varying
potentials and pH values can be found in ref. 22. In this paper,
we use the oxygen-rich condition as in ref. 22 where the
chemical potential of oxygen atom is calculated from oxygen
molecules. In other words, po = 0 (T = 298.15 K, po, = 1 bar).
Under this condition, the Fermi level of water lies at —5.5 eV
with respect to the vacuum level at pH = 7. The corresponding
ug is calculated by pyy = [G°(H0) —po)/2. A detailed comparison
between oxygen-rich and hydrogen-rich conditions can be
found in the ESI,{ Section S1.

Analogous to extrinsic doping in semiconducting solids, we
can also tune water chemistry with intentional additives. In this
study we considered water chemistry with varying pH values,
which is achieved by adding fictitious A" or B~ ions into the
system. These ions could be Na' and CI~, simulating the
process of adding NaOH or HCI to the solution, we assume

This journal is © the Owner Societies 2023
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that they do not interact with other ionic species except for the
Coulombic effect. This representation could correspond to any
base or acid given that they do not react actively with ZrO,.

With this formulation, the grand canonical approach
described previously could also account for the equilibrium
ion concentration in bulk water solution. We can solve for p,
under the constraint of total ion charge neutrality as in eqn (5)
and (6). In the case of water, electron and hole concentrations
are set to zero because of the very wide band gap of water. After
obtaining ., we can calculate the equilibrium concentrations
of all ionic species and the corresponding pH value pH =
log1o[H']. The advantage of this approach compared to con-
sidering the dissociation reaction equilibrium is that it is much
easier to include multiple ions into the system, as long as their
standard formation energies are known. We will demonstrate
the power of this scheme with the case of ZrO, dissolved in
water solution. In this work all results presented are at room
temperature for benchmarking ZrO, solubility data and point
of zero charge. However, this solution scheme is transferrable
to elevated temperatures provided that ion formation free
energy data are available.

C. Continuum level modeling of the core/space charge layer
in the solid and electric double layer in the liquid

By making the analogy between ions in water solution and
charged defects in solid, we can now unify the concepts of the
electrical double layer in the liquid and the core/space-charge
zone in the solid. Previously defined segregation energy in the
solid side in the vicinity of the interface is equivalent to the
adsorption energy of ions attached to the solid surface from the
water side. The core zone at the solid-solid interface is analogous
to the compact layer (or Stern layer) in the electrical double layer
and the space charge layer in the solid is analogous to the diffuse
layer in the water. The advantage of this generalization is that the
previously established modeling scheme for the solid-solid hetero-
interface®® can now be easily applied to the solid-water interface,
and serves as the basis of a universal treatment framework for
interfaces between different phases of matter. In this section, we
briefly review the continuum level modeling process to obtain
profiles of the space-charge layer and electric double layer. The
details of how the band positions of water and ZrO, are aligned
can be found in the ESI,} Section S2.

The formation free energies of charged species in bulk solid
and liquid as described in eqn (1) and (9) can be extended to
the interface by adding the electrostatic potential, the segrega-
tion energy, and the adsorption energy terms. The segregation
and adsorption energies affect the core/Stern layer, and the
electrostatic potential distribution arising from the core/Stern
layer affects the rest of the system.

Eb,(2) = Ep"™ — gAg + ExE (10)
AG', (2) = AG"™ — gAp + EXS (11)

