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Abstract

Nickel oxyhydroxide (NiOOH), featuring redox-active Ni
III
, is a one of the best non-noble electro-

oxidation catalyst in alkaline solution. However, NiOOH is only stable at potentials ≥ 1.5 V vs RHE,

with Ni(OH)2 being the stable reduced form at lower potentials. The potential of the phase transition

from inactive Ni(OH)2 to active NiOOH can be tuned by doping. Lowering the potential for reaching

the phase-transition is thought to be beneficial for lowering the overpotential of oxidation reactions

catalysed by NiOOH. Here, we investigate which first row transition metals are most plausible for

this purpose: First, the doped structure should be more stable than the phase-segregated system and

second the potential for reaching the NiOOH-like phase should be lower compared to the pure Ni

compound. Substitutional doping of NiOOH is found to be plausible for many dopants, but only V

can be incorporated exothermically compared to their pure oxyhydroxides. Furthermore, dopants

lead to a substantial lowering in the potential necessary to reach the phase transition. Since catalysis

is more a surface than a bulk process, we then investigate the surface state of NiOOH and the impact

of substitutional doping on it. To address this question, we apply grand-canonical density functional

theory (GC-DFT) in order to explicitly account for the electrochemical potential. We find that the

stoichiometric surface (50% hydrogen coverage) is the most stable one over a large range of relevant

potentials at pH 14. Oxidizing the surface lowers the hydrogen coverage and occurs at about 1.7 V vs

RHE, i.e., ∼0.2 V less positive compared to the potential of the phase transition. At a doping level of

25%, only V and Cr allow to stabilize Ni
III
at significantly lower potentials compared to pure NiOOH

(down to 1.1 V vs RHE) in the bulk. Furthermore, vanadium, chromium and manganese might be

suitable choices as these metal centers, which remain in the +III or +IV state at lower potentials

compared to Ni, could also act as active sites in electro-oxidation reactions.

1. Introduction
In light of pressing environmental issues such as pol-

lution and the greenhouse effect, there is a necessity to

search for clean energy sources. This has led to the explo-

ration of alternatives to fossil fuel-derived energy, such as

biomass-derived energy and green hydrogen production as

an energy vector. Consequently, the global shift towards

renewable energy requires innovative solutions for effi-

cient energy storage and conversion, prompting increased

development of electric devices for this purpose. These

devices rely on efficient catalytic materials at the electrodes

to produce or convert fuels. [1]

Hydrogen production through alkaline water electrol-

ysis involves the splitting of water using an electric current

in a basic medium, where the hydrogen evolution reaction

(HER) occurs at the cathode and the oxygen evolution

reaction (OER) at the anode. However, the OER remains

responsible for the major part of the electricity cost of

water electrolysis, mainly because of thermodynamics in

combination with significant overpotentials and sluggish

kinetics. [2]

Various catalysts have been proposed over the past

few decades to enhance the efficiency of the OER. While

some noble metal-based catalysts have shown promising
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results in terms of efficiency and low energy consump-

tion, their widespread use is limited by economic factors

together with their intrinsic rarity in the Earth crust. [3, 4]

Recently, materials based on metal hydroxides have been

considered for the OER. Several studies have highlighted

the efficiency of nickel oxyhydroxide (NiOOH) as an ac-

tive anode catalyst for water and biomass electrolyzers

under alkaline conditions, especially for catalyzing the

OER reaction. [2, 5–11] Co-electrocatalysis, which re-

places the OER with the oxidation of organic molecules,

has been investigated as a means to enhance hydrogen

production efficiency. For example, reactions involving

organic molecules such as biomass-derived alcohols, 5-

hydroxymethylfurfural (HMF), and natural plant deriva-

tives have shown promise, leading to greater energy effi-

ciency in hydrogen production. [12]

NiOOH primarily exists in four different phases, with

𝛽-NiOOH identified as the most active for catalytic activ-

ities. [5, 13, 14] The crystalline structure of 𝛽-NiOOH is

not fully understood but is generally described as NiOOH

layers bonded by hydrogen bonds. [15–17] Experimental

and theoretical studies suggest that hydrogen atoms are

randomly distributed between the nickel layers. [16, 18]

In the mechanism proposed by Fleischmann et al. [19,
20], the Ni

III
/Ni

II
transition is thought to be key in the

electrochemical behavior of nickel-based oxides during so

called “indirect” oxidation reactions. In these reactions, the

electron is transferred to Ni
III
, instead of being directly

injected in the electrical circuit. In other words, Ni
III

acts
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Surface State of NiOOH

as a chemical oxidant that is then regenerated by the

electrochemical potential. An alternative mechanism is the

so called “potential-dependent” oxidation, where the active

species is supposed to be metastable Ni
IV

sites whose

generation is rate-determining and which do not remain

stable at open-circuit potential. Experimental studies sug-

gest that (aromatic) aldehydes primarily react through the

Fleischmann mechanism, whereas alcohols primarily react

via a potential-dependent oxidation.[21]

The major drawback of NiOOH is the high potential (∼
1.5 V vs RHE) needed to form it, with Ni

II
, mostly in the

form of Ni(OH)2, being the resting state at lower potentials.

