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ABSTRACT: Electrode potential—pH (Pourbaix) diagrams provide a phase map of the
most stable compounds of a metal, its corrosion products, and associated ions in solution.
The utility of these phase diagrams is that they enable the assessment of electrochemical
stabilities, for example, of Ni metal and its derived oxides, hydroxides, and oxyhydroxides,
against corrosion in aqueous environments. Remarkably, the Ni Pourbaix diagrams
reported over the last 50 years are largely inconsistent with various electrochemical
observations, which may be attributed to inaccurate experimental free energies of
formation (A{G) for the complex Ni-based compounds used in producing the available
diagrams. Here we show that state-of-the-art density-functional theory (DFT) can be used
to obtain accurate A¢G values, which lead to Ni Pourbaix diagrams that are more

consistent with direct electrochemical experiments: Electrochemical impedance spectros-
copy and surface-enhanced Raman spectroscopy are used to characterize the electrochemical stabilities of NiO and Ni(OH),
formed on Ni, demonstrating the reliability in correction-free first-principles based Pourbaix diagrams. Our results show the
importance in applying modern density functionals in combination with experimental advances in aqueous environment
compound identification for assessing electrochemical phase stability of materials, which will be useful for the design, synthesis,
and selection of corrosion-resistant metals, photoabsorbers, and photocatalytic materials.

B INTRODUCTION

The electrochemical stabilities of materials can be described by
their Pourbaix diagrams,'~"" which present phase equilibria
with respect to electrode potential and solution pH (hydrogen
ion activity). First established by Marcel Pourbaix, his atlas of
potential—pH diagrams' offer a visual representation of the
thermodynamic oxidizing and reducing abilities of the major
stable oxides, hydroxides, and oxyhydroxides of an element or
metal and are used frequently in geochemical and corrosion
applications to understand the effects of chemical substitution
or addition on phase stability. In the original construction, these
diagrams are “calculated” from standard Gibbs free energies of
formation, AG’s, following thermodynamic equilibrium
relationships (including Nernst equations, with a given
aqueous-ion concentration) over the interested ranges of
electrode potential and solution pH.

Pourbaix diagrams for multicomponent compounds are
exceedingly complex to simulate and experimentally even
more challenging to generate. Simple metals are often equally
challenging even in technologically critical transition metals
such as Ni, for which various Ni-based alloys, oxides,
hydroxides, and ceramics are widely utilized; these compounds
exhibit superior mechanical, thermodynamic, electrochemical,
electronic, and/or optical properties, which fulfill requirements
for biological implants,""™'* gas turbine components,>~"
irradiation-resistant nuclear alloys,lg’19 anode materials (e.g., for
solid oxide fuel cells,”®*" lithium-ion batteries,”>*® and
capacitors”*~*°), and photonic and electrochemical cata-
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lysts.”’~> In all of these applications, the electrochemical
stability is a critical factor determining the performance and
lifetime of the involved Ni-based materials, especially when
operating in aqueous or humid environments.

Ni Pourbaix diagrams have been simulated many times over
the last 50 years,"”"~*> where the experimental AG’s are used.
However, none of these Ni Pourbaix diagrams are consistent
with various electrochemical observations; e.g, NiO and/or
Ni(OH), should be stable at pH §5—15,2472629357% yhile, in
those simulated Ni Poubaix diagrams with a moderate aqueous
ion concentration ([I] = 107® mol/L), Ni(OH), is only stable
at pH of 9-13."°%°" These failures have important
consequences because solutions with pH > 13 are critically
important for the synthesis, characterization, and application of
Ni (hydr)oxides.”* >***#3735*" Fyrthermore, solutions with
pH < 9 are also used to synthesize Ni(OH), from Ni metal
using a recent dissolution—precipitation approach.*” For these
reasons there is a clear technological motivation for possessing
accurate Ni Pourbaix diagrams. The apparent inconsistencies
suggest inaccuracies in the experimental A(G’s and the resultant
Ni Pourbaix diagrams derived from them. Beyond the veracity
of the experimental reference energies, these observations
further beget the question as to how to assess the accuracy of
first-principles computed Pourbaix diagrams. Should they be
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compared to experimentally derived electrode potential—pH
diagrams or rather to direct measurements of electrochemical
stabilities?