Here z represents the one-dimensional axis perpendicular

Ef.bulk

to the interface. Ejj," " is the bulk defect formation energy as
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defined by eqn (1) and AG%E"”‘ is the Gibbs free energy of ion
species as defined in eqn (9). Ap = ¢(z) —p""'* is the electro-
static potential difference between the bulk and location z. Epy
and E%° represent the segregation energy of defect species to
the core layer and the adsorption energy of ion species in the
Stern layer, respectively. In this work, we considered the
adsorption free energy only for H' and OH™ ions, which are
the two dominating ion species in the related chemical environ-
ment. The adsorption free energies are 0.20 eV for H' and
0.15 eV for OH™ as found in our ab initio molecular dynamics
(AIMD) study of the ZrO,(111)/water interface, and the Stern
layer width is taken as 3 A as read from the adsorption energy
profiles from our previous work.”® The atomistic model used
for the AIMD calculation is shown in Fig. 2. Defect segregation
energy at the ZrO, surface is neglected given that defect
concentrations in the solid are much lower compared to ion
concentrations in the liquid, and so the core charge should be
determined by the adsorbates from the liquid rather than
charged defect segregation from the solid. In addition, there
is no straightforward scheme for calculating the segregation
energy of oxygen vacancies on the ZrO, surface immersed in
water, as the vacancy site gets filled by water during the MD
sampling. We also note that this definition of Ef,(z) and
AGT,(2) is closely connected to the electrochemical potential
of charged defects,"”* which should be constant throughout
the system when equilibrium is reached. This connection has
been discussed in detail in the ESI,} Section S3 of our previous
work.>®

Eqn (10) and (11) can be plugged back into eqn (6) and
produces the local charge density p

p(z) = _qlD)(z) + [h](z) - [e](2)

(12)

where the [e] and [h] are taken as zero in water as there is no
free electrons or holes in the water solution.
With these definitions, we can solve Poisson’s equation that
governs the electrostatic potential distribution.
p(2)

FoC)_ o) )

dz? g

y[110]
(L— 2[111]

x[101]

View Article Online
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& and ¢, are the permittivity of vacuum and relative permit-
tivity of the host material. Here &, of ZrO, is taken as 20°% and ¢,
of H,O as 80, respectively, assuming that the dielectric con-
stant does not change spatially at the interfacial zone. Eqn (13)
is solved with the boundary conditions

d¢p
&bzo = (14)
d¢.

E‘::L =0 (15)

Here z = 0 and L represents the two ends of the simulation cell,
ie. bulk oxide and bulk water. At the interface, @poundary 1S
determined by the global charge neutrality constraint

L
J p(z)dz=0 (16)

0
while satisfying the continuity of the displacement field.

A detailed description of the solution scheme is provided in
the ESI,f Section S3.

I1l. Results and discussion

In this section, we apply the described framework on the
interface between doped-ZrO, and water. This model system
is of interest in ZrO, passive films that form on zirconium
alloys due to corrosion in water.>* In particular, we look into
oxygen and hydrogen incorporation into the ZrO, passive film
as a function of varying pH values and doping concentrations.
We divide this section into four parts. First, we show the
predicted water chemistry with dissolved ZrO, at varying pH
values and benchmark the prediction with experimental mea-
surements at room temperature. A good agreement is reached
between the predicted and experimentally measured ZrO,
solubility. Second, we examine the electrostatic profiles across
the ZrO,/water interface with changing pH. We compare the
resulting point of zero charge with the experimentally mea-
sured values. Third, we discuss the implication of these results
in the context of the kinetics of zirconium alloy corrosion by
examining the effect of different alloying elements on the
surface space charge layer. We conclude that by including

Fig. 2 m-ZrO, (111)/water interface as modeled in ab initio molecular dynamics (AIMD) simulations for calculating the surface adsorption energies of H*
and OH™ ions. The white, red, and green spheres represent hydrogen, oxygen, and zirconium atoms, respectively.
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surface space-charge effect, we can explain the experimentally
observed inverse relationship between the hydrogen pickup
fraction and oxidation kinetics observed for zirconium
alloys® and the effect of different dopant elements. Finally,
we discuss the possible improvements and extensions of the
current model.