A major hypothesis in the literature is that if one would be

able to reach the NiOOH-phase at lower potentials, the cor-

responding material should still contain Ni
III
and, thus, still

be active for oxidation reactions.[22] If this was the case,

the energy requirement for the oxidation reaction could

proportionally be reduced. Several studies have demon-

strated the effectiveness of different dopants in modulat-

ing the electrochemical properties of NiOOH. First, non-

metal dopants or their precursors such as phosphorus,[23]

fluorine[24] and sulfur[25] have been explored to tailor the

electronic properties of NiOOH. However, these elements

are generally replaced by oxygen under the operating ox-

idizing alkaline conditions, so that their influence is more

related to the morphology of the resulting catalyst than to

intrinsic properties induced by the dopants.[26] The second

kind of doping involves the metal centers. In particular, the

incorporation of iron (Fe) has been shown to reduce the

overpotential for water oxidation, enhancing the catalytic

efficiency of NiOOH-based cathodes.[27, 28] Other dopants

have also been explored with varying success and limited

understanding.[22, 26] On the one hand the dopant itself

can act as an active site. On the other hand, metal incorpo-

ration alters the electronic structure and local environment

of the nickel centers, potentially increasing the availability

of Ni
III
. The investigation of this hypothesis is the major

topic of this work.

Theoretical models are employed to complement ex-

perimental results and guide development of relevant so-

lutions. Density Functional Theory (DFT) is widely recog-

nized for its effectiveness inmodeling catalytic properties.[29–

31] The reliability of the DFT+U formalism has been

determined for NiOOH through comparison to both theo-

retical and experimental benchmark data.[30, 32, 33] These

studies concluded that PBE+U provides the best balance

between computational time and accuracy. Regarding the

treatment of the electrochemical potential, the best com-

promise between computational effort and captured effects

is currently reached at the level of grand-canonical DFT

(GC-DFT) in combinationwith an implicit solvent.[34] This

approach has been used in diverse contexts, including the

screening of dopants.[35]

One of the challenges for studying NiOOH computa-

tionally is that the bulk structure of NiOOH is not un-

ambiguously identified. While it is well accepted that it

is a layered compound, derived from the layered Ni(OH)2,

the protons seem to be quite disordered and mobile in

experiments. [18] Therefore, we start our study by inves-

tigating several proton arrangements to identify the most

suitable one for the continuation of the study. Then, we

determine the surface state, i.e., the hydrogen coverage,

under applied potentials using grand canonical DFT+U.

This approach has been found suitable in previous work

on CoOOH, a related material.[36] Then, we systematically

investigate the impact of substitutional doping with all first

row transition metals (Sc, Ti, V, Cr, Mn, Fe, Co, Cu, and Zn)

on the oxidation potential and, for the most relevant ones,

we have determined the potential-dependent surface states.

Only few dopants have a significant effect on the potential

of the phase-transition and allow to stabilize Ni
III

at 0.2 V

lower potentials compared to pure NiOOH. Therefore, our

study guides the rational selection of subsitutional dopants

in NiOOH for lowering the energy demand in alkaline

water or biomass electrolysers.

2. Method and calculation details
2.1. Method

The computational hydrogen electrode (CHE) model is

used for electrochemical thermodynamics. [6] Accordingly,

the standard Gibbs free energy of a proton–electron couple

is defined by replacing the combined energy of (H+ + 𝑒−)
with half the free energy of H2 in the gas phase at 0 V vs

RHE:

𝜇H+ + 𝜇𝑒− = 1
2
GH2

(1)

Under standard conditions (pH = 0, T = 298 K, P = 1 bar)

the reaction free energy ΔG is expressed as :

ΔGx(𝑈 ) = ΔGx + n(𝜇H+ + 𝜇𝑒− − 𝑒𝑈 ) (2)

ΔGx represents the free energy of the reaction in-

volved, determined through DFT calculations, including

electronic energy (E), entropy (S), a zero-point energy

correction (ZPE) and an enthalpic correction (Δ𝐻0→𝑇 ) :
𝐺 = 𝐸+𝑍𝑃𝐸+Δ𝐻0→𝑇 −𝑇𝑆 . Additionally, a term n𝑒𝑈 is

introduced when the potential differ from 0 V versus RHE.

This includes the number of protons coupled to electrons

transferred in the reaction (n>0 for an oxidation and n<0 for

a reduction), the elementary charge (𝑒), and the electrode

potential (𝑈 ).

Since proton activity depends on the pH of the solu-

tion, adjustments are required in electrochemical settings,

where pH and voltage vary. The relationship between the

pH of the system and the potential 𝑈 is determined by the

following equation :

𝑈RHE = 𝑈SHE + 𝑘𝐵𝑇 ⋅ pH ln(10) (3)

The grand canonical DFT (GC-DFT) method is used

to model the electrochemical electrode potential. GC-DFT
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explicitly accounts for variations of the surface charge,

allowing for the potential to influence reaction kinetics and

thermodynamics. This capability enables accurate model-

ing of systems under varying potentials. The electrode po-

tential is determined using the Fermi-level, i.e., the chem-

ical potential of electrons. [37–41] Its free energy (𝐺) is

computed as a function of the electrochemical potential (𝑈 )

:

𝐺(𝑈 ) = 𝐸(𝑈 )−𝑞surf(𝑈 )⋅𝑈 ≈ 𝐸(𝑈0)−
1
2
𝐶 ⋅(𝑈−𝑈0)2 (4)

𝐸(𝑈 ) is the corresponding electronic energy at a poten-
tial 𝑈 . 𝑞surf is the surface charge, positive when electrons

are removed and negative when electrons are added. 𝑈0 is
the work function of the system at zero charge, and 𝐸(𝑈0)
is the energy used in the CHE framework. The second

equivalence holds for metallic (gap-less) systems, where

the grand canonical energy 𝐺(𝑈 ) can be expanded to the

second order in terms of the capacitance𝐶 of the system. A

quadratic fit to DFT data for at least 4 different charge states

then allows to describe the system’s energy analytically as

a function of the electrochemical potential.