In the experimental determination of thermodynamic data
(e.g, A(G’s) for oxides, the combustion heats measured at high
temperatures are required,”’ where probable measurement
error, mass loss, and sample contamination (e.g., by impurities
and defects) may cause inaccuracy.” The atomic bonds in NiO
are not very strong, as it has a relatively small A(G (—1.1 eV/
atom at 298.15 K"*°), only about one-third of those of, e.g.,
TiO,, Cr,0;, and AL,O;.**" Thus, a high concentration of
defects in NiO is unavoidable at high temperatures, which is the
reason why as-grown NiO samples obtained by the flame-fusion
method have a blackish color rather than a greenish color for
pristine NiO.* The experimental A;G of Ni(OH), is derived
from its pH-dependent solubility in experiment,*~** which is
also applicable to NiO,"” and the accuracy may be influenced by
some experimental processes (e.g, solution filtering*’) and
kinetic factors (e.g., finite reaction rate and uncertain degree of
hydration). The AG’s (i.e., chemical potential 4') for aqueous
ions, e.g., Ni*" and Ni*", are determined from their oxidation or
reduction potentials in solution®” and can be measured with a
relatively high accuracy. Thus, the standard chemical potentials
(ub) for numerous aqueous ions are well archived in many
databases.””"

Here, we show that state-of-the-art density-functional theory
(DFT) can be used to calculate accurate AG’s for Ni
compounds (oxides, hydroxide, and oxyhydroxide), which
results in reliable Ni Pourbaix diagrams that are systematically
consistent with various electrochemical observations in recent
decades. We further perform electrochemical impedance
spectroscopy (EIS) and surface-enhanced Raman spectroscopy
(SERS) measurements to characterize the Ni metal exposed to
various buffer solutions (pH 2.9—14). The confirmed electro-
chemical stabilities of NiO and Ni(OH), formed on Ni are
similar to those predicted from our updated Ni Pourbaix
diagrams. These results call into question the meaningfulness of
directly assessing the accuracy of DFT-calculated Pourbaix
diagrams—and whether or not ad hoc corrections are required
to reproduce experiment—against experimentally derived ones,
especially in cases where the compounds of interest exhibit
poor stability and thus possibly high experimental uncertainty
in the formation energies. We finally perform probability
analyses, which quantitatively reveal the blurring of phase
boundaries and the existence of a multiple-phase domain.

B METHODS

Computational Approaches. DFT calculations are carried
out using the Vienna ab Initio Simulation Package®” utilizing
the projector augmented-wave method®** with valence
configurations of 3d%s* for Ni, 2s*2p* for O, and 1s' for H
and a planewave cutoff energy of 600 eV. The HSE06°>°°
hybrid density-functional is used to treat electronic exchange
and correlation. Two sets of reciprocal grids (k' and k”) are
required to describe the nonlocal electronic exchange potential
in HSE06. The grid-point spacing in the k’ grid is $27/20 A™/,
resulting in an energy convergence of <2 meV/atom.
According to the screening length of ~9.4 A for the nonlocal
potential in HSEQ6, the spacing in the k” grid is set to ~27/9.4
A", The vibrational frequencies and free energies are calculated
using the PHONOPY code,”” where the small-displacement
method®*” is used (displacement amplitude = 0.03 A). The
PBEsol®”®" density functional is used herein to accurately
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obtain the vibrational energy.44’62 The initial structures are

obtained from the Inorganic Crystal Structure Database,” which
are fully optimized using both HSE06 and PBEsol. The
structural details can be found in the Supporting Information.
The energy and force convergence thresholds are 1077 eV and
1073 eV/A, respectively.

Ni metal and standard O, and H, gases (298.15 K, 1.0 bar)
are used as the references to calculate the free energies of
formation (A(G) of the Ni compounds. According to the
electrochemical reaction paths connecting all the considered
species, the relative chemical potentials (Ay’s) under any
electrochemical condition may be calculated using the Nernst
equations (see the Supporting Information). The equilibria
domains are determined by comparing the Ap’s among the
considered species over the specified electrochemical phase
space (Esup € [—2, 3] V and pH €[-2, 16]), leading to the
simulated Ni Pourbaix diagram. Additional details of the
procedure to generate the Pourbaix diagram are given in ref 44.