A. Water chemistry with dissolved ZrO,

Following the method described in Part IIB, we predict the
equilibrium ion concentrations in water with dissolved ZrO,.
Here, Zr-related species are not predicted by considering any
specific dissolution reaction equilibrium, but by including
their formation free energies following the grand-canonical
representation. In Fig. 3(a) we list the specific Zr-related species
included in this work and plot their equilibrium concentrations
with varying pH values. Looking closely at water chemistry, the
dominant ion species across the pH range are either HB or
AOH, with B" and A~ being the fictitious ion representing
controlled additives (for example, Na* and Cl™). With negligible
B" or A additives (<10~7 mol L"), The pH of water remains at
7. The value of this model is the ability to obtain the concen-
tration of Zr-related ion species as a function of pH. In the
intermediate pH range (2-13), ZrO, does not dissolve signifi-
cantly in water and the dominant dissolution species is
Zr(OH),. In the strong acidic regime, we observe a rise of
solubility in the form of Zr** and in the strong alkali regime a
rise of Zr(OH)s”".

Adding up the concentrations of Zr-related species in
Fig. 3(a), we arrive at Fig. 3(b), which predicts zirconium
solubility in water as a function of pH. We compare our
prediction with experimentally measured values.’® It should
be noted that the detection limit of the experiment cited here is
about 10~® mol L™* and the measured points around this value
are likely to be over-estimating the solubility. Our key observa-
tion is that the predicted transition point in the acidic regime
where ZrO, begins to dissolve significantly matches well with

(a)

0.0T 0
55 oH- — H Zr**  Zr(OH)y  Zr(OH)2-
2. — on-
— -2

- =0 — zrow3+

g -7.5 Zr(OH)2 | — i:tg:;g* E —4

~ 4

) -10.0 — zioM2- 5

E = -6

S—12.5 —— Zr(OH)fs S

(2]

o AN\ /Y e A+ ) -]
-15.0 B- _8 o [
-17.5
-20.0 -10

0 2 4 6 8 1012 14
pH
Fig. 3

View Article Online

PCCP

the experiment. In this regime our predicted solubility also
reaches quantitative agreement with the experimentally mea-
sured values. This predictive model is useful for a low-solubility
material system where it takes months to reach equilibrium
state and hard to get accurate measurements experimentally.>®
In addition, it provides insight into the concentration of each
dissolution product. With this validation of water chemistry
with dissolved ZrO,, we can further combine this information
with bulk defect chemistry of ZrO, (details in ref. 37 and ESL,
Section S4) and obtain the redistribution of these charged
species near the interface, which is presented in the following
sections.

B. Electrostatic profile across ZrO,/water interface with
changing pH

In this section we closely examine the resulting electrostatic
profile across the ZrO,/water interface and look at how the
profiles change with pH. A closely related validation criterion
here is the predicted point of zero charge, the pH level at which
the total charge density on the surface reaches zero. In Fig. 4,
we first look at the redistribution profiles in water solution with
pH = 7. We observe that there is a potential built-up of 0.7 V
across the interface, accompanied by the enrichment of
negatively charged defects on the ZrO, side and positively
charge ions (H') on the water side. This is also reflected in
Fig. 4(c), where we observe a negative charge built up in ZrO,
and positive charge built up in water near the interface. The
negatively charged defect species in ZrO, are mainly hydrogen-
related defects, for example H,,, and H/z;. All other types of
native defects have very low concentrations in the intrinsic,
undoped ZrO,. In the Stern layer, the built-up effect is more
significant given the higher adsorption energy of H" compared
to OH . In this case of pH-neutral water, we observe an 8-order-of-
magitude increase in the H' concentration in the Stern layer
compared to bulk water, which is consistent with previous
AIMD observation, which also predicts significant H" adsorption.>

(b)

0 2 4 6 8 1012 14
pH

(a) Predicted water chemistry in equilibrium with ZrO, as a function of pH at room temperature. pH control is realized by adding fictitious A* or

B~ ions into the system (for example, Na* and Cl7). (b) Calculated zirconium solubility in water as a function of pH (black line) in comparison with

experimental measurements (red squares).>® Concentrations below 1078 mol L™ are beyond the measurement precision. Transition in the slope of the
curve corresponds to a change in the dominant Zr-related species in water, going from Zr** (acid conditions) to Zr(OH), (neutral conditions) to Zr(OH)e®~
(alkali conditions).
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Fig. 4 (a) Electrostatic potential ¢, (b) concentration of charged species [D9] and (c) charge concentration p across the ZrO,/water interface at pH = 7

and oxygen-rich conditions. The interface is placed at z = O with the left side being ZrO, and the right side being water. H* and OH™ concentrations in the

Stern layer are explicitly marked with squares.