2.2. Computational Details
All computations were done via the Vienna Ab initio

Simulation Package (VASP) [42] based on periodic spin-

polarizated density functional theory (DFT), using the pro-

jector-augmented-wave (PAW) [43] formalism to represent

the core-valence electron interaction. The Perdew-Burke-

Ernzerhof (PBE) [44] exchange-correlation functional was

used, supplemented by the dDsC dispersion correction [45]

to account for van der Waals (vdW) interactions.

Convergence tests were performed to select the plane-

wave cutoff energy and 𝑘-point mesh size. As a result, the

cutoff energy of 500 eV was chosen. A Monkhorst-Pack

mesh of 3×3×2 𝑘-point grid was employed for 2×2×2 cell
bulk calculations. The 𝑘-point meshwas accordingly scaled

with the size of the supercell. H2 was computed within a

cubic box of 10 Å. The energy convergence criterion for

the self-consistent-field (SCF) cycles was set to 10−6 eV per

cell. The Hubbard correction was set to a U-J value of 5.5

eV on Nickel 3d orbitals. [46] A Fermi smearing of 0.025 eV

(290 K) has been applied.

We used 2 × 2 × 2 unit cells for the pure nickel bulk

study and a 2 × 4 × 2 unit cell for the doped bulk study,

resulting in a total of 16 nickel atoms with doping concen-

trations ranging from 6.25% (1 dopant) to 25.0% (4 dopants).

The NiOOH slab was modeled using a 2 × 4 supercell. A

symmetrization process was applied resulting in a four-

layered slab to avoid surface dipole moments and obtain

unambiguous workfunctions.

To account for solvation effects, we used the implicit

solvation model as implemented in VASPsol. The model

is based on the linearized Poisson-Boltzmann (PB) equa-

tion, integrates an idealized electrolyte distribution into

electronic structure calculations, and neutralizes surface

charge imbalances. [47]

Harmonic vibrational and thermal corrections to the

Gibbs energy at 300 K have been determined using VASP-

KIT package,[48] where H2 is treated as an ideal gas in the

rigid rotor approximation.

The Ni oxidation states of individual metal atoms were

identified based on themagnetic moments as obtained from

the site-projection scheme implemented in VASP. The Ni
II
,

Ni
III
, and Ni

IV
sites have magnetic moments of 1.7, 1.1, and

0, respectively.

3. Results and discussion
We first present a detailed analysis of bulk pure and

doped NiOOH. Expanding on previous structural studies

[49, 50] we explore a broader range of hydrogen atom

distributions and identify the most stable NiOOH bulk.

We also examined the effects of substitutional doping

with first-row transition metals on the oxidation potential,

specifically the transition from Ni
II
to Ni

III
. Subsequently,

we explored the relevant surface state, focusing on the

hydrogen coverage at varying applied potentials and pH

values. Finally, we analyzed the oxidation states of Ni

centers, with particular focus on how dopants modify the

surface oxidation potential and the associated electronic

structure. This provided insights into the electrochemical

behavior of substitutional doping effects on NiOOH.

3.1. NiOOH bulk
We begin our analysis with several bulk 𝛽-NiOOH

structures derived from the literature, including triclinic

and monoclinic geometries. Figure 2 shows the H distribu-

tion tested in NiOOH bulk with a focus on the positioning

of protons in different configurations. Table S1 lists the

lattice parameters and relative energies for each configu-

ration. The structure labeled A is based on the work of Es-

lamibidgoli et al. [49]. Structures B andC are modifications

of structureA, with different proton positions to allow for a

more comprehensive exploration of proton configuration.

Structures D and E are derived from the study by Zaffran

and Toroker [50].

Structure A features protons aligned along 𝑎 and stag-

gered along 𝑏⃗, while structures B and C feature staggered

arrangements along 𝑎 and 𝑏⃗. B has the two layers identical,

whereas C is alternating hydrogen distribution between

the two layers. Structure D has protons aligned along both

𝑎 and 𝑏⃗. Structure E consists of an alternating arrangement

of NiO2 and Ni(OH)2 layers. All structures describe the

oxidation states of the nickel atoms according to expec-

tations, except for structure E. In structure E, the nickel

atomswithin the Ni(OH)2 layers are identified as Ni
II
, while

the nickel atoms within the NiO2 layers are identified as

having an equal ratio of Ni
III
and Ni

IV
character, indicating

questionable electron delocalisation.

Regarding the stability, the relative Gibbs free energy

(Grel) reveals minimal variations among the tested con-

figurations. Structure E is the most stable configuration

found. The energy difference between structures A and

: Preprint submitted to Elsevier Page 3 of 11

https://doi.org/10.26434/chemrxiv-2024-3c396 ORCID: https://orcid.org/0000-0002-2777-356X Content not peer-reviewed by ChemRxiv. License: CC BY-NC 4.0

https://doi.org/10.26434/chemrxiv-2024-3c396
https://orcid.org/0000-0002-2777-356X
https://creativecommons.org/licenses/by-nc/4.0/


Surface State of NiOOH

A) B) C)

D) E)

Figure 1: Bulk unit cells used to test effect of positioning protons
in 𝛽-NiOOH(0001). (A, B, C) Triclinic structure from ref 49. (D, E)
Monoclinic structures from ref 50. The NiII, NiIII and NiIV atoms
are displayed in orange, gray and green, respectively. The vectors
a, b and c are shown in red, green and blue, respectively.