Samples and Solutions. Pure Ni (99.99 wt %) samples are
prepared using standard metallographic techniques to 1-um
surface finish. Multiple solutions of various pH values (2.9, 4.9,
5.4, 8.4, and 14) of interest are used, where the solutions of pH
4.9, 5.4, and 8.4 are pH-buffered. The initial solutions at pH 2.9,
4.9, and 5.4 are made with [Ni**]’s at 1075, 1073, and 10~* mol/
L, respectively, using NiCl, addition, whereas the Ni2*
concentration at pH 8.4 and 14 are not controlled. Details
about the specific chemistry of the solutions can be found in the
Supporting Information. The solution chemistry is critical, but
highly difficult to control especially at the interface of a
corroding surface, and is a necessary component of our study.
The complexity and variation in solution chemistry arise from
the need to control the pH and [Ni**] at various electro-
chemical conditions. The usages of sulfate, citrate, borate, and
triethylamine all depend on achieving the proper pH and Ni**
buffering chemistries, which depend on pH, [Ni*'], and
composition of solution. All solutions (with the exception of
pH 14) are deaerated by bubbling 99.999% N, gas for 1 h in
the electrochemical cell prior to testing. N, gas bubbling
persists throughout testing to maintain deaeration.

EIS Measurements. Electrode potential (E), pH, and
[Ni**] control are used in combination with electrochemical
impedance spectroscopy (EIS) to detect (hydr)oxides at
various E—pH conditions. A standard three-electrode electro-
chemical cell sealed with a knife-edge polytetrafluoroethylene
(PTFE) ring (exposed area = 0.8 cm?), with a platinum-mesh
counter electrode, is used with saturated calomel or mercury/
mercurous sulfate (saturated K,SO,) reference electrodes.
Experiments at pH 14 are performed in a PTFE cell. Electrode
potentials are reported in Egye. A Gamry Interface 1000
impedance-capable potentiostat is used to control potential for
all electrochemical experiments.

The sequence of electrochemical experiments is as follows:
for solutions of pH 2.9, 4.9, and 8.4, cathodic polarization
(oxide reduction), followed by anodic (oxide formation)
potentiostatic EIS (10 mV RMS); for solutions of pH 5.4
and 14, a 1 h anodic polarization is included prior to EIS.
Potentiostatic cathodic reduction is performed at —1.76 Vg in
an attempt to reduce air-formed oxides. Anodic potential hold
and potentiostatic EIS potentials used here are +0.24 Vg for
solutions of pH 2.9, 5.4, and 8.4, and 0.00 Vg for solutions of
pH 4.9 and 14.

Raman Spectroscopy. Raman spectroscopy is performed
ex situ using a 532.06 nm laser with 180° backscattering
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Figure 1. Density-functional theory (DFT) and experimental (Expt) thermodynamic energies and Ni Pourbaix diagrams ([I] = 107 mol/L, 298.15
K, 1.0 bar). (a) The Expt AG’s are collected from various databases.”**" (b, c) The measured oxidation potentials (blue triangles) and stability
ranges (cross-capped dotted blue lines) of Ni(OH), and NiO are indicated; The two parallel inclined lines (blue, broken) indicate the potentials for
the oxidation (2H,0 — O, + 4H" + 4e”) and reduction (2H,O + 2e~ — H, + 20H") of water. In (b) the phase domain for the metastable

Ni(OH), is also indicated by red dashed lines.

geometry on both controls and nickel electrodes tested at
various potentials and pH values. Standard NiO and Ni(OH),
powders are cold-pressed into pellets for control Raman
investigations. Surface-enhanced Raman spectroscopy (SERS)
is facilitated where appropriate by ex situ deposition of Ag
nanospheres on nickel electrodes post experiment. Electro-
chemically tested samples are transferred to a solution of 1 mM
AgNOj; and 1 mM HNOj and subjected to a cathodic potential
of —0.36 Vgyg. Depositions are terminated at charges found to
yield optimal Raman signal enhancement, typically —20 mC/
cm?. This deposition procedure follows Oblonsky and Devine’s
work.”* Between all transfers, samples are rinsed with deionized
water and dried with compressed lab air. The air-formed oxide
arising from air transfer to ex situ Raman studies is investigated
as a control. Preapplied and postapplied SERS show no
difference in air-formed oxide spectra.