The multi-scale model enables us to quantify the concentration of
surface adsorbates and how they change with pH and solid defect
chemistry.

At the point of zero charge, there is no potential built-up in
the diffuse layer. The space layer is negatively charged, which is
compensated by surface adsorbates in the Stern layer alone.
In other words, segregated defects and specifically-adsorbed
ions add up to a charge-neutral ZrO, surface. In Fig. 5(a) we
show the electrostatic potential profile with varying pH values
of the water solution. Changing pH influences the electrostatic
profile in two ways. First, increasing pH corresponds to a
higher Fermi level in water, and thus a larger potential differ-
ence on the two sides. This change is clearly demonstrated in
Fig. 5(a) if we compare ¢ in the bulk region of the two sides.

(a)

—

1.0

0.8

s 0.6

0.4

LoNOULTh W

0.2

0-0350 —100 0
z (nm)

100 200

Fig. 5
point where the potential drop reaches zero corresponds to PZC.
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Second and more importantly, varying pH changes the total
charge in the Stern layer. At lower pH and higher H" concen-
tration, the magnitude of H' segregation is much greater
compared to OH ™ and therefore the Stern layer could effectively
screen the negative charge of ZrO,. The combination of both
effects leads to a flip of sign in @gisruse, the potential drop in the
diffuse layer, at pH = 4. The potential drop in the diffuse layer
as a function of water pH is plotted in Fig. 5(b). At the point
where ¢qirruse = 0, the negative charge on the ZrO, side is
completely compensated by the positive charge in the Stern
layer and the surface is effectively charge neutral. In our model,
this predicted PZC is at pH = 4.1.

Experimentally, reported values of PZC of ZrO, are somewhat
scattered, ranging from 3.9 (303 K),%” 5.5 (room temperature),>®

(b)

pH
A<l)diffuse (V)
e o e o
(o) = [ N
] o w o

=
o
S

(a) Electrostatic potential profile with varying pH values of water solution. (b) Potential drop in the diffuse layer A¢gitruse @s @ function of pH. The
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6.5 (298 K),>° to 8.5 (measured at room temperature with high
temperature treatment of the sample).®® One possible explana-
tion of this scatter is that the measured PZC changes with the
background electrolyte concentration.’” It has been observed
that when using NaNO; as the background electrolyte, PZC of
ZrO, increases with increasing NaNO; concentration, from 3.6
with 0.001 M NaNOj; to 4.2 with 0.1 M NaNO;. This indicates a
favored adsorption of NO;~ compared to Na’. In the modeling
framework of our work, we assume no specific adsorption of
the background electrolyte species other than electrostatic
interaction. Therefore, we expect that the predicted value is
lower than the realistic values in the presence of adsorption of
ions other than H" and OH™ in the Stern layer. Based on this
discussion, we believe that it is reasonable that our predicted
PZC value falls in the lower range of the experimentally
measured values.

C. Effect of dopants and implication for zirconium alloy
corrosion kinetics

In Section B, we have examined the influence of water chem-
istry on the interfacial potential and concentration profiles
systematically. In this section, we investigate the effect of
doping in the solid side. One key strength of using the grand
canonical description of charged species is that it is straightfor-
ward to add defect species into the model without enumerating
all possible defect reactions. To demonstrate this capability and
to address the engineering problem of oxygen and hydrogen
incorporation into zirconium alloys via the passive zirconium
oxide film, we applied this model to differently-doped ZrO, and
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examined the subsequent changes in the space charge layer
profile. Four types of dopants are studied, Cr and Fe in a
mixture of 3+, 4+ and 5+ oxidation states, Sn in dominantly
4 +, and Nb in dominantly 5+ state. These dopants are all
common alloying elements in commercially used zirconium
alloys® and the bulk defect chemistry of ZrO, doped with these
elements has been carefully studied in our previous work®” and
subsequently validated by the experiment.®® We fix the bulk
doping concentration to be 10 ppm, which is representative of a
realistic impurity concentration in ZrO, grown natively on a
zirconium alloy.> After doping the bulk of the solid, the electric
double layer and space charge layer profiles are solved self-
consistently to achieve global charge neutrality. The resulting
surface defect concentration profiles are shown in Fig. 6. The
corresponding potential profiles can be found in the ESI,7
Section S5.