E is small (0.026 eV), and structure B also has a minor

difference (0.084 eV), making them relatively comparable in

stability. Structures C and D, however, have a significantly
higher energy difference (∼0.24 eV) compared to the others,

indicating they are the least stable ones. We note in passing

that the NiOOH bulk has a low band gap (0-0.3 eV at our

level of theory, as shown in Section S1), suggesting metal-

lic conductivity, which compares with an experimental

value of at most 1.7 eV [51] for highly crystalline NiOOH,

but mimics well the defect states present in experimental

conditions.[52] The contrasts with Ni(OH)2 bulk which

exhibits a relatively large band gap at our level of theory

(3.45 eV), in line with the characteristics of an insulator

reported experimentally.[52] In other words, at sufficiently

high electrode potentials the oxidation states changes and

the conductivity of the oxide adopts the behavior of metal-

lic conductor. [53]

The results demonstrate that several proton distribu-

tions in NiOOH are competitive in relative energy. Struc-

ture E has the lowest free energy but a symmetric slab,

which is required to apply GC-DFT, can not be built with

the nominal bulk stoichiometry. Indeed, since the layers are

alternating Ni
IV
and Ni

II
, a symmetric slab would necessar-

ily have an excess of either Ni
IV
or Ni

II
. Therefore, we have

chosen the bulk with the lowest electronic energy for the

surface models, structureA, which allows the construction

of a stoichiometric, symmetric NiOOH slab.

Afterwards, we examined the stability of nickel oxi-

dation states in bulk NiOOH, focusing on the oxidation

process from Ni(OH)2 (n=-1) to NiO2 (n=+1), see Eq. 5.

Given that we are studying bulk processes which have to

preserve electroneutrality of the solid, a coupled proton-

electron transfer (PCET) occurs.

ΔG(𝑈 ) = GNiO2H1−n
− GNiOOH

+ n(𝜇H+ + 𝜇𝑒− − 𝑒𝑈RHE)
(5)

The oxidation reactions, from Ni(OH)2 to NiOOH and

from NiOOH to NiO2, were investigated using the Ni(OH)2

1.2 1.4 1.6 1.8 2.0
Potential/V vs RHE

1.5

1.0

0.5

0.0

0.5

1.0

1.5

G/
eV

1.47 1.88

Ni
(O

H)
2

NiOOH
NiO

2

0.0%
6.2%
12.5%
18.8%
25.0%
31.2%
37.5%
43.8%
50.0%
56.2%
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Figure 2: Relative stability of nickel bulk oxidation states as a
function of electrochemical potential (corresponding to Eq. 5).
The color bar represents the hydrogenation of the bulk, ranging
from NiII(OH)2 (100% in orange) to NiIIIOOH (50% in blue) and to
NiIVO2 (0% in green).

structure from the study by Tkalych et al. [16], as well as
structures A and E from the previous section as starting

points, respectively. All possible H distributions were ex-

amined to identify the most stable configurations at each

oxidation step. The results are shown in Figure 2 as a plot

of the Gibbs free energy difference ΔG(𝑈 ) as a function of

the applied potential, with each line representing a distinct

nickel oxide phase. NiOOHwas chosen as the reference for

the energy plot. A 2×2×2 nickel unit cell was used for these
calculations, yielding 16 oxygen atoms with potential sites

for hydrogenation. The plot demonstrates a clear transition

from Ni
II
(OH)2 to Ni

III
OOH at 1.47 V, where the orange

and blue lines intersect, and subsequently fromNi
III
OOH to

Ni
IV
O2 at 1.88 V, where the blue and green lines intersect.

The results indicate that only stoichiometric forms of nickel

are stable at each potential.

The stability regions for each oxidation state provide

insights for optimizing operating conditions in practical

applications in electrochemistry. We are particularly inter-

ested in the stability domain of NiOOH, as the nickel elec-

trode oxidation to NiOOH was experimentally observed

around 1.5 V vs RHE [54], aligning with our theoretical

predictions.

The partial Ni
IV
/Ni

III
transition (leading to what is

called 𝛾-NiOOH) is experimentally typically observed CM:
around 0.2 V higher than the Ni

III
/Ni

II
transformation,

concomitant with OER conditions[27]. However, our calcu-

lations place the Ni
IV
transition at 1.9 V vs RHE, a potential

at the upper limit reached in typical experiments. This

suggests that the bulk model does not accurately represent

the electrochemical thermodynamics of nickel in its +IV

oxidation state. Indeed, the bulk structure corresponding to

the nickel catalyst under OER conditions is often denoted

as 𝛾-NiOOH, where the interlayer spacing is expanded

through intercalation of alkali-metal cations and a fraction

of Ni atoms reach the +IV oxidation state. This phase is,

however, beyond the scope of the current investigation
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which focuses on the formation of NiOOH at low oxidation

potentials.

In summary, our computations identify 𝛽−NiOOH as a

material with disordered, probably mobile, hydrogen atom

arrangements. It can be reduced to Ni(OH)2 at 1.5 V vs

RHE with no partially reduced forms being stable at any

potential. At an excessive potential of 1.9 V, NiO2 can

be formed, making this phase irrelevant in the context of

electrocatalysis in aqueous solutions.