B RESULTS AND DISCUSSION

Energetics and Pourbaix Diagrams. Figure 1a shows the
free energies of formation, AG, for the Ni compounds at the
standard condition (298.15 K, 1.0 bar) obtained from both our
DFT calculations and previous experimental estimation,"*”*"
as well as the DFT electronic formation energies, Ag. To
calculate A using DFT, only the electronic energies of the Ni
compounds (oxides, hydroxide, and oxyhydroxide) and
reference species (Ni metal, O, molecule, and H, molecule)
are used, while to calculate AG, we additionally include the
DFT vibrational free energies, as well as the molecular
translational and rotational free energies in standard O, and
H, gases measured from experiment.”’ We note that the
HSE06 (refs S5, 56) hybrid-density functional used here for A
includes the screened nonlocal exact electronic exchange
interaction, which improves the accuracy of the calculated
electronic structure of solids,% especially transition-metal
compounds with localized d electrons.“”®" The PBEsol®”®!
functional is used to obtain the vibrational free energies, which
is both efficient and accurate in capturing various thermal
effects.***

The DFT A(G’s are higher than the corresponding A«’s by
<0.25 eV/atom (Figure la), quantitatively showing the
importance of the vibrational, translational, and rotational free
energy contributions required for accurate thermodynamical
simulation. More numerical details about these energies are
listed in the Supporting Information. The DFT and
experimental (Expt) AG’s exhibit the same qualitative chemical
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trend; e.g, the oxide A/G increases with O content, and
Ni(OH), has a lower A;G than NiOOH. However, we discern a
discrepancy of <0.30 eV/atom between these two groups of
AG’s, which may result in remarkably different electrochemical
stabilities of these Ni compounds as we show next.

In the simulation of Ni Pourbaix diagram, the chemical
potential of a solid Ni compound (4°) equals its A;G, and the
concentration-dependent aqueous-ion chemical potential (u')
is calculated using y' = py + RTIn([I]), where R is the gas
constant and u§ is the chemical potential of ion I at the
standard condition (298.15 K, 1.0 bar, 1.0 mol/L, and pH 0).
The py’s for the considered aqueous ions (Ni**, Ni**, NiOH",
Ni(OH)3, and Ni(OH)2™) are obtained from various
experimental databases.”””*”>" In solution, [I] normally varies
between the orders of 107® and 107* mol/L,***® and a
moderate [I] of 107% mol/L is considered in this section.
Results with variable [I] will be discussed in the next section.
The relative electrochemical stabilities between the involved
solids and aqueous ions at any solution pH and electrode
potential Egyp (referring to the standard hydrogen electrode)
are described by the chemical potentials of reaction (Au’s) for
the reaction paths that connect all the considered species (see
the Supporting Information). The determination of the phase
equilibria at any pH and Egyg according to the calculated
Ap(pH, Egyp)’s leads to a Ni Pourbaix diagram, as shown in
Figure 1b or Ic.

The DFT Ay of NiO is lower than that of Ni(OH), by 0.13
eV. For this reason, Ni(OH), would appear as a metastable
phase in the Ni Pourbaix diagram as indicated by the red text in
brackets in Figure 1b, and the phase domain (red dotted lines)
appears when the more stable NiO is excluded in the
simulation. The calculated stabilities of NiO and Ni(OH),
against dissolution (into Ni**), oxidation (into NiOOH), and
reduction (into Ni) are clearly demarcated by their phase
domains in Figure 1b. Moreover, NiO and Ni(OH), are stable
at pH 2 5.0 and 6.1, respectively, below which they will
dissolve into Ni** ions. They are also stable at any achievable
alkaline pH, when Egyy resides between the oxidation and
reduction potentials of water.