In all cases, the surface remains negatively charged at pH =
7, meaning that negatively charged defect species accumulate
in the space charge region of the ZrO, surface, while positively
charged species deplete. In Sn-doped ZrO,, since Sn exists
dominantly in the form of neutral Sny;, the dopant has little
effect on either the bulk defect chemistry or the charged defect
redistribution. The effect of aliovalent dopants is more compli-
cated. In the case of Cr and Fe, we observe a mixture of My,

(5+ valence state), My, (4+ valence state), and M, (3+ valence
state). Under oxygen rich conditions at room temperature,
chromium exists in ZrO, in approximately equal concentration

of Cry, and Cr/Zr, with a far lower contribution from Cry,. Iron

(b) Fe-doped
1072 T T

1074 - !
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Fig. 6 Defect redistribution in the space charge layer of doped-ZrO, in contact with water under standard hydrogen electrode (SHE) conditions. Various
dopants are shown for comparison with (a) Cr-doped, (b) Fe-doped, (c) Sn-doped, and (d) Nb-doped. For each dopant, a fixed doping level of 10 ppm in
bulk is considered. Defect M in each figure represents the corresponding metal dopant.
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exists dominantly in the form of Fez,, with less contribution
from the 3+ valence state compared to chromium. In other
words, despite that the dopant concentration is fixed to 10 ppm
in bulk, Cr contributes more negatively charged doping species
compared to Fe. This is reflected in both the length and the
potential of the space charge layer profile. Because Cr contri-
butes effectively more charged defect concentration, the space
charge layer length is significantly shortened. The magnitude
of space charge effect follows a monotonically decreasing trend
going from Cr to Nb. Cr and Fe decrease the Fermi level of ZrO,
and therefore increases the Fermi level difference between ZrO,
and water. The converse is true for Nb where only about 0.2 eV
built-up potential is found on the ZrO, side.

To study the effect of these dopants on oxygen and hydrogen
incorporation in ZrO,, in Fig. 7 we compare the concentration
of related defect species in bulk (dashed line) and at surface
(solid line) for differently doped ZrO,. In Fig. 7(a), we show the

concentrations of H; and Oi”, which are representative of
hydrogen and oxygen diffusion kinetics in ZrO,. Note that the
concentration of oxygen vacancies under oxygen rich condi-
tions is negligible, hence the focus is on oxygen interstitials. We

observe a monotonic decrease in Hf and increase in Oi” going
from acceptor dopants to donor dopants, which results from
the corresponding increase in the Fermi level. A similar trend is
observed for electrons and holes (Fig. 7(b)). Since the dominat-
ing electronic defect under this condition is always holes, 5+
dopants (Nb) contribute to decreasing electronic conductivity.
Fig. 7(c) shows the total hydrogen solubility in bulk ZrO, and
local hydrogen solubility at the surface. In bulk we observe a
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valley shape curve as shown in our previous work.>” On the left
branch of the valley the dominant charge compensation
mechanism is M'Zr with positively charged hydrogen defects,
H{ and Hsz°. On the right branch of the valley the dominant
charge compensation mechanism is Mg with negatively
charged hydrogen defects, ng’ and le/zr Due to the sign change
of the dominant hydrogen defect species, the effect of the
surface space charge layer on local hydrogen concentration is
reversed. For Cr- and Fe-doped ZrO,, positively charged hydro-
gen defects are depleted in the space charge layer, leading to
reduction in the surface hydrogen concentration. For Nb-doped
Zr0O, the trend is reversed, and surface hydrogen concentration
is increased. The H" adsorption effect also follows a monotonic
decreasing trend due to the decreasing magnitude of the built-
up potential on the water side going from Cr to Nb (Fig. 7(d)).
With varying dopant concentrations, these conclusions remain
qualitatively unchanged. Results with a changing doping level
can be found in the ESI,} Section Sé6.