3.2. Doped NiOOH bulk
As described in the previous section, forming NiOOH

bulk requires a limiting electrochemical potential of 1.47

V vs RHE at our level of theory. The main objective of

substitutional doping is to lower this redox potential, and,

thereby, reducing the energy required to activate and use

the catalyst. Here, we study the effect of introducing a

second metal in the Ni phase by replacing one to four Ni

atoms by first row transition metals (Sc to Zn) in a unit cell

composed of 16 metal atoms, corresponding to relatively

low (6.25%) to moderate doping (25%). In Ni(OH)2, all nickel

atoms are equivalent, whereas in NiOOH as described by

form A of Fig. 1, nickel atoms are either coordinated by

two oxygen atoms (O) and four hydroxyl groups (OH),

or by four oxygen atoms (O) and two hydroxyl groups

(OH). For both compounds, we determine the most stable

arrangement of the doping atoms individually. To start, we

estimate the stability of the doped structures by computing

the mixing energy Δ𝐺𝑚𝑖𝑥 (Eq. 6), i.e., the energy change of

mixing a pure MOOH bulk with NiOOH, where “M” is a

first row transition metal.

ΔGmix ∶ yMOOH + xNiOOH ←←→ (My,Nix)(OOH)x+y
(6)

Δ𝐺𝑚𝑖𝑥 gives information on the possible bulk phase-

segregation (if Δ𝐺𝑚𝑖𝑥 > 0) in the +III state of the material

which is assumed to be the active phase of the electrocat-

alyst. On the contrary, if Δ𝐺𝑚𝑖𝑥 < 0 the mixing of the

two materials is exergonic and, thus, favored. For certain

metals, the layered (NiOOH analogue) structure of MOOH

is not the most stable polymorph. In that case we use

the “staggered” polymorph in which the metal centers are

connected in 3D as shown in Fig. S1. This is summarized in

Table S2 and shows that for Sc, Ti, V and Cu the layered

structure is not the most stable one. Furthermore, bulk

ZnOOH is not stable. Therefore, we use bulk Zn(OH)2
instead, as described by Eq. 7.

yZn(OH)2 + xNiOOH ←←→ (Zny,Nix)(OOH)x+y +
y
2
H2 (7)

The mixing energy as a function of the doping con-

centration is depicted in Figure 3a. The higher the mixing

energy, the less stable the doped structure, and the less

favorable the doping process is. First of all, we notice that

all the mixing energies exhibit linear trends, i.e., in the

studied range of doping there are no visible cooperative ef-

fects. Secondly, we point out that Zn (pink) and Sc (brown)

Doping Percentage (%)
4

2

0

2

4

6

8

M
ix

in
g 

En
er

gy
/e

V
0.00 6.25 12.50 18.75 25.00

Doping Percentage (%)

0.8

1.0

1.2

1.4

Po
te

nt
ia

l v
s R

HE

a)

b)

Sc
Ti
V
Cr
Mn
Fe
Co
Ni
Cu
Zn

Figure 3: Influence of transition metal doping in NiOOH: a) En-
ergy of mixing according to Eq. 6 depending on the percentage of
transition metal in the bulk; b) Evolution of the Red/Ox potential
of Eq. 8 depending on the percentage of transition metal in the
bulk. The black point is for pure nickel (oxy)hydroxides.

offer the least favourable mixing. Zn is redox inactive and,

thus, its incorporation in NiOOH leads to a proportional

oxidation of Ni
III

to Ni
IV
, offering an explanation for the

observed endothermic mixing energy. For Sc the reason is

likely to be connected to its larger ionic size. Furthermore,

ScOOH does not adopt a layered crystal structure, further

indicating that its incorporation in 𝛽−NiOOH is unlikely

achievable. Third, at the other extreme compared to Zn,

we find Ti (orange) for which the mixing energy is very

negative. However, this result is somewhat artificial, in

the sense that in this case Ni
III

is reduced to Ni
II
to allow

the formation of Ti
IV
, the preferred oxidation state of Ti.

In the oxyhydroxide, we also observe an internal electron

transfer from V to Ni, so that Ni
II
and V

IV
co-exist in

this case. Finally, we turn to the metals where doping is

relevant according to the mixing energy: doping with Cu

(purple), Co (dark blue), Fe (light blue), Mn (light green)

and Cr (dark green) induces a slight increase in the mixing

energy, which suggests that limited dopingmay be feasible,

while at higher dopant concentrations we would expect a

phase separation. In contrast, V (yellow) doping leads to

a reduction in the mixing energy by almost 1 eV at 25%
doping, which makes it a credibly achievable material. As

shown in Fig. S2, the mixing energy in the Ni(OH)2 phase

is similar to the NiOOH phase, so that the most relevant

dopants (Cr, Mn, Fe and Co) have a similar stability in both

phases.
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Having studied the stability of the investigated materi-

als, we now turn to their redox potentials:

H+ + e− + (MIII
d ,NiIII1−d)OOH ←←→ (MII

d ,Ni
II
1−d)(OH)2 (8)

where 𝑑 indicates the molar fraction of dopant𝑀 between

0.0625 to 0.25. As indicated in Eq. 8, all transition metals

(M and Ni) are assumed to change their oxidation state

from the +III oxidation state to +II. In practice, however, the

oxidation state of the transition metals can vary depending

on the specific dopant, with Ni compensating for these

variations. For example, Zn will, of course, always stay in

the +II state, so that some Ni atoms will need to adopt

the +IV state, leading to (Znd
II
, Nid

IV
, Ni1–2d

III
)OOH. The

numerical results are presented in Figure 3b, where the

evolution of the redox potential is shown as a function of

the dopant percentage in the bulk structure. Like for the

mixing energy, a nearly perfect linear behavior is observed

for all dopants.