In stark contrast, upon using the Ap’s derived from the
experimental A(G’s, we find that Ni(OH), becomes more stable
than NiO by 0.08 eV on average, and Ni(OH), exhibits a
considerably smaller phase domain (than that in the DFT
diagram, Figure 1b) with two dissolution boundaries at pH 8.7
and 12.7 (Figure 1c). Furthermore, the two dissolution
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Figure 2. Calculated DFT Ni Pourbaix diagrams at different aqueous ion concentrations and experimental EIS and SERS measurements. (a, b) [I]
varies from 107% to 10™* mol/L. (c) Nyquist plots (voltage frequency @ = 10°~107> Hz) of the measured electrochemical impedances for the Ni
samples exposed to solutions at pH 2.9—14, and the inset zooms depict the pH = 2.9 result. (d) The measured pH-dependent IZI (w = 107 Hz) is
compared with the simulated dissolution boundaries of NiO/Ni(OH), using the DFT and experimental AG’s for Ni compounds, where the [I]
values of 107~107% mol/L and those not controlled (n.c. [I] values) are also indicated. (e) The Ni samples exposed to air and solutions (pH 2.9—
14) are measured using SERS, and the standard NiO and Ni(OH), samples are measured by standard Raman spectroscopy, where the Raman peaks
from NiO, Ni(OH),, air-formed NiO, and unclear sources are labeled by squares, circles, triangles, and stars, respectively. Four shaded regions (I, II,

111, and IV) are considered in our analysis.

boundaries of the metastable NiO at pH 9.1 and 11.9 (not
shown) significantly differ from those obtained at the DFT
level. Although Ni(OH), is more frequently reported in
experiment,”*~***”° NiO and Ni(OH), probably coexist in
many electrochemical experiments®®™*’ due to their close Ay’s
and the fact that it is challenging to completely differentiate
them using conventional experimental methods (e.g, Raman
spectroscopy).”” Importantly, NiO, Ni(OH),, or the “NiO +
Ni(OH),” complex is observed to be stable at pH 5—14.8 in
numerous experiments,24_26’29’33’34’36_40 where pH 14.8
corresponds to the highest alkaline solution ever reported.
These observations are much more consistent with the phase
domains of NiO and Ni(OH), obtained from our DFT-derived
Pourbaix diagram based on calculated AG’s (Figure 1b)
whereas the Pourbaix diagram constructed from experimental
AG’s (Figure 1c) shows that the phase domains (electro-
chemical stabilities) are largely underestimated and do not
persist up to such high alkalinity. Furthermore, the average
oxidation potentials for the Ni(OH), — NiOOH transition
measured in different solutions™*~>%**3337% 450 reside
around the phase boundary of Ni(OH), in our DFT Pourbaix
diagram. In contrast the oxidation potential for Ni(OH), is
systematically lower than the measured ones by ~0.4 V, and the
oxidant NiOOH is replaced by Ni;O, and Ni,Oj; that have large
phase areas in the experimental Pourbaix diagram (Figure Ic).
It should be noted that some kinetic factors may contribute to
the scatter in the experimental data for the Ni(OH), —
NiOOH oxidation potential (Figure 1b and c); e.g, the
oxidation potential is dependent on the electrode-potential scan
rate used in the electrochemical cycling measurements.”*~>°
Furthermore, the Ni(OH), samples measured in those
experiments correspond to the disordered hydrous a-Ni(OH),,
and after a long-term aging or electrochemical cycling, it will
slowly transform into the more stable crystalline anhydrous (or
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less hydrous) S-Ni(OH),”******""! that is calculated here.
Thus, it is reasonable that the f-Ni(OH), - NiOOH oxidation
potential in the DFT Pourbaix diagram is slightly larger (by
<0.3 V) than most of the a-Ni(OH), — NiOOH oxidation
potentials measured in experiment (Figure 1b).

Apart from the electrochemical stabilities of NiO and
Ni(OH), against corrosion and oxidation, additional exper-
imental phenomena also support our calculated relative
electrochemical stabilities between NiO and Ni(OH),. X-ray
photoelectron spectroscopy (XPS) experiments report that
NiO grows underneath the outer Ni(OH), layer during the
passivation processes of Ni and Feg;Ni surfaces in an alkaline
solution (1.0 mol/L NaOH),*® and NiO may grow faster than
Ni(OH), on CugoNi under a high enough electrode potential.*®
It also has been observed that when the NiO ratio in the “NiO
+ Ni(OH),” complex increases, the electrochemical stability of
the oxide also increases because the transition into NiOOH
becomes less favorable. These observations indicate that NiO
may have a higher thermodynamic stability than Ni(OH),
under various electrochemical conditions, while the earlier
formation of Ni(OH), may be due to its higher kinetic activity.
The thermodynamic conclusion is consistent with these
rankings from our DFT calculations, ie, Ap (NiO <
Ni(OH),), while the experimental phase diagram suggests a
reversal of these relative stabilities. In addition, it is also well-
known that heating can readily promote the Ni(OH), — NiO
transition; >+ ~263070
more apparent in electrochemical experiments with varying
temperature, where XPS may be used to characterize the phase
fractions of NiO and Ni(OH),, as well as their temperature
dependencies.