The above analysis, though conducted at room temperature,
provides implications to oxygen and hydrogen incorporation
kinetics in ZrO, at high-temperature (~600 K) operating con-
ditions. We predict that Nb decreases hydrogen diffusivity by
decreasing the concentration of interstitial protons. Additionally,
Nb increases the free electron concentration, which reduces the
amount of hydrogen incorporated into the ZrO, matrix.*” This
effect is accompanied by increased oxygen diffusivity due to the
increase in oxygen interstitials in Nb-doped ZrO,. This observation
is consistent with the findings of corrosion experiments where
high oxidation rate and low hydrogen pickup rate are observed in
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Fig. 7 Comparison of the surface (represented by the solid line and circles) and the bulk concentration (represented by the dashed line and squares) of
species related to oxygen and hydrogen incorporation in the differently doped ZrO,: (a) H and O, (b) free electrons and holes, and (c) total
concentration of hydrogen. (d) H* and OH™ in bulk water and at the interface. All calculations are carried out at pH = 7 and oxygen rich conditions.
Dopant concentrations are fixed to 10 ppm in the bulk. Doping label Zr represents undoped ZrO,.
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Zr-Nb alloys in comparison to pure zirconium and Nb-free zirco-
nium alloys.>® For zirconium alloys containing Fe, Cr, and Sn, the
situation is more complicated because these dopants can exist
both in dissolved form and in precipitates. Experimental evidence
has shown that these elements influence the degradation rate
through a coupled chemical and mechanical mechanism.®>® The
space-charge profiles presented here contribute to the decoupling
of these effects. Given the above analysis, we conclude that both
the water chemistry and the solid-state defect chemistry contribute
non-negligibly to the surface space charge effect. On one hand, the
water pH determines the specific adsorption of H' ions in the
Stern layer, which is the major contributor for screening the
surface charge, as shown in the point of zero charge analysis in
Fig. 5. On the other hand, the bulk defect chemistry of ZrO,
controls the solubility of hydrogen as well as the concentrations of
electronic charge carriers. Only by solving for the redistribution
profiles self-consistently can one obtain a correct description for
the surface potential and chemical composition, which governs
the surface charge and ionic transport. In order to accurately
predict the reaction and transport kinetics at a solid/water inter-
face, it is important to consider the water chemistry and the solid-
state defect chemistry in a holistic manner. While existing meth-
ods generally consider only one of the two factors, the current work
provides a systematic approach for explicitly including both water
chemistry and defect chemistry in predicting interfacial space
charge profiles, which is an important step in establishing fully
first-principles based models for electrochemical interfaces.

V. Conclusion

In this work we present a first-principles based computational
framework for modeling charged species redistribution at a
solid/liquid electrochemical interface. The method uses a unified
grand canonical description for ion species in water solution and
charged defects in a solid oxide material. This approach allows for
facile survey of different water and oxide chemistries. The applica-
tion of this model on the monoclinic ZrO,/water model system
yielded consistency with experimental measurements in terms of
predicting the ZrO, solubility limit in water and the point of zero
charge of monoclinic ZrO,. We also investigate how the interfacial
charged defect profiles change with various dopants in ZrO, and
examine their effect on the corrosion dynamics of zirconium
alloys. By self-consistently considering both bulk defect chemistry
and the space charge effect, we show that donor-type dopants, as
exemplified by Nb, increases oxygen diffusivities while limiting
hydrogen incorporation, leading to a trade-off between the oxida-
tion rate and the hydrogen pickup fraction for passive layer
growth. This framework allows for thermodynamic modeling of
the oxide/water interface with varying defect chemistry and water
chemistry and is useful for discovering engineering strategies of
electrochemical interfaces.
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