Doping with Zn (pink), Cu (purple), and Co (dark blue)

slightly increases the redox potential of the bulk structures.

Therefore, these dopants are of no interest for lowering

the redox potential of the anode catalyst. Still, we remind

the reader that we consider substitutional doping. In other

words, our current results do not address the possibility

of inducing bifunctionality or morphological changes. The

other transition metals lower the redox potential of the

bulk, which can be grouped into three categories: Mn (light

green) and Fe (light blue) lower slightly the redox potential

by 0.1-0.2 V; V (yellow) and Cr (dark green) reduce it by 0.3-

0.4 V and Sc (brown) and Ti (orange) show a strong decrease

of 0.4-0.8 V (for 25% dopant concentration). Given that the

+II oxidation state of Sc and Ti are largely unknown, this

strong decrease observed with Sc and Ti doping is due

to the somewhat artificial (Md
II
, Ni1–d

II
)(OH)2 structure.

As a consequence, Ti ans Sc are of no practical interest

in this context. It is nevertheless worthwhile highlighting

that Zn and Cu, for which the equivalent could have been

said for the +III oxidation state, do not induce the opposite

behavior. This is explained by the redox property of Ni: as

seen in the bulk study, Ni
IV

can be stabilized in the crystal

structure by hydrogen bonds (see polymorph E in Fig. 1).

In contrast, it is difficult to conceive Ni
I
(necessary for,

(Md
III
, Nid

I
, Ni1–2d

II
)(OH)2).

The combined results of the influence of the dopants

on the mixing energy and redox potential leads to the

selection of a smaller subset of transition metals for further

study. The mixing energy increases too significantly to

allow for the stable formation of doped structures with Zn

and Sc; similarly, Ti is eliminated from the selection due to

the artificial M𝑑Ni1−𝑑 (OH)2 structure. Furthermore, given

their negligible impact on the redox potential even at 25%

doping concentration, we do not further study Co and Cu.

Therefore, we investigate the surface properties only for

Fe, Mn, Cr, and V doping and, to investigate the maximum

effect, we focus on 25% doping.

a)

b) c)

Figure 4: 𝛽-NiOOH optimized structure with 50% (a) side and
top view, (b) 75% and (c) 87% H coverage. The NiII and NiIII atoms
are displayed in orange and gray, respectively. The vectors a, b
and c are shown in red, green and blue, respectively.

3.3. NiOOH surface state from GC-DFT
Following our analysis of the oxidation behavior in the

bulk, we now shift our focus to the redox properties at the

surface. Before turning to the doped catalysts, we deter-

mine the pure NiOOH surface. While the catalytic activity

is generally hypothesized to require a phase transition from

Ni(OH)2 to NiOOH, it is experimentally challenging to

maintain a metastable NiOOH surface at potentials much

lower than its bulk formation potential. Our surface models

are thus derived based on a preconditioned NiOOH bulk,

stabilized above 1.6 V vs RHE based on which we explore

the surface state.

We have chosen a p(2 × 4) unit cell to represent the

surface and explored hydrogen atom coverages ranging

from 0% to 100% H coverage. This is achieved by adding

or removing up to 4 hydrogen atoms starting from the

stoichiometric NiOOH(50%) surface. Table 1 summarizes

the oxidation states of the 8 nickel atoms in the surface

layer as a function of hydrogen coverage at the poten-

tial of zero charge. We note that the fractionally charged

surfaces used for GC-DFT at 1.5 V vs RHE closely follow

these distributions of oxidation states, i.e., the fractional

surface charge is spread out across several atoms. To better

understand the relation between local Ni coordination and

0.9 1.0 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8
Potential/V vs RHE

1.6

1.4

1.2

1.0

0.8

0.6

0.4
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G/
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NiIIIOOH bulk
stability domain

CHE
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87.5%
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25.0%

Figure 5: Most stable NiOOH surface hydrogen coverage as a
function of electrochemical potential at pH 7 and 14.
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Table 1
Percentages of Ni atoms in the upper layer of NiOOH surface
by oxidation state for different hydrogen coverages. The numbers
refer to the distribution at the potential of zero charge, but vary
marginally at applied potentials.

H cov. 0% 12% 25% 37% 50% 62% 75% 87% 100%

NiII(%) 0 0 0 0 0 12.5 50 50 100
NiIII(%) 50 62.5 75 87.5 100 87.5 50 50 0
NiIV(%) 50 37.5 25 12.5 0 0 0 0 0

oxidation state, Figure 4 depicts typical NiOOH surfaces,

in particular the stoichiometric (50%) surface and partially

reduced surfaces (75%, and 87% H coverage). Since we only

add hydrogen atoms on the surface (not in the subsurface,

where there is no space to accommodate them), even at

100%H coverage (i.e., adding four hydrogen atoms for eight

surface Ni atoms), only 50% of the top layer nickel atoms

should be in the Ni
II
spin-state based on the stoichiometry.