EIS and SERS Measurements. Aqueous ions, especially
Ni**, are not always measured or controlled in corrosion
experiments. However, the stabilities of Ni metal and

thus, their relative stabilities may become
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Table 1. Summary of our Experimental Findings, Comparing the Simulation Results Using the DFT and Expt A;G’s for Ni

Compounds”
pH Egue (V) [1] (mol/L) EIS
2.9 0.24 107° active dissolution
4.9 0.00 107 passive dissolution
5.4 0.24 107* passive dissolution
8.4 0.24 n.c. passive dissolution
14 0.00 n.c. passive dissolution

SERS DFT Expt
AF oxide Ni** NiZ*
AF + EF oxide NiO + Ni(OH), NiZ*
AF + EF oxide NiO + Ni(OH), Ni**

AF + EF (hydr)oxide
AF + EF (hydr)oxide

NiO + Ni(OH),
NiO + Ni(OH),

Ni(OH), + NiO + Ni**
Ni(OH);+ Ni(OH)}~

“At pH 8.4 and 14, the experimental [I]’s are not controlled (n.c.), and the moderate [I] of 1076 mol/L is used for those simulation results.

compounds against corrosion will be sensitive to [I]. Thus, the
variation of the Ni Pourbaix diagram with [I] requires a
quantitative understanding, and with this nuance, it also
becomes necessary to perform advanced electrochemical
experiments with precisely controlled [I]. Here, we use
electrochemical impedance spectroscopy (EIS) and surface-
enhanced Raman spectroscopy (SERS) to characterize the
formation of NiO and Ni(OH), on Ni samples exposed to
various buffer solutions (pH 2.9—14) with controlled [Ni**] as
appropriate.

First, the variations of the DFT Ni Pourbaix diagrams at
298.15 K with [I] ranging from 107® to 10~* mol/L are shown
in Figure 2a and 2b, which include the phase domains for the
stable NiO and the metastable Ni(OH), compounds,
respectively. It can be seen that at Egyy ~ 0 V, both NiO
and Ni(OH), are stable against dissolution in any alkaline
solution (pH > 7), except for the dissolution of Ni(OH), into
Ni(OH);™ ions at pH 214.9 and [I] = 107® mol/L (Figure 2b).
Note that pH = 14.9 and [I] = 107® mol/L correspond to a
highly alkaline and dilute solution, respectively, which is rarely
achieved in experiment. Thus, we can conclude that in any
alkaline solution, Ni metal tends to be protected by the
passivating NiO and/or Ni(OH), layer grown on surface. In
acidic solution, on the other hand, the dissolution boundaries of
NiO and Ni(OH), reside at pH 4.0—-6.0 and 5.1-7.1,
respectively, where the boundary pH increases by 1.0 with
decreasing [I] by 100 times. Such dissolution-boundary
variation with [I] is highly useful to understand the results
measured in our electrochemical experiments as we show next.

In an EIS measurement, the obtained impedance (Z) is a
complex quantity and depends on the voltage frequency (®),
which can be expressed as Z(w) = Z'(w) + iZ"(w) . When
there is a passivating layer formed on the surface of Ni metal, a
large Z is expected at low frequencies. The plots of the Z'—Z"
relationships, i.e., Nyquist plots, for the Ni samples exposed to
various solution pH (2.9—14) are shown in Figure 2c, where @
varies from 10° to 107 Hz, and Egyg is either 0.00 or 0.24 V.
Both Z' and Z” are negligibly small at high frequencies (e.g,,
10° Hz), and Z' generally increases with decreasing w, except
for the nonmonotonic Z' at pH 2.9 (Figure 2c, inset). The

variation of 1Z(w)l (=v/Z?* + Z") atalow w (1072 Hz) with
solution pH is shown in Figure 2d, which is compared with the
dissolution boundaries of NiO in both the Pourbaix diagrams
based on the DFT and experimental Ni compound free
energies of formations.