Still, 100% surface Ni
II
are obtained, demonstrating that

already five OH ligands (instead of six as in Ni(OH)2) are

enough to stabilize Ni
II
centers. In agreement with the van-

ishing gap for all our surfaces, this higher-than-expected

spin state is compensated by electrons that are delocalized

over several Ni atoms. In the opposite direction (when the

surface is oxidized), the percentage of Ni
IV

strictly follows

the number of hydrogen atoms that have been removed.

Figure 5 shows the most stable H coverage on the

NiOOH surface as a function of the electrochemical po-

tential, with the stoichiometric NiOOH(50%) structure as

a reference for the relative energies. The bulk NiOOH

stability domain is highlighted in light green and starts at

about 1.5 V vs RHE. Results relying on the computational

hydrogen electrode (CHE) are shown in full lines, while

results that explicitly account for the electrochemical po-

tential (and, thus, allow to distinguish between deprotona-

tions and oxidations, see [55] for an example) via grand-

canonical density functional theory (GC-DFT) are shown

in dashed and dotted lines for pH 14 and 7, respectively.

According to section S3 and Figure S4 the addition of a

proton to the surface only leads to an increase in the surface

charge of about 0.15 elementary charge at pH 14 and 1.5 V

vs RHE. In other words, the proton and electron transfer

are pretty much coupled and GC-DFT confirms that it is

most relevant to talk about “hydrogenation” or “reduction”

of the surface, not protonation. Additionally, the GC-DFT

results are consistent with expectations as a function of

the pH: at a given potential the H coverage either remains

constant or decreases from pH 7 to pH 14. This highlights

the advantage of using GC-DFT and justifies that we only

discuss results at pH 14 in the following.

The stability diagram indicates that at pH 14 the most

stable hydrogen coverage corresponds to 50% across the

domain of potentials of interest, i.e., at potentials where

NiOOH is stable (≥ 1.47 V) and OER overpotentials are

lower than 0.5 V (≤ 1.73 V). The comparison with pH 7

indicates that in the case of a local drop of pH (due to the

faster consumption of OH
–
than what is replenished via

diffusion) the surface might be covered with slightly more

hydrogen atoms (75%), which already induces a partial

reduction of Ni
III
to Ni

II
as discussed above. Figure S3 illus-

trates the relative stability of various hydrogen coverages

on pure NiOOH at 1.4 V, 1.5 V, and 1.6 V vs RHE. Under

operating conditions (1.5 V), reduction to the +II oxidation

state is accessible with an energy cost of only 0.2 eV, which

enables “chemical” oxidation of molecules via hydrogen

atom transfers to the surface. At a lower potential (1.4 V),

structures with hydrogen coverages ranging from 50% to

87% exhibit similar stabilities. In contrast, at a higher po-

tential (1.6 V), the 50% hydrogen coverage remains themost

stable configuration, but the formation to the +II oxidation

state (62% H) becomes more difficult and is competitive

with the formation of the +IV oxidation state (37% H), both

being higher by +0.3 eV compared to the reference surface.

Overall, it is remarkable that surface Ni
IV
is formed at about

1.7 V vs RHE, a potential where NiO2 is not yet the stable

bulk (>1.9 V). In other words, on preconditioned NiOOH,

Ni
III

oxidation is facilitated, while reduction is inhibited

compared to the bulk.

In summary, GC-DFT predicts that at pH 14 NiOOH

mostly exposes the stoichiometric NiOOH surface: more

reduced surfaces are only stable in a potential range where

NiOOH itself is meta-stable and more oxidized surfaces

become relevant at relatively high potentials, implying

high (≥ 0.5 V) overpotentials for the oxygen evolution

reaction. Furthermore, the proton transfer reactions are

tightly coupled with an electron transfer, suggesting that

(de-)protonation reactions play a minor role for NiOOH.

At the potential where NiOOH is stable our computations

demonstrate that (i) hydrogen atom transfer mechanisms

reducing Ni
III

to Ni
II
, as proposed by the classical Fleis-

chmann mechanism, are credible at low potentials, but

that the formation of Ni
IV

is competitive at slightly higher

potentials whichmight change the reactivity of the surface.

3.4. Modifications of the surface state via
substitutional doping

From our study of the doping in the bulk, we decided

to focus on V, Cr, Mn, and Fe to investigate the impact of

these dopants on the surface state of doped NiOOH. In par-

ticular, given that these dopants lower the redox potential

to reach the oxyhydroxide, we investigate if the surface

oxidation also becomes more accessible compared to pure

NiOOH. As seen in the previous section, NiOOH exposes a

stoichiometric surface around the transition potential and

requires potential > 1.7 V vs RHE for surface oxidation. If

we focus on the hydrogen coverage of the doped surfaces

at 1.3 V vs RHE, which is close to the phase-transition for

the doped bulk materials, we can observe that the most

stable hydrogen coverage is always higher (or equal, in

the case of V) to the one obtained for pure NiOOH (Fig.

S5 to Fig. S11). This increased hydrogen coverage upon

doping, which goes alongwith a lower number of Ni
III
sites,

contrasts with the bulk redox potential, whichwas found to
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be lowered by the introduction of a secondmetal. However,

like for NiOOH, our GC-DFT computations do not evidence

any significant (de-)protonation steps for these surfaces.

V Cr Mn Fe Ni
0.0

12.5

25.0

37.5

50.0

62.5

75.0

87.5

100.0

M
III

 +
 M

IV
 (%

)

NiIII
1.1 V
1.2 V
1.3 V
1.4 V
1.5 V

Figure 6: Percentage of NiIII in blue and MIII (in a distinctive
color) on the upper layer of NiOOH and M0.25Ni0.75OOH surface
depending on the applied potential (indicated by the shades) and
the nature of the transition metal dopants. The presence of MIV,
distinguished by dashes, is compensated by additionalNiII in the
subsurface.