According to the small 1Zl at pH 2.9 (Figure 2c and 2d), we
can conclude that there is no stable oxide/hydroxide layer
protecting the Ni metal surface from active dissolution, which is
consistent with the results derived from both the DFT and Expt
A¢G’s (Figure 2d). With increasing solution pH, IZI
substantially increases between pH 2.9 and 4.9 and then
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persists at a high level above pH 4.9. This indicates that at the
controlled ion concentrations (107~1073), the dissolution
boundary of the passivating layer formed on Ni metal should be
at pH < 4.9. These EIS results are highly consistent with the
DFT NiO-Ni** boundaries residing at pH 3.5—5.0 (Figure
2d), whereas the Pourbaix diagram using the experimental AG
values predicts Ni(OH),—Ni** boundaries at pH 7.2—8.7 which
are considerably different from the EIS results.

The passivating layers formed on the Ni samples, which are
exposed to the considered solutions (see Table 1), are further
characterized using ex situ SERS, as shown in Figure 2e. To
understand the SERS results for the electrochemically formed
(EF) NiO and Ni(OH),, measurements using regular Raman
spectroscopy on standard NiO and Ni(OH), samples as well as
the SERS measurement on a Ni sample with air-formed (AF)
NiO are also provided for comparison. The most discernible
Raman peaks observed in NiO, Ni(OH),, and the AF NiO on
Ni are labeled by squares, circles, and triangles, respectively.
Although AF NiO has some common Raman peaks consistent
with the standard NiO, e.g, at 494 cm™, it also exclusively has
many distinct peaks, which may be due to the optical influence
from NiO—Ni and NiO—Ag interfaces or due to the SERS
technique itself. The origins for the peaks at 2400 and 2900
cm™}, labeled by stars, are unclear and may arise from residual
water molecules. Indeed, the measured SERS spectra are always
complicated by various possible factors, e.g., the (hydr)oxide—
metal interface,’””> presence of water molecules,”* and any
uncertainty in experimental sample morphology. Therefore, to
facilitate the phase identification and analysis of NiO and/or
Ni(OH), on Ni metal, we only focus on four frequency regions
(I, I, 1L, IV, as shaded in Figure 2e), where the different
electrochemically treated samples share common peaks.

In the SERS spectrum for the Ni sample exposed to solution
with pH 2.9, the main Raman peaks observed in the I-III
regions are similar to the corresponding peaks from the
standard and AF NiO. Also, the O—H stretching mode
observed in Ni(OH), at a high frequency (3800 cm™', IV
region) cannot be seen. Referring to the EIS results above, it is
clear that the NiO characterized here is spontaneously formed
in air and is not a consequence of the electrochemical process.
At pH from 4.9 to 14, the Raman peaks in regions I-III are
similar to those from the standard and AF NiO. As they are
clearly observed, both the AF and EF NiO are present. The O—
H stretching mode at 3800 cm™" becomes observable in the
Raman spectra for pH 84 and 14, where the other peaks
ascribed to Ni(OH), are also more obvious therein than those
at pH 4.9 and 5.4. This phenomenon can be explained using
our DFT Ni Pourbaix diagram presented in Figure 2b (i.e., [I]
=10"* mol/L), where the electrochemical stability of Ni(OH),
should be low at pH values of 2.9 or 4.9, close to or lower than
its dissolution-boundary at pH ~ 5.0.
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The experimental findings from our EIS and SERS
measurements are summarized in Table 1, which are compared
with the results derived from the simulated Ni Pourbaix
diagrams using DFT and experimental free energies of
formation. Considering that NiO and Ni(OH), have nearly
degenerate relative chemical potentials, Ay, both within our
DFT and extracted from the experimental energies, they are
always written together as possible coexisting passivating
species in Table 1 (e.g, the DFT results at pH > 4.9). When
the solution pH resides at a phase boundary, the equilibria
species of the adjoining domains are also included in Table 1
(e.g, the experimental results at pH 8.4 and 14). According to
the EIS and SERS measurements, Ni actively corrodes in the
solution at pH 2.9 ([I] = 107 mol/L) but will be passivated by
the EF NiO and Ni(OH), layers in solutions at pH 4.9—14 ([I]
= 107* ~ 107 mol/L or not controlled). Similar conclusions
can be derived from our DFT Ni Pourbaix diagrams, where the
“NiO + Ni(OH),” complex is stable at pH > 4.9. However, the
experimental Ni Pourbaix diagrams lead to largely under-
estimated stabilities of the “NiO + Ni(OH),” complex and
predict that Ni always actively corrodes except for a partial
passivation at pH 8.4 contrary to our electrochemical
measurements.