The number of Ni
III
as a function of the dopant (V, Cr,

Mn, or Fe) at 25% and of the applied potential are reported

in Figure 6. As expected, at 1.5 V vs RHE, all Ni atoms are

in the Ni
III

state for the pure compound. Doping trivially

reduces the overall number of nickel atoms present at the

surface to a maximum of 75%. Moreover, our computations

demonstrate that the proportion of Ni
III
is always reduced,

i.e., we never reach 75%, even at 1.5 V, except with 25%

Cr. As a result, the number of active Ni
III

sites available

for electro-oxydation is generally diminished, potentially

lowering the catalytic efficiency at 1.5 V vs RHE. The

bulk redox potential of Ni0.75Fe0.25OOH is about 1.3 V vs

RHE, making the bulk stable at this potential, instead of

metastable for pure NiOOH. Still, at the surface half of

the metal ions are reduced, both at 1.3 and at 1.5 V vs

RHE. This indicates that Fe doping results in a loss of

surface active sites at all relevant potentials. The case of

manganese doping is similar: the Ni
III

species disappear

below 1.3 V, which matches the calculated redox potential

of the bulk Mn-doped NiOOH. Still, 12% of Mn
III

and of

Mn
IV

are observed through the entire range of potentials,

suggesting that Mn-doped NiOOH could be active at lower

potentials than pure NiOOH provided that Mn can act

as an active site. In contrast, in chromium and vanadium

doped NiOOH, Ni
III

species do remain present down to

1.1 V vs RHE. This indicates a unique stabilization of Ni
III

in the presence of chromium and vanadium. Observing

that all the chromium atoms remain in the +III oxidation

state makes the case of chromium-doping all the more

remarkable. V doping preferentially introduces V
IV
, but the

total number of oxidized sites remains > 30% across the

probed range of potentials. The number of oxidized sites

is reduced compared to pure NiOOH surface at 1.5 V but

12% of oxidized sites, equally shared between Ni
III
and V

IV
,

are maintained even at 1.1 V vs RHE.

Our results highlight the complexity of assessing the

impact of doping on the properties of NiOOH: From the

bulk redox potential one would have expected a greater

stability of Ni
III

at lower potentials, while the surface hy-

drogen coverage indicates a more reduced surface com-

pared to pure NiOOH. Finally, analysing the individual

oxidation states suggest that Cr is the exception that par-

tially corresponds to expectations: the hydrogen coverage

on Ni0.75Cr0.25OOH is equal or higher compared to pure

NiOOH, but still allows for 25% of Ni
III
, in addition to

25% Cr
III
. Hence, in agreement with the lower bulk redox

potential, Cr-doped NiOOH exposes active sites at lower

potentials compared to pure NiOOH.

4. Conclusions
The bulk structure of 𝛽−NiOOH was found to have

three proton arrangements that are highly competitive

in relative energies. Only one of these proton ordering

gives rise to stoichiometric slabs exposing the basal plane

without creating a dipole moment. Therefore, this bulk is

considered the most suitable for the investigation of the

surface properties. Our computations have determined the

redox potential fromNi(OH)2 to NiOOH at 1.5 V vs. RHE, in

quantitative agreement with experimental values, suggest-

ing a reliable computational approach. Mixed Ni
II
/Ni

III
bulk

structures have not been found to be stable at any potential,

indicating that the phase-transition is thermodynamically

abrupt with no intermediates. The predicted transition

fromNiOOH to NiO2 is found to occur at 1.9 V, well beyond
the range of potentials of interest.

For practical applications, a phase-transition at lower

potentials is expected to reduce the overpotential for ox-

idation reactions. To identify a material with a lower re-

dox potential, we investigated the effect of substitutional

doping with up to 25% foreign metal. Our analysis includes

two criteria: the stability, measured by the mixing energy

(is the dopant more stable in the nickel matrix or in its

own oxyhydroxide?) and the property of interest, i.e., the

redox potential. Based on these factors, we identified V, Cr,

Mn, and Fe as most promising, since they exhibited either

negative or only slightly positive mixing energies and a

significantly lower redox potential compared to pure Ni

oxides.

Next, we studied the surface state of the 𝛽-NiOOH(0001)
surface, focusing on the hydrogen coverage as a function of

the electrochemical potential. We quantified the number of

Ni
II
, Ni

III
, and Ni

IV
species at the surface as a proxy for the

number of active sites, which are generally assumed to be

Ni
III
around the onset potentials. Under working conditions

for oxidation (around 1.5 V vs RHE), we found that 50%

hydrogen coverage, corresponding to the stoichiometric

NiOOH surface, is most stable and results in 100% of Ni
III
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on the surface. Furthermore, our results demonstrate that

dopants generally reduce the number of Ni
III

active sites

compared to pure NiOOH. Still, M
III

species were also

observed, which could act as active sites. Furthermore, Mn

and Fe were shown to maintain Ni
III

and M
III

down to

1.3 V vs. RHE, which make them promising candidates.

Cr maintains Ni
III

even down to 1.2 V vs RHE, which

is roughly the potential of the phase transition from the

hydroxide to oxo-hydroxide phase. Further investigations

should address the activity of such doped materials to

actually catalyse oxidation reactions at lower potentials

compared to pure NiOOH.
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