Phase Probability Analysis. Based on our accurate DFT
free energies and calculated Ni Pourbaix diagrams, we now
propose a useful electrochemical analysis approach based on
kinetically limited phase coexistence near the boundary. At any
phase boundary in a Pourbaix diagram, the thermodynamic
probabilities of the relavent species should vary continuously
between 0 and 1, resulting in a physically blurred boundary.
The probability can be expressed as

Ay,
P\ Thyr
A”i

2 eXp(_kB_T> (1)

where i and j index the species, kg is the Boltzmann constant,
and T (=298.15 K) is the temperature. Here we use [I] = 107
mol/L to calculate the chemical potentials of aqueous ions. The
variations in the probability of observing different species, Py,
with respect to pH (at Egyp = 0) and to Egyy (at pH = 7) are
shown in Figure 3.

From the calculated probability profiles, we deduce two
important facts: (1) a thermodynamic blurring of the phase
boundaries and (2) the existence of multiple phases at the
NiO—NiOOH boundary. When solution pH or Egyg goes
beyond the stability domain of a Ni compound, e.g.,, NiO at the
NiO—Ni** boundary in Figure 3a, the Py, decreases
exponentially. Within a pH range of 0.5 away from the phase
boundary, NiO still has a finite precipitation probability of
20.1. The Py;o decreases drastically with Egyg (Figure 3b), and
a Py;o of 0.1 corresponds to a small deviation ($0.05 V) of
Egyp away from the NiO phase boundary. Furthermore, at the
NiO—NiOOH phase boundary, there are observable precip-
itation probabilities for Ni;O, and Ni,Os; as well as NiO,
NiOOH, Ni(OH),, and NiO, extending from their phase
domains (Figure 3b). In the electrochemical measurement of
the NiO — NiOOH or Ni(OH), — NiOOH oxidation
potential, the phase transition is triggered by increasing Egyp.
The existence of multiple phases at the NiO—NiOOH
boundary may complicate the transition process and could
contribute to the discrepancy in the experimental oxidation
potentials (Figure 1).

P
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Figure 3. Probability profiles for various species at different
electrochemical conditions. (a, b) The probability variations with pH
at Egyp = 0 V (a) and with Egyg at pH = 7 (b) are considered.

Bl CONCLUSION

We constructed an accurate Ni Pourbaix diagram using state-of-
the-art first-principles calculations in combination with modern
electrochemical measurements to resolve inconsistencies
among observed electrochemical phenomena since the first
formulation of the diagram more than S0 years ago. The
previously reported Ni Pourbaix diagrams all largely under-
estimate the electrochemical stabilities of NiO and Ni(OH),
when compared to various electrochemical observations. This is
caused by erroneous experimental free energies of formations
for Ni compounds used therein; those errors may originate
from many possible physical and technical sources (e.g., defect
contamination, complex processes, or experimental uncertain-
ties). We further used EIS and SERS to characterize Ni exposed
to various solutions at pH 2.9—14, and measured pH-
dependent electrochemical stabilities of NiO and Ni(OH),
closely validate the high accuracy of our DFT-based Ni
Pourbaix diagrams. We finally implemented an additional
probability analysis, which further reveals the thermodynamic
blurring of phase boundaries and the existence of a multiple-
phase domains at the NiO—NiOOH boundary.

The accurate DFT A(G’s and Ni Pourbaix diagrams, the
combined theory-experiment approach, and the electrochemical
analyses presented in this work will be useful for understanding
and exploiting various Ni-based materials. More generally, our
results indicate that a sophisticated treatment of transition-
metal compounds using density-functional approaches is
required. The strict accuracy comparison of Pourbaix diagrams
obtained from computationally cheap functionals to reproduce
experimental Pourbaix diagrams may lead to errant conclusions
owing to intrinsic inaccuracies among the experimental
formation energies used to construct the experimental
diagrams, especially when observed electrochemical oxidation
and reduction processes are inconsistent with the experimental
phase diagram. Therefore, we hope this work motivate the
reinvestigation of many reported potential-pH diagrams
through detailed simulation and experiment.